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Abstract

Analysis of possible impacts of climate change on agriculture, based on process-based simulation models, which use daily
weather as their input, requires climate change scenarios with high spatial and temporal resolutions. Despite improvements in the
performance of global and regional climate models, direct daily outputs from them are not suitable for such analysis. A
methodology for construction of daily site-specific climate scenarios, based on a stochastic weather generator, is described.
Initially the LARS-WG stochastic weather generator, used in our study, was calibrated for current climate with observed daily data.
Then its parameters were adjusted for climate change, using the output from UKCIP02 projections, presented as changes in monthly
mean climatic variables between the control run and future scenarios. To be able to generate scenarios at any given location in the
UK, parameters of LARS-WG, computed for locations with long historical weather records, were interpolated over the UK.
Distributions for climatic variables were interpolated locally and then modified by globally interpolated mean values to account for
the effect of topography. As illustrations, daily UKCIP02-based scenarios were generated and used to calculate various weather
extreme events and impact of climate change on wheat growth. Under a warmer climate, extreme statistics related to temperature,
such as heat-waves, are likely to increase substantially in magnitude and frequency. Two impact statistics for wheat, i.e. drought
stress index and probability of an episode of hot temperature after anthesis, were analysed. Despite higher temperature and lower
summer precipitation for the 2080HI scenario, the relative impact on yield due to drought stress is smaller for 2080HI than for the
baseline climate, because of the ability of wheat to mature early in a warmer climate avoiding summer heat and drought stress.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Many process-based models, such as crop simulation
models or hydrological models, require daily site-
specific weather as their input (Jamieson et al., 1998b).
To use process-based models for the assessment of
impacts of climate change, we have to develop climate
scenarios with appropriate temporal and spatial resolu-
tions, taking into account the model sensitivity to
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variations in climatic variables. Crop simulation models
incorporate a mixture of non-linear interactions
between the crop and its environment (Porter and
Semenov, 1999, 2005; Semenov and Porter, 1995). A
non-linear model can potentially produce very different
predictions depending on how climate scenarios were
constructed (Mearns et al., 1997). It was demonstrated
in (Porter and Semenov, 1999; Semenov and Barrow,
1997) that climate change scenarios, derived from a
global climate model (GCM) that incorporated changes
in climatic variability decreased mean wheat yield and
significantly increased risk of crop failure compared
with scenarios which accounted only for changes in
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mean values. Katz and Brown (1992) analysed the
sensitivity of weather extreme events to changes in the
mean and variability of climatic variables, and found
that extreme events are more sensitive to changes in
variability than to changes in the average.

The coarse spatial resolution of GCMs and large
uncertainty in their output at a daily scale, particularly
for precipitation, means that the daily GCM output is
not appropriate directly for use with process-based
models and analysis of extreme events. Despite an
increasing ability of GCMs to model successfully
present-day climate, the latest generation of GCMs has
serious difficulties reproducing daily precipitation and
temperature (Trigo and Palutikof, 2001). For example,
the capacity of the Hadley Centre coupled ocean-
atmosphere GCM (HadCM?2) to reproduce successfully
daily maximum and minimum temperature was
evaluated on a seasonal basis (Trigo and Palutikof,
1999). The results for the means and variance showed
significant discrepancies between the observed and
HadCM2 control time series, which resulted in over-
predicting the frequency of both heat-waves and cold-
spells. In a different study, heat-waves and dry spells
were compared for observed weather and the control
Max-Planck Institute ECHAM3 GCM run (Huth et al.,
2000). It was reported that in the ECHAM3 control run
the heat-waves are too long, appear later in the year,
peak at higher temperatures and their numbers are
under- or overestimated depending on month. The
simulated dry spells were also too long, and the annual
cycle of their occurrence was distorted.

Regional climate models (RegCM) showed a sub-
stantial improvement in modelling spatial weather
patterns compared with GCMs due to much finer spatial
resolution (20-50 km). Nevertheless, an accurate repro-
duction of some weather statistics, including extreme
events, still remains problematic. Early comparison
between the RegCM (NCAR CCM) control run and
observations showed that the diurnal range for tempera-
ture in the model control run is too low and the daily
variability of temperature is underestimated although the
daily temperature mean is often well reproduced (Mearns
et al., 1995b). Different statistics of daily precipitation
could lead to different conclusions about the skill of
RegCM. For example, good agreement between model
and observed data regarding mean daily precipitation
usually results from compensating errors in the intensity
and frequency fields (too high frequency and too low
intensity) (Mearns et al., 1995a). More recent analysis of
the Hadley Centre HadRM3H model runs showed that
the HadRM3H model overestimates mean rainfall in
winter and spring months, particularly at high elevations,

but underestimates rainfall in summer and autumn in the
UK (Fowler et al., 2005). Precipitation biases have a
detrimental effect on the simulation of drought. In
particular, cumulative dry days are significantly over-
estimated by the control climate simulations when
compared to the observed dataset across almost the whole
of the UK and particularly eastern and south-eastern
regions due to the underestimation of summer and
autumn rainfall by HadRM3H.

To be useful for the assessment of impact of climate
change, based on process-based impact models, climate
scenarios should:

e be specific to a site (1 km) with daily temporal
resolution;

e include the full set of climate variables required by the
impact model, e.g. minimum and maximum tem-
perature, precipitation and radiation for crop simula-
tion models;

e be based on GCM/RegCM predictions and incorpo-
rate changes in means and changes in climatic
variability, if necessary;

e contain an adequate number of years to allow risk
analysis, e.g. 100-200 years for analysis of extreme
events;

e be available for any location in the region of interest.

The goal of the paper is to: (i) develop and
implement a methodology for constructing high-
resolution climate change scenarios for agricultural
and hydrological applications, and (ii) apply climate
scenarios to analyse current and future extreme weather
events and to assess the impact of climate change on
wheat in the UK. In Section 2 we describe a
methodology for construction of climate change
scenarios, which is based on a stochastic weather
generator, LARS-WG (Barrow et al., 1996; Barrow and
Semenov, 1995; Semenov and Barrow, 1997). The
UKCIPO2 projections (Hulme et al., 2002) were linked
with the site-specific parameters of the LARS-WG
stochastic generator, allowing generation of daily
weather time series for different emission scenarios
and different time periods. Spatial interpolation of
parameters of LARS-WG across the UK makes it
possible to generate climate scenarios for any unob-
served location in the UK or any region on a grid basis
(Semenov and Brooks, 1999). In Section 3 examples of
the use of daily climate scenarios for analysis of
weather extreme events are given. Developed scenarios
were used to assess the impact of climate change on
wheat in the UK using a crop simulation model,
including the effects of extreme weather events.
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2. Construction of daily site-specific climate
change scenarios

2.1. Description of the LARS-WG stochastic
weather generator

LARS-WG' is a stochastic weather generator based
on the series approach (Racsko et al., 1991) with a
detailed description being given in Semenov et al.
(1998). LARS-WG produces synthetic daily time series
of maximum and minimum temperature, precipitation
and solar radiation. The weather generator uses
available observed daily weather for a given site to
determine a set of parameters for probability distribu-
tions of weather variables as well as correlations
between them. After it has been obtained, this set of
parameters is used to generate synthetic weather time
series of arbitrary length by randomly selecting values
from the appropriate distributions.

The weather generator distinguishes wet and dry
days depending on whether the precipitation is greater
than zero. The occurrence of precipitation is modelled
by alternating wet and dry series approximated by semi-
empirical probability distributions (Semenov and
Brooks, 1999). On a wet day the amount of precipitation
is modelled using semi-empirical distributions for each
month. Minimum temperature, maximum temperature
and radiation are related to the amount of cloud cover,
and so LARS-WG uses separate wet and dry day
distributions for each of these variables. The Normal
distribution is used for the temperature variables with
the mean and standard deviation varying daily accord-
ing to finite Fourier series of order 3. Time auto-
correlations used for minimum and maximum tem-
perature are constant through the year and computed for
each site, and the cross-correlation of the standardised
residuals from the daily mean is pre-set for all sites at
0.6. Semi-empirical distributions with equal interval
size are used for solar radiation (for more details see
Semenov et al., 1998).

For a given set of parameters, LARS-WG produces
synthetic data 1 day at a time by first determining the
precipitation status of the day. The data consists of
alternate wet and dry series and, when the end of one
series is reached, the length of the next is chosen from
the wet or dry series semi-empirical distribution for that
month. For a wet day, the amount of precipitation is
taken from the precipitation distribution for the month,

' LARS-WG is available from www.rothamsted.bbsrc.ac.uk/mas-
models/larswg.php.

and the temperature and radiation values are taken from
the wet day distributions and the correlation coefficients
applied. The dry day distributions are applied on dry
days.

The use of semi-empirical distributions gives
flexibility to the generator, allowing it to model a wide
variety of distributions. Analysis of observed data from
many sites around the world showed that the shapes of
most of the variables could vary considerably (Semenov
et al., 1998). Standard distributions were only con-
sidered to be satisfactory for temperature, where the
residuals are modelled by the Normal distribution and
the annual variation in mean and standard deviation by
Fourier series. The weather generator has been tested in
diverse climates in North America, Europe, Asia and
New Zealand, and was able to reproduce most of the
characteristics of the observed data well at each site
(Qian et al., 2004; Semenov et al., 1998).

2.2. Spatial interpolation of LARS-WG in the UK

Rather than interpolating the climate variables
directly, the parameters of a weather generator for
each of the observed sites can be interpolated, with the
resulting new set of parameters being used by the
weather generator to produce synthetic daily data for the
unobserved locations (Semenov and Brooks, 1999).

The spatial interpolation procedure combines global
and local interpolation. An initial local interpolation is
based on sites with long daily weather records
(approximately 150 weather stations were used in the
UK, each with more then 20 years of daily weather). For
a selected unobserved site the weighted average of each
of the weather generator parameters from three
neighbouring observed sites, which form a triangle
containing this site, is calculated. We used the Delaunay
triangulation algorithm (Delaunay, 1934), which
divides the UK area into a set of adjacent triangles
with vertexes at the observed sites. Similarity in the
nature of the distributions of the weather variables for
nearby sites is expected since the sites will normally be
subject to the same basic type of weather on each day.
However, systematic differences can occur particularly,
if the sites are at significantly different elevations, with
precipitation tending to increase and temperature and
radiation tending to decrease with elevation. It is
difficult to adjust the precipitation parameters using
only the neighbouring sites for the difference in
elevation, because the relationship varies depending
on the local conditions (Daly et al., 2002, 1994).

In the global interpolation, the monthly means of
precipitation, temperature and radiation data were
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spatially interpolated, using a substantially larger
number of sites with monthly mean weather, and then
the distributions for precipitation, temperature and
radiation of the target site, derived in local interpolation,
were adjusted to account for the effects of the elevation.
For this purpose we used the gridded monthly
climatology provided by the UK Meteorological Office
(Perry and Hollis, 2004). The interpolation method used
was a two-stage process of multiple regression of the
climate variable (some of them were normalised first)
with geographic factors as the independent variables,
including an elevation along with geographical coordi-
nates, followed by interpolation of the model residuals.
The regression surface and the interpolated residual
surface were added together to get the final gridded
datasets. The monthly values of precipitation, minimum
and maximum temperature and sunshine hours are
available for 5 km grid-cells for the UK. Monthly
precipitation was interpolated from 4400 sites, tem-
perature from 430 sites and sunshine hours from 290
sites.

After local interpolation and global adjustment for
the elevation, the resulting parameter file can be used by
LARS-WG to generate baseline synthetic daily weather
time series of any length for the target site.

2.3. UKCIPO2 climate change predictions

The UKCIPO2 climate change scenarios are based on
a series of climate modelling experiments completed by
the Hadley Centre, using HadCM3 and HadRM3
climate models (Hulme et al., 2002). These climate
scenarios, based on global emissions scenarios pub-
lished in 2000 by the Intergovernmental Panel on
Climate Change (IPCC) in their Special Report on
Emissions Scenarios (Nakicenovic and Swart, 2000),
describe four alternative future climates for the UK
labelled, respectively, low emissions (LO), medium—
low (Med-LO) emissions, medium-high (Med—HI)
emissions and high (HI) emissions and available for
three time periods 2020, 2050 and 2080.

The HadCM3 global climate model is a complex tool
for simulating global climate. The model is based on
physical principals, describing the transport of mass and
energy; these equations are solved at intervals (30 min)
at a number of points forming a grid over the globe. In
the HadCM3 model this grid is 2.5° in latitude x 3.75°
in longitude, corresponding to about 265 km x 300 km
over the UK. However, most processes in the atmo-
sphere, ocean and on land, which determine climate,
take place at much smaller scales. The UKCIP02
scenarios are based on the output from the regional

climate model HadRM3, which has a horizontal
resolution of 0.44° x 0.44° (50 km), and a time step
of 5 min. HadRM3 takes boundary conditions from
coarser resolution HadCM3 simulations and provides a
higher spatial resolution of the local topography and
more realistic simulations of fine-scale weather
features. The advantage of this approach is that it adds
physically based high-resolution information to the
results of GCM experiments.

For each grid-cell UKCIPO2 scenarios are provided
as changes between ‘“‘control” and changed HadRM3
climates for monthly mean of climatic variables, such as
monthly precipitation, monthly mean minimum and
maximum temperature and monthly mean radiation.
These changes are provided for each time period 2020,
2050 and 2080 and for each of the emission scenarios
LO, Med-LO, Med-HI and HI.

2.4. Construction of climate scenarios using
LARS-WG

The changes in monthly means of climatic variables
from UKCIPO2 scenarios can be used to alter
parameters of LARS-WG, describing present climate
at a site, in a manner consistent with UKCIP02
predictions (Semenov and Barrow, 1997; Wilks, 1992).
The construction of a daily climate change scenario,
using LARS-WG, is a two-step procedure.

First, for a selected site ‘s’ in the UK we calculate
LARS-WG parameters for baseline weather WGy, using
the interpolation procedure described above. If histor-
ical weather is available for the site, then LARS-WG
can compute parameters directly using observed data.
Using this set of parameters LARS-WG can generate
daily site-specific weather representative to the baseline
climate.

The second step is to construct a scenario file CCg by
deriving changes in mean and variability of climate
variables from UKCIP02 predictions for the site ‘s’. The
mean changes in total monthly precipitation, changes in
monthly mean maximum and minimum temperature
and changes in monthly mean radiation are available
from UKCIPO2 directly at 50 km grid-cells. Changes in
duration of monthly mean dry and wet series, required
by LARS-WG, were calculated using daily precipita-
tion from HadRM3, which were available for the 2080
period (2065-2095). Changes in wet and dry series for
2020 and 2050 periods were obtained by the linear
interpolation of the 2080s values. An example of the
LARS-WG scenario file for Rothamsted for 2080HI is
given in Table 1. We use the climate scenario CC; to
adjust the set of parameters WG; at a site, producing a
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Table 1

An example of the LARS-WG scenario file for Rothamsted, derived
for the 2080HI projection from UKCIP02 monthly output and HadRM
daily precipitation output, where Mrain is relative change in monthly
mean rainfall, WetS/DryS are relative change in mean duration of wet/
dry spells, Tiax/Tmin are absolute changes in daily max/min tempera-
ture and Rad is relative changes in radiation

[NAME]
Rothamsted_HI2080
[GCM PREDICTIONS]
month MRain WetS DryS Trnin Trnax Rad

Jan 1.26 0.98 097 328 312 100
Feb 1.20 080 090 316 30l 099
Mar 1.10 0.89 127 320 323 097
Apr 0.96 0.88 1.31 333 373 094
May 0.79 0.58 1.84 361 442 091
Jun 0.61 0.66 162 411 535 087
Jul 0.48 0.49 163 474 632 085
Aug 0.48 0.62 142 517 677 085
Sep 0.63 0.65 1.53 508 634 088
Oct 0.84 0.74 125 455 528 093
Nov 1.05 074 092 397 422 097
Dec 1.22 1.01 084 354 351 099
[END]

new set of parameters WGSCC, which is specific to the
site ‘s’ and the scenario CCj:

WGEC = adjust(WGs, CCy)

The adjust (WG, CCy) procedure is fully described in
Appendix A. Using the new set of parameters WGSCC,
LARS-WG can generate daily site-specific weather
time series consistent with the CC, scenario.

3. Applications and examples

To illustrate the potential use of daily site-specific
climate scenarios, we compared weather extreme events
and impacts on wheat for the current and future
climates. We generated 150 years of daily synthetic
weather for the baseline (BS), high emission scenarios
for 2050 (2050HI) and 2080 (2080HI) at Rothamsted,
UK, using the methodology described in Section 2. The
site parameters of LARS-WG were calculated from
observed daily weather at Rothamsted for 1960—1990.

3.1. Statistics of extreme weather events and
impacts on wheat

We used the following statistics to compare
temperature extreme events:

1. Heat and frost indexes. The heat index is defined as a
number of days per month with maximum tempera-
ture exceeding a certain threshold 7%, e.g. Tiyax > T%.

For the frost index, we calculate a number of days per
month with T, <O0.

2. Heat-waves and frost-spells. A heat-wave is defined
as a continuous period (2 days or more) with daily
maximum temperature exceeding 30 °C. Similar, a
frost-spell is defined as a longest continuous period
(2 days or more) with daily minimum temperature
below 0 °C.

To compare extreme events for precipitation we use
the following statistics:

1. Daily precipitation. We will compare 95-percentiles
R%gs and R%Sg >, where R stands for daily precipitation.

2. 3-Day precipitation. For each wet series, we find the
three consecutive days within the series which have
the maximum total precipitation.

3
Ryyi,d+ie WetSeries}
i—1

i=

R3days = mle {
We calculate 95-percentiles for 3-day precipitation.

We use the Sirius wheat simulation model to assess
the impact of climate change on wheat. Sirius is a wheat
simulation model, which predicts wheat growth and
development in response to climate and environmental
variations (Jamieson et al., 1998a,b; Jamieson and
Semenov, 2000; Lawless et al., 2005). A brief
description of Sirius and its input parameters, used in
our study, are given in Appendix B. Two statistics of the
climate change impact on wheat were calculated:

1. Hot temperature around anthesis can substantially
reduce grain yield (Wheeler et al., 2000). Half-way
through anthesis, when half of the ears in a
population have flowered, temperature of 27 °C
can result in a high number of sterile grains (Wheeler
et al., 1996a). We calculate the probability PI27
that the maximum temperature exceeded 27 °C at
least once during the 10 days after anthesis began for
any single year.

2. Crop drought stress index is defined as DS, = Ywi/
Ypor, where Ywp and Ypor are water-limited and
potential grain yields. Both yields were calculated
without nitrogen limitation, and the potential yield
was calculated without water limitation.

3.2. Temperature extremes

3.2.1. Heat and frost indexes
Plants could be severely damaged if daily tempera-
ture exceeds a certain temperature threshold at a certain
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Number of days with Tmax>30

Jan Mar May Jul Sep Nov
—a—BS------- 2050H] ——¢— 2080H]

Fig. 1. Average number of days per month with maximum tempera-
ture exceeding 30° calculated for the baseline (BS), 2050HI and
2080HI scenarios at Rothamsted, UK: ([J) BS; (- - -) 2050HI; (x)
2080HL.

developmental stage (Porter and Gawith, 1999). It is
known that many growth processes have a bell-shaped
response curve to temperature with optimal growth
conditions achieved when temperature is close to the
middle point of the bell curve T,y, and no growth
when temperatures are outside the limits 7y, and Tiax
of the curve. For example, optimal temperature for
wheat growth is 17-23 °C over the growing season;
when minimum temperature falls below 0°C or
maximum temperature exceeds 37 °C growth stops
(Porter and Gawith, 1999). Different processes can
have different temperature thresholds (Wheeler et al.,
1996b). In Fig. 1 an average number of days with
maximum daily temperature exceeding 30 °C is
shown for each month for the baseline, 2050HI and
2080HI climate scenarios. The average number of
days with maximum temperature exceeding 30° is
greater than 5 in July and August for 2080HI
compared with expected 0.1-0.15 days for the
baseline scenario.

3.2.2. Heat-waves and frost-spells

Isolated incidents of extreme hot or cold tempera-
tures could seriously damage a plant. A continuous
period of extreme hot or cold temperature could be
lethal not only for crops, but also for humans. Summer
2003 was recorded as the hottest in Europe since 1500
(Poumadere et al., 2005). The episode of heat-wave in
August 2003 led to an excess of 15,000 deaths in France
alone, confirming that heat-waves are a major mortality
risk in post-industrial societies.

(a) 15

Heat-waves

Frequency

0.0 4 SRERALEFFS .
2 4 6 8 10 12

Length, day

] Frost-spells

304

Frequency

209

Length, day

Fig. 2. Expected frequencies of (a) heat-waves with temperature
exceeding 30 °C and (b) frost-spells with temperature below 0 °C
of various lengths in a single year for the baseline (BS), 2050HI and
2080HI scenarios at Rothamsted, UK: ([J) BS; (- - -) 2050HI; (x)
2080HI.

Using 150 years of daily synthetic weather for the
baseline, 2050HI and 2080HI scenarios at Rothamsted,
we computed the expected frequency of heat-waves and
cold-spells of various lengths. For the baseline climate
the expected frequency of heat-waves is very low and
the maximum wave was 4 days long (Fig. 2a). For the
2080HI scenario not only the frequency increased
dramatically (an order of magnitude), but also the
length of heat-waves (up to 12 days long) and their
severity (peak temperatures during a heat-wave were
higher).

Frost-spells showed an opposite tendency (Fig. 2b).
The maximum length of frost-spells decreased from 18
days for baseline to 9 for 2080HI, and the frequency of
frost-spells was reduced by more than half.
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3.3. Precipitation extremes

Wet series are defined as series of consecutive days
with precipitation greater than 0.1 mm. Changes in the
mean length of dry and wet series were computed by
comparing daily time series for precipitation from
HadRM3 for control 1960-1990 and 2065-2095 runs
(Barring et al., 2006). For the 2080HI scenario at
Rothamsted the average duration of wet series is
predicted to be shorter with the largest decrease of 40—
50% during summer months (Table 1). The length of dry
series is likely to increase by 40-60% during summer
months and decrease slightly during winter months.
Total monthly precipitation for the 2080HI scenario at
Rothamsted is predicted to be lower by about 40-50%
during summer and higher by about 20-25% during
winter. The combined effect of changes in the number
of wet days per month, calculated from wet and dry
series, and changes in total monthly precipitation,
predicted by UKCIP02, determines daily precipitation.
For the 2080HI scenario mean daily precipitation is
predicted to increase for all months except August.
Fig. 3a shows 95-percentiles for daily precipitation for
the baseline, 2050HI and 2080HI scenarios. We also
calculated 95-percentiles of 3-day precipitation, as
defined in Section 3.1, for each season (Fig. 3b). More
intense daily precipitation (95-percentiles showed an
increase for all months except August for 2080HI) or 3-
day precipitation totals (for all seasons except
summer—June, July and August) may have an impact
on the environment and also affect agricultural crops.
An increase in precipitation intensity is likely to
increase N leaching with possible contamination of
ground water, and the risk of soil erosion. In addition,
intense rainfall can reduce availability of water for
agricultural crops (given that the total monthly
precipitation remains unchanged). Intense rainfall
may fill up the soil water capacity with the excess
water running off or percolating to deep soil layers
unavailable for plants.

3.4. Impact of climate change on wheat yield

Increases in atmospheric CO, consecration and
temperature affect potential wheat yield in opposite
directions (Richter and Semenov, 2005; Semenov et al.,
1993). Elevated atmospheric CO, concentration
([CO,]) enhances CO, diffusion into the leaf and
increase the photosynthetic rate of C3-plants over a
wide range of radiation intensities (Ewert et al., 2002).
In Sirius, radiation use efficiency (RUE) is modelled as
a function of [CO,] with the linear increase by 30%,

(a) 23

20

174

14

114

95 precentile of precipitation, mm

45

—
(=2
—

404

354

304

95 percentaile 3-days precipitation, mm

25 T T T
DJF MAM JJA SON

Fig. 3. (a) 95-percentile of daily precipitation calculated for each
month and (b) 95-percentile of 3-day precipitation calculated quar-
terly (DJF = December—January—February) for the baseline (BS) and
2080HI climate scenarios at Rothamsted, UK: ([]) BS; (x) 2080HI.

when [CO,] is doubled (Lawlor and Mitchell, 1991).
Wheat yield, as simulated by Sirius, increases with an
increase of [CO,].

Wheat phenology is driven by thermal time. For
example, 550 °C days are typically required to complete
grain filling. If temperature increases as predicted, then
wheat can mature up to a month early for the 2080HI
scenarios compared with the baseline climate. This has
the following consequences. First, the duration of the
grain filling stage, measured in calendar days, decreases
resulting in the lower amount of radiation intercepted by
the plant during grain filling. This, in turn, reduces
production of new biomass during grain filling
decreasing the final yield. Secondly, the grain filling
stage will occur early in a season, when expected daily
radiation is sub-optimal, i.e. lower, on average. This



134 M.A. Semenov/Agricultural and Forest Meteorology 144 (2007) 127-138

Table 2

Mean of simulated wheat yield (t ha™ ' and its standard error (in brackets) for cv. Avalon and ¢v. Mercia at Rothamsted, UK calculated for 150 years

of generated weather representing baseline, 205S0HI and 2080HI scenarios

Baseline (350 ppm)

2050HI (590 ppm) 2080HI (810 ppm)

Avalon
Yieldpor+co, 9.73 (0.06)
YieldPOT—COZ 9.73 (006)
YieldWL+C02 9.01 (008)
Mercia
Yieldpo'prcoz 9.75 (006)
Yieldpor-co, 9.75 (0.06)
YieldWL+C02 8.79 (010)

10.38 (0.06) 11.11 (0.06)
8.61 (0.05) 7.97 (0.05)
9.81 (0.07) 10.73 (0.07)

10.55 (0.06) 11.00 (0.06)
8.75 (0.05) 7.89 (0.04)
9.48 (0.11) 10.07 (0.10)

Potential (POT) and water-limited (WL) yields were calculated with (+CO,) or without (—CO,) the effect of increase of CO, concentration (350, 590

and 810 ppm).

reduces grain yield even further. As a result, wheat yield
decreases with global warming, if other factors are
taking out of consideration.

Table 2 illustrates effects of temperature, [CO,] and
water availability on wheat yield for the baseline, 2050HI
and 2080HI scenarios for cv. Avalon (‘““fast” developing
variety) and cv. Mercia (“slow” developing variety) as
simulated by Sirius (see Appendix B for more details on
simulation runs). As expected mean yields for both
varieties were lower for future scenarios (2050HI and
2080HI), if [CO,] stayed on the current level of 350 ppm
(Table 2, yieldpor—co,). For simulation runs, where
[CO,] was set according to the emission scenarios, both
potential and water-limited yields increased for future
scenarios (Table 2, yieldporico, and yieldwrco,)
compared with the baseline scenario. The following
two examples assess the effect of high temperature and
extreme drought on grain yield.

3.4.1. Hot temperature after anthesis

We used the Sirius wheat simulation model to
calculate the probability of hot temperatures after
anthesis PI2" | defined in Section 3.1. Sirius output

includes the date of anthesis, which we used to calculate

Table 3

Average date of anthesis for cv. Avalon and cv. Mercia and probability
of high temperature occurring after anthesis P12, for baseline,
2050HI and 2080HI climate scenarios (see details in the text)

Baseline 2050HI 2080HI
Avalon
Average date of anthesis 11 June 26 May 15 May
Probability P2, , 0.121 0.154 0.242
Mercia
Average date of anthesis 19 June 6 June 27 May
Probability P27, 0.114 0.322 0.403

for each year whether conditions for the event P12 |

were satisfied. The results are presented in Table 3 for
two varieties, cv. Avalon and cv. Mercia, for the
baseline, 2050HI and 2080HI scenarios. For the
baseline scenario P12’ | equals 0.121 for cv. Avalon
and 0.114 for cv. Mercia. Maximum summer tempera-
ture for 2050HI and 2080HI is substantially higher than
for the baseline scenario and the 95-percentiles of
maximum temperature for each summer months for
2080HI well exceed 30 °C. This affects probabilities
PI27 | for cv. Avalon and cv. Mercia in a different way.
For the 2050HI scenario probability PT27 " for cv.
Avalon, a “fast” developing variety, only slightly
increases, because cv. Avalon is maturing early avoiding
summer heat. Probability Pﬁlw for cv. Mercia, a
“slow” developing variety, increased for 2050HI
almost three-fold (Table 3). For the 2080HI scenario,
probability PT27 o for cv. Avalon increased two-fold
compared with almost four-fold increase for cv. Mercia.
This happened, because cv. Avalon reached the date of
anthesis 12 days earlier than cv. Mercia on average for
the 2080HI scenario avoiding most of the heat stress.

3.4.2. Drought stress index for wheat

Available water in the soil decreases during the
growing season limiting plant growth. Different crops
may respond differently to water limitation, depending
on their water requirements. Therefore, the effect of
drought on crops should be characterised not in terms of
the soil water deficit experienced by the crop during the
growing season, but by the reduction in grain yield
caused by water limitation. For this reason, we calculate
the wheat drought stress index DSIynear (S€€ Section
3.1). To evaluate the effect of drought on wheat growth,
we ran Sirius for 150 years of the baseline and 2080HI
climate scenarios at Rothamsted for water-limited and
potential conditions. Cumulative distribution functions
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(c.d.f.) of DSIypeq are presented in Fig. 4. We used two
wheat varieties, cv. Avalon (Fig. 4a) and cv. Mercia
(Fig. 4b), grown on a shallow soil with low available
water capacity (AWC = 105mm). Despite lower annual
precipitation for the 2080HI climate scenario, grain
yield was less affected by water stress for the 2080HI
scenario for both cv. Avalon and cv. Mercia. The
probability of losing 20% or more of the potential yield
for cv. Avalon (DSIypesr = 0.8) due to water stress is
only 0.01 for the 2080HI scenario compared with 0.11
for the baseline climate (Fig. 4a). With probability 0.05
we can expect to lose 28% or more of grain yield for cv.
Avalon due to water stress for the baseline climate, but
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Fig. 4. Cumulative probability functions of drought stress index for
wheat for the baseline (BS) and 2080HI scenarios at Rothamsted for
(a) cv. Avalon and (b) cv. Mercia. Shallow soil with 105 mm available
water capacity was used.

only 16% or more for the 2080HI scenario. Wheat
matures early for the 2080HI scenario compared with
the baseline, avoiding the effect of summer droughts.
“Fast” developing cv. Avalon avoided the drought
stress more successfully than “‘slow” developing cv.
Mercia for future scenarios.

4. Concluding remarks

We have described the methodology for constructing
daily site-specific climate change scenarios, which are
suitable for impact assessment using process-based
models and analysis of extreme events relevant to
agriculture. The methodology is based on a stochastic
weather generator. Calibrated with observed weather
data a weather generator is capable to produce synthetic
weather statistically similar to observed. After adjusting
the weather generator baseline parameters with pre-
dicted changes in climate mean and variability, derived
from global or regional climate models, a weather
generator can be used to generate daily site-specific
climate change scenarios. This methodology is compu-
tationally inexpensive and climate scenarios could be
produced for a region or the whole UK on a high spatial
resolution (e.g. 1 km grid).

For each emission scenario UKCIP02 projections
were based on a single run of the Hadley Centre climate
model. However, uncertainties within climate models
and their parameterization exist. An approach was
developed at the Hadley Centre to quantify climate
model uncertainties (Harris et al., 2006). Predictions
were made with large numbers of variants of the climate
model, each having slightly different parameters
describing the physics of the climate system. As a
result, the probabilistic prediction shows the level of
uncertainty in the form of a probability distribution.
New scenarios describe in probabilistic terms changes
in monthly means and extremes for a number of
variables at 25 km resolution in the UK. The procedure,
described in this paper, is flexible and could be extended
to produce daily climate scenarios based on probabil-
istic predictions of climate change.

As an illustration daily UKCIP02-based climate
scenarios for the UK were generated and used to
compare various weather extreme events and extreme
impacts on wheat, including intensity and occurrence of
heat-waves, the drought stress index for wheat and the
probability of episodes of hot temperatures after
anthesis. As the climate is getting warmer, analysis
showed that weather extreme statistics related to
temperature, such as heat-waves, are likely to increase
substantially in its magnitude and frequency. The
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situation is more complex with climate impacts on
wheat, because wheat has the ability to modify its
growth and development under climate change avoiding
stresses. We analysed two impact statistics for wheat,
e.g. the drought stress index and the probability of an
episode of hot temperature after anthesis, for two wheat
varieties, cv. Avalon and cv. Mercia. Despite higher
temperatures and lower summer precipitation for the
2080HI scenario, the relative reduction in grain yield
due to the drought stress is shown to be smaller for
2080HI than for the baseline scenario. The explanation
is that wheat matures earlier in a warmer climate,
avoiding summer heat and serious drought stress. It
should be noted that different wheat varieties have
different abilities to mitigate climate change, e.g. cv.
Avalon, a “fast” developing variety, is better suited to
avoid summer droughts and the heat stress after anthesis
than a “slow” developing cv. Mercia.
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Appendix A

We describe here how a new set of parameters
WGEC = adjust(WG,, CCy) is calculated. Daily pre-
cipitation, length of wet and dry series and radiation are
modelled, using semi-empirical probability distribu-
tions. A semi-empirical distribution E = {e, e;; h;, i = 1,
..., 10} is a histogram with 10 intervals [e; 1, e;), where
e;_1 < e;, and h; denotes the number of events from the
observed data in the ith interval. In the case of
precipitation and dry/wet series ey =0. Minimum
temperature, maximum temperature and radiation are
related to the amount of cloud cover, and so LARS-WG
uses separate wet and dry day distributions for each of
these variables. The Normal distribution is used to
model normalized residuals for temperature variables
with the mean and standard deviation varying daily
according to finite Fourier series of order 3.

The climate scenario file for LARS-WG CCy{mpr,
wetS, dryS, tn, tx, rd} includes mpr — changes in
monthly mean precipitation; wetS/dryS — changes in the
length of wet/dry series, tn/tx — changes in monthly
mean minimum and maximum temperature; rd —
changes in monthly mean radiation (Table 1).

To adjust the mean of the semi-empirical distribu-
tions with the scenario value, we ‘stretch” the
distribution changing the mean value according to the
corresponding value calculated from the -climate
scenario file. The end points of the adjusted distribution
are given by E; and Hj, respectively, where

Ei:pe,-, szhu l:l,,lO

where p is a relative predicted change in mean value.
For the length of wet series p is calculated as

p = CCs-wetS

(similar for dry series). Changes in the distribution of
daily precipitation are affected by changes in monthly
mean precipitation CCg-mpr and changes in the prob-
ability of a wet day. Therefore, for precipitation p is
calculated as

P wet

CC
wet

where Py, and Pgect are probabilities of a wet day for the

present and future climates, calculated on the basis of
the LARS-WG parameters for the site and changes in
the length of wet/dry series from the climate scenario
CCq:

p = CCempr

Swet CC
Pyt ==——— P
et Swel + Sdry ’ wet
CCewetSSye

"~ CCewetSSyer + CCordrySSgr

where Sy and S'dry are mean length of wet and dry series
for the baseline climate, calculated using the LARS-WG
parameters. For daily radiation p is calculated as

Rwethet + Rdrdery
P = O P § Ry PC
wetd wet dry!dry

where Ry and Rdry are expected mean radiation for a
wet/dry day for the baseline climate.

The shape of the daily temperature distributions for
wet and dry days is approximated by the Normal
distribution with the values of mean and standard
deviation changing daily and calculated by a Fourier
series f() of order 3, so that

f(0) = lao + Z(aj cos(jwt) + b;sin(jor))

3
2 =
where ¢ = Julian day, @ = 271/365. To adjust a maximum
temperature Fourier series for future climate, we cal-
culated new monthly mean temperature values by add-
ing observed monthly means and corresponding
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changes A and recalculating Fourier coefficients for
new mean values. For maximum temperature A is
calculated as

A = CCptx — T (PEC — Pyet) — TPX(PSE — Pyyy)

wet \'wet dry dry

where T&“;’;dry mean monthly maximum series for wet
and dry days. Changes in minimum temperature are
calculated in a similar way. The auto correlation coeffi-
cients (for minimum and maximum temperature and

radiation) are kept unchanged.
Appendix B

The Sirius wheat simulation model was used in this
study for quantifying the effect of climate change on
wheat, including extreme impacts (Brooks et al., 2001;
Jamieson et al., 1998b; Lawless et al., 2005). Sirius is a
wheat model that calculates biomass from intercepted
photosynthetically active radiation (PAR) and grain
growth from simple partitioning rules, on a daily basis.
Leaf area index (LAI) is developed from a simple
canopy model (Lawless et al., 2005). Phenological
development is calculated from the mainstem leaf
appearance rate and final leaf number, with the latter
determined by responses to daylength and vernalisation
(Jamieson et al., 1998a). Effects of water and N deficits
are calculated through their influences on LAI devel-
opment and radiation-use efficiency (Jamieson and
Semenov, 2000). Despite there being no calculation of
tiller dynamics, the model accurately simulates the
behaviour of crops exposed to a wide range of
conditions. The model was calibrated and validated
for several modern wheat cultivars and tested in many
environments and climates, including Europe, New
Zealand, USA and Australia and under conditions of
climate change (Ewert et al., 2002; Jamieson et al.,
2000; Semenov et al., 1996; Wolf et al., 1996).

Sirius requires certain data as input. It needs daily
weather data (minimum and maximum temperatures,
total radiation, and total rainfall). It also requires a set of
cultivar parameters, which includes phyllochron, max-
imum canopy area, vernalisation rate parameters,
daylength sensitivity and grainfill kinetic parameters.
Sirius requires a description of the soil, including
moisture retention properties of the soil, since they
directly affect both water and nitrogen availability. And
finally Sirius needs a management file, which includes
sowing date, N applications and irrigations, and initial
inorganic N.

For each climate scenario 150 years of synthetic
daily weather were generated for Rothamsted, UK and

used as input to Sirius. We used two wheat varieties cv.
Avalon and cv. Mercia, parameters of which were
calibrated against agronomic experiments from the UK.
The management description consisted of a sowing date
of 20th October with a zero initial water deficit. We
selected the Elmton soil with a low available water
capacity (AWC) of 105 mm with a percolation constant
of 0.4 day ' and saturated moisture content and drained
upper and lower limits of 56, 49 and 27%, respectively,
for the top soil. Sirius was run without N limitation for
all simulations. To calculate the potential yield, Sirius
was run also without water limitations. Sirius accounts
for different levels of CO,. The following levels of CO,
were used 350, 590 and 810 ppm for the high emission
scenarios for three time periods 2020, 2050 and 2080,
respectively.
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