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Abstract Projecting the impacts of climate change includes various uncertainties
from physical, biophysical, and socioeconomic processes. Providing a more com-
prehensive impact projection that better represents the uncertainties is a priority
research issue. We used an ensemble-based projection approach that accounts for
the uncertainties in climate projections associated with general circulation models
(GCMs) and biophysical and empirical parameter values in a crop model. We
applied the approach to address the paddy rice yield change in Japan in the 2050s
(2046–2065) and 2090s (2081–2100) relative to the 1990s (1981–2000). Seventeen
climate projections, nine (eight) climate projections performed by seven (six) GCMs
conditional on the Special Report on Emission Scenarios (SRES) A1B (A2), were
included in this projection. In addition, 50 sets of biophysical and empirical pa-
rameter values of a large-scale process-based crop model for irrigated paddy rice
were included to represent the uncertainties of crop parameter values. The planting
windows, cultivation practices, and crop cultivars in the future were assumed to
be the same as the level in the baseline period (1990s). The resulting probability
density functions conditioned on SRES A1B and A2 indicate projected median yield
changes of +17.2% and +26.9% in Hokkaido, the northern part of Japan, in the
2050s and 2090s with 90% probability intervals of (−5.2%, +40.3%) and (+6.3%,
+51.2%), relative to the 1990s mean yield, respectively. The corresponding values
in Aichi, on the Pacific side of Western Japan, are 2.2% and −0.8%, with 90%
probability intervals of (−15.0%, +14.9%) and (−33.4%, +17.9%), respectively. We
also provided geographical maps of the probability that the future 20-year mean
yield will decrease and that the future standard deviation of yield for 20 years will
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increase. Finally, we investigated the relative contributions of the climate projection
and crop parameter values to the uncertainty in projecting yield change in the 2090s.
The choice of GCM yielded a relatively larger spread of projected yield changes
than that of the other factors. The choice of crop parameter values could be more
important than that of GCM in a specific prefecture.

1 Introduction

Climate change during the last few decades has been affecting crop growth, de-
velopment, and productivity in broad regions of the world (Easterling et al. 2007).
Future climate change has the potential to bring further negative impacts on crops
and is, therefore, a major concern in terms of food security and regional agricultural
production. Extensive studies have projected the potential impacts of future climate
change on agricultural productivity on the basis of crop models with climate change
scenarios derived from general circulation models (GCMs) to assess the climate risks
in global and regional scales (e.g., Parry et al. 2004; Challinor et al. 2005; Tao et al.
2008, 2009b; Iizumi et al. 2006, 2007, 2008).

However, projecting climate change impacts includes large uncertainties from var-
ious sources, such as imperfect modeling and ignorance of socioeconomic, physical,
and biophysical processes (Katz 2002; Carter et al. 2007; Lobell and Burke 2008).
Major uncertainties in projecting the impacts of climate change on agricultural pro-
ductivity are mainly originated from greenhouse gas emission scenarios, especially
for carbon dioxide (CO2), climate projections performed by GCMs, and parameter-
ized biophysical processes of crop models. The treatment of these uncertainties has
been steadily improved by the results of climate modeling studies (e.g., Murphy et al.
2004; Meehl et al. 2007b) and impact studies (e.g., Challinor et al. 2005; Challinor
and Wheeler 2008; Lobell and Burke 2008; Tao et al. 2009b); however, providing a
more comprehensive impact projection that better represents the uncertainties is still
a priority research issue.

Reflecting the increasing recognition of uncertainties in projecting the impacts,
recent studies have shown improvements in the technique used for dealing with
these uncertainties. Tao et al. (2008) indicated the probability of future rice yield
change in China using many climate scenarios generated by a Monte Carlo simulation
technique. Challinor et al. (2009) estimated the uncertainties in simulating the
groundnut yield in India associated with the combinations of biophysical parameter
values in a crop model and physical parameter values in a GCM. Iizumi et al. (2009)
systematically inferred the probability distributions of biophysical and empirical
parameter values in a crop model by using a Bayesian inversion analysis and
quantified the uncertainty in simulating paddy rice yield in Japan under current
climate associated with these parameter values. Tao et al. (2009b) demonstrated
the probability of maize yield changes in northern China using a super-ensemble-
based probabilistic projection approach considering many combinations of emission
scenarios, climate projections, and biophysical parameter values in a crop model.

As a continuation of previous studies (Iizumi et al. 2009), we aimed (1) to provide
an ensemble-based projection of paddy rice yield changes in Japan in the 2050s
(2046–2065) and 2090s (2081–2100) that accounts for not only the uncertainty of crop
parameter values in the crop model but also uncertainties of climate projections un-
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Fig. 1 Geographical location of Japan (a), distribution of 47 prefectures in Japan and four selected
representative prefectures (b). (1) Hokkaido, in the northern part of Japan, (2) Niigata, in the Sea of
Japan side of the eastern part of Japan, (3) Aichi in the Pacific side of the central part of Japan, and
(4) Kumamoto in the western part of Japan (b)

der the two emission scenarios; and (2) to provide probability maps of climate change
impacts on paddy rice yield in the whole of Japan on a local government level (called
prefecture). Of 47 prefectures in Japan, we selected some representative prefectures
to infer the impacts of climate change on paddy rice under various climate conditions
in Japan. Here, we selected the candidate prefectures for each of the roughly divided
climate zones in Japan, e.g., the northern part of Japan, the western part of Japan,
the Pacific side, and the Sea of Japan side. We examined the paddy rice acreage of
the candidates and rejected the prefectures with smaller acreage. We further rejected
candidates on the basis of the reproductive capability of the crop model used in this
study (see Section 3.1). Finally, we referred to the agroecological zones in Japan
(Horie et al. 1995b) and selected the four representative prefectures to investigate
the areal differences: (1) Hokkaido, in the northern part of Japan; (2) Niigata, in
the Sea of Japan side of the eastern part of Japan; (3) Aichi, in the Pacific side of the
central part of Japan; and (4) Kumamoto, in the western part of Japan (Fig. 1). These
prefectures are major or fairly primary sources of paddy rice in Japan and belong to
different climate and agroecological zones.

2 Materials and methods

2.1 Large-scale crop model for irrigated paddy rice

We applied the Process-based Regional-scale Rice Yield Simulator with Bayesian
Inference (PRYSBI) (Iizumi et al. 2009; Yokozawa et al. 2009) for this study. Details
of the model development, parameter optimization, and sensitivity analysis are
available from Iizumi et al. (2009). The PRYSBI model is upscaled from a field-
scale crop model SIMRIW (Horie et al. 1995a) through a Bayesian inversion analysis
with the concept that the crop parameter values of the PRYSBI model distributed
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in a probabilistic manner to express the spatial heterogeneity of rice crop responses
to local climate conditions and crop production aspects (e.g., planting window and
cultivar) in a prefecture. Management factors (e.g., irrigation, fertilization, and pest
control) are not explicitly accounted for in a process-based manner and are expressed
as the yield gap parameter. The yield gap parameter value approaches unity if the
rice crop is well managed and zero if the actual rice yield is far less than the potential
value. In the PRYSBI model, the yield gap parameter values are also expressed as a
probabilistic distribution. By this analysis, we determined the posterior distribution
of crop parameter values conditioned on given phenological and yield data on a
prefectural scale. The PRYSBI model thereby simulates paddy rice yields in a given
prefecture with various sets of 13 parameter values (Table 1) sampled from the
corresponding posterior distributions of crop parameter values and area-averaged
daily weather inputs. In that sense, the PRYSBI model is a large-scale crop model
and has the advantage to simulate the typical yield and range of yields on a large scale
in contrast to the field-scale crop model, which has a single set of crop parameter
values.

The calibration and verification procedures of the PRYSBI model were the
same as those in Iizumi et al. (2009). Briefly, for each prefecture, the posterior
distribution of each parameter value was estimated by the Markov Chain Monte

Table 1 Mean, standard deviation (SD), and 90% (5–95%) interval of 50 sets of crop parameter
values used in this study

Parameter (unit) Mean SD 90% interval Definition

Initial condition parameters
DV I0 (day−1) 0.099 0.024 (0.056, 0.135) Initial developmental index (DVI)
LAI0 (m2 m−2) 0.048 0.014 (0.028, 0.067) Initial leaf area index
DW0 (g m−2) 3.022 0.799 (1.696, 4.386) Initial dry weight

Phenological and developmental parameters
G (day) 64.904 11.907 (43.96, 75.508) Minimum number of days required

for heading under 350 ppm of
atmospheric CO2 concentration

AT (−) 0.285 0.091 (0.192, 0.479) Sensitivity of developmental rate
(DVR) to air temperature

Th (◦C) 17.640 1.701 (15.557, 20.388) Air temperature at which DVR is
half of the maximum rate at the
optimum temperature

BL (−) 0.627 0.187 (0.365, 0.962) Sensitivity of DVR to day length
Lc (h) 23.315 6.401 (12.792, 33.759) Critical day length
DVI* (day−1) 1.093 0.264 (0.654, 1.457) Value of DVI at which point the

crop becomes sensitive to the
photoperiod

Yield formation parameters
T* (◦C) 20.440 4.523 (13.496, 27.796) Base air temperature for calculating

cooling degree days
Ccool (−) 1.461 0.392 (0.781, 2.152) Curvature factor of spikelet sterility

caused by low temperature
Chot (−) 15.555 4.387 (8.582, 21.791) Curvature factor of spikelet sterility

caused by high temperature
τ (−) 0.646 0.230 (0.425, 1.101) Yield gap parameter
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Carlo (MCMC) technique (Geman et al. 1993) on the basis of the error information
between the simulated heading date and yield with observed weather inputs and
the corresponding observed ones during 13 odd years from 1979 to 2003 (i.e., 1979,
1981, . . . , 2001, and 2003): this is the calibration procedure. The PRYSBI model
was verified by comparing the simulated yield and the corresponding observed yield
during the 20 years (1981–2000) including independent 10-even-year data.

For this study, we selected 50 sets of crop parameter values for each prefecture
that have smaller root-mean-square error (RMSE) from 3,000 sets of crop parameter
values sampled from the posterior distributions. The RMSE was calculated from the
20-year (1981–2000) data. These sets of parameter values were common throughout
all simulations. Figure 4 shows the range of the selected 50 sets of crop parameter
values. With reference to Horie et al. (1995a) and Nakagawa et al. (2003), the
parameter values of a specific cultivar that is popular in each of the representative
prefectures are also shown (i.e., Ishikari for Hokkaido, Koshihikari for Niigata,
Nipponbare for Aichi, and Mizuho for Kumamoto). The statistics of the range of
parameter values are summarized in Table 1. The median values of the 13 parameters
clearly vary by prefecture and are close to the reported parameter values for the
corresponding cultivar, suggesting that the sampled parameter values adequately
represent the biophysical characteristics of the planted cultivar in each prefecture.
The initial conditions of the rice crop at transplanting are within the range of reported
values (Fig. 2a, b, and c), although the median values of the initial dry weight (DW0)
tend to be smaller. The spatial differences in median values are similar to those
of specific cultivars. For instance, the number of days required for heading (G),
sensitivity of the developmental rate (DVR) to temperature (AT), and temperature
at which DVR is half of the maximum rate (Th) in Hokkaido and Niigata are smaller
than those in the other prefectures. Such a tendency is roughly expressed in the
median values of the selected 50 sets (Fig. 2d, e, and f). Ishikari is insensitive to
day length compared to other three cultivars. This tendency appeared in the median
values of the critical day length (Lc) (Fig. 2h). For the other parameter values, the
median varies around the reported values for a specific cultivar (T∗ and Ccool) or, at
least, includes the reported values (Chot). The yield gap parameter (τ ) in the northern
part of Japan (e.g., Hokkaido) is greater than that in the western part of Japan (e.g.,
Kumamoto) (Fig. 2m). This tendency is the same as the result reported in Iizumi
et al. (2009).

2.2 Data

The PRYSBI model requires daily inputs of daily maximum and minimum tempera-
tures, daily total solar radiation, and annual input of atmospheric CO2 concentration.
Precipitation, vapor pressure, and soil moisture are not used because the irrigation
system is prevalent in the whole of Japan. These conditions are thus not key
factors for the variation of paddy rice yield in Japan. This premise was common
for the future, considering that many climate projections indicate an increase in
the warm season precipitation around Japan (Kimoto et al. 2005; Kurihara et al.
2005; Meehl et al. 2007a). We provided the daily time-series data of temperature
and radiation during the 25 years (1979–2003), averaging mesh values on the paddy
fields obtained from the Mesh-Automated Meteorological Data Acquisition System
(Mesh-AMeDAS) data (Seino 1993), which has a spatial distribution of 1 × 1 km.
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Fig. 2 Box plots of 50 sets of crop model parameter values for Hokkaido (H), Niigata (N), Aichi
(A), and Kumamoto (K) used in this study. The vertical line indicates the range between the 5%-
and 95%-tile value. The upper and lower hinge of a box indicates the 75%- and 25%-tile value,
respectively. The white line in a box indicates the median value. The crop parameter values of a
popular cultivar in each of four prefectures (from Horie et al. 1995b; Nakagawa et al. 2003) are shown
as a reference. The gray shaded area indicates the range of parameter values from the literature but
not for a specific cultivar

The meshes of paddy fields were extracted using digital numerical land information
(GSI 1998), which is a land-use/land-cover map in Japan with the same spatial
resolution as that of the Mesh-AMeDAS data.

Seventeen climate projections over Japan with daily temporal resolution and
10 × 10 km spatial resolution during the two 20-year periods (2046–2065 and 2081–
2100) were obtained from Okada et al. (2009). Table 2 summarizes 17 climate
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Table 2 List of GCMs, global surface warming in the 2050s and 2090s (relative to the 1990s) and
spatial resolutions

GCM Surface global warming Spatial resolution
A1B A2
2050s 2090s 2050s 2090s

CGCM3.1 (1) 1.6 2.4 1.7 3.2 3.8◦ × 3.8◦
CGCM3.1 (2) 1.6 2.4 1.8 3.3 3.8◦ × 3.8◦
CGCM3.1 (3) 1.7 2.4 1.8 3.3 3.8◦ × 3.8◦
CSIRO-Mk3.0 1.0 1.8 1.2 2.6 1.9◦ × 1.9◦
CSIRO-Mk3.5 1.8 3.0 1.9 3.5 1.9◦ × 1.9◦
GFDL-CM2.0 2.0 3.1 1.9 3.4 2.5◦ × 2.0◦
MIROC3.2-MEDRES 1.9 3.2 1.8 3.6 2.8◦ × 2.8◦
MIROC3.2-HIRES 2.7 2.2 n.a. n.a 1.1◦ × 1.1◦
MRI-CGCM2.3.2A 1.4 4.1 1.3 2.5 2.8◦ × 2.8◦

CGCM3.1 has three ensemble members with different initial conditions

projections, nine (eight) climate projections performed by seven (six) GCMs under
the Special Report on Emission Scenarios (SRES) (Nakicenovic and Swart 2000)
A1B (A2) scenario. Three ensemble members with different initial conditions were
available only for CGCM3.1. For each climate projection, we simply corrected the
climate-model bias of the interpolated daily data in terms of the mean and standard
deviation during the 20 years using simulated and observed data in the baseline
period (1981–2000). In practice, for each of the three climatic elements, a bias-
corrected daily climatic element for 20 years, XCor, was computed on a daily time
scale:

XCor = 〈XObs〉 + σ (XObs i)

σ (XCM i)
(XCM − 〈XCM〉) , (1)

where XObs and XCM were the daily time series of the climatic element of observed
and simulated data, respectively. σ(·) denotes the standard deviation of the climatic
element in parentheses in the ith month calculated from daily data for 20 years, and
< · > indicates the daily time series of the 20-year climatological mean of the climatic
element in brackets. This bias correction technique sometimes provided unrealistic
daily total solar radiation values, for instance, a zero and a value so large that it
was beyond the value at the top of the atmosphere. In that case, we simply replaced
the unrealistically large value with the maximum value of the observed data in the
corresponding month. An unrealistically small value is treated in the same manner
but is replaced with the minimum value of observed data.

Annual data of the atmospheric CO2 concentration were obtained from the World
Data Center for Greenhouse Gases (http://gaw.kishou.go.jp/wdcgg/). After obtaining
the data observed at the Ryori site (39.03◦N, 141.82◦E) in Japan during the 24 years
(1984–2007), unobserved data from 1981 to 1983 were estimated, extrapolating a
temporal linear regression curve calculated from all of the available data. Any error
associated with this extrapolation would be small for a crop yield simulation because
the annual rate of increase in the CO2 concentration did not vary significantly for this
period. One value was used annually for all prefectures in crop model simulations.
On the other hand, two future scenarios of CO2 emission and expected atmospheric
CO2 concentration were obtained from the SRES A1B and A2. Annual data during

http://gaw.kishou.go.jp/wdcgg/
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the two 20-year periods (2046–2065 and 2081–2100) were estimated using a temporal
linear regression curve calculated from available decadal data during 2000–2100.

For 47 prefectures, annual paddy rice yield and crop calendar data (i.e., trans-
planting, heading, and harvesting dates) on a prefectural level during 1979–2003
were obtained from the annual report on crop statistics provided by the Ministry of
Agriculture, Forestry, and Fisheries, Japan (MAFF). Yield trend data estimated by
a non-parametric regression method with the assumption of normal weather (MAFF
1998) are also available from the annual reports. The yield trend was removed from
the actual yield to focus on the climate–crop relationship. The detrended yield data
were referred to as the “observed yield” and used in the calibration and verification
of the PRYSBI model.

2.3 Ensemble-based projection approach

Iizumi et al. (2009) conducted the PRYSBI model simulations with daily inputs
of current climatology and 5,000 sets of parameter values inferred by the MCMC
technique and then provided a cumulative probability density function (CDF) of
simulated paddy rice yields. These CDFs indicate the uncertainty in simulating paddy
rice yield associated with crop parameter values. In this study, we further extended
this concept and applied 17 climate projections conditional on two emission scenarios
(A1B and A2).

Using the selected 50 sets of crop parameter values (see Section 2.1), we conducted
the PRYSBI model simulations with the observed weather inputs under current
climate conditions and bias-corrected 17 climate projections in the middle and end
of this century. We calculated the mean yield in the current 20-year period (1981–
2000, referred to as the 1990s) for each prefecture and future yield changes, relative
to the mean yield in the 1990s, during the two 20-year periods (2045–2065 and 2081–
2100, referred to as the 2050s and 2090s, respectively): this yielded an ensemble-
based projection of paddy rice yield changes. We provided the probability density
functions (PDFs) and the corresponding CDFs of paddy rice yield changes for each
prefecture from the large number of simulation results.

3 Results

3.1 Crop model verification

For each prefecture, the ensemble mean of simulated yields in the 1990s with
observed daily weather inputs was verified in terms of the Pearson’s correlation
coefficient (r) and RMSE on the basis of the corresponding observed yield. Figure 3
indicates the geographical distributions of the correlation coefficient and RMSE. Of
47 prefectures, the number of prefectures was 4 for r < 0.3; 21 for 0.3 ≤ r < 0.6;
and 22 for 0.6 ≤ r. The correlation is statistically significant at the 5% level in
the 37/47 prefectures. On the other hand, the number of prefectures was 33 for
0.2 ≤ RMSE < 0.4; 13 for 0.4 ≤ RMSE < 0.6; and 1 for 0.6 ≤ RMSE in units of Mg
ha−1.

Figure 4 shows the time-series of the 50 ensemble members and the ensemble
mean of simulated yields with observed daily weather inputs and the corresponding
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a) b)

Fig. 3 Geographical distribution of the Pearson’s correlation coefficient (a) and root-mean square
error (b) for each prefecture calculated between the simulated yield with observed weather inputs
and the corresponding observed yield in the 1990s. The asterisk indicates that the correlation
coefficient is statistically significant at the 5% level

observed yield in the 1990s for the representative prefectures. The correlation and
RMSE between the ensemble mean of simulated yields and the corresponding ob-
served yield were 0.865 (p = 0.000*) and 0.412 Mg ha−1 for Hokkaido, respectively;
0.564 (p = 0.010*) and 0.303 Mg ha−1 for Niigata, respectively; 0.453 (p = 0.045*)
and 0.281 Mg ha−1 for Aichi, respectively; and 0.829 (p = 0.000*) and 0.256 Mg ha−1

for Kumamoto, respectively. All correlation values for the representative prefectures
are statistically significant at the 5% level.

The PRYSBI model with observed daily weather inputs could reasonably simulate
the paddy rice yield of the prefectural average in most prefectures. In the four
representative prefectures, each ensemble member of simulated yield showed a close
value to the corresponding observed yield with difference among members (Fig. 4),
resulting in nonlinear responses of crop dynamics (biophysical parameter values) to
climate conditions. These results suggest that the PRYSBI model correctly captured
the major characteristics of the interannual variation of paddy rice yield derived
from climate variation with the inclusion of spatial heterogeneity of crop production
aspects in a prefecture. This would increase the reliability of the projected yield
changes in terms of the mean productivity and interannual variation of yield.

3.2 Probabilities of yield changes and extremely hot days

Figures 5 and 6 present the PDFs and CDFs of growing period changes and yield
changes of paddy rice in the 2050s and 2090s, relative to the 1990s mean value, for
Hokkaido, Niigata, Aichi, and Kumamoto, respectively. Each of the PDF (CDF)
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Fig. 4 Time series of the observed yield, 50 ensemble members of the simulated yield, and ensemble
mean for four representative prefectures. The asterisk indicates that the correlation coefficient is
statistically significant at the 5% level

was made from the 17,000 simulation results (=17 climate projections based on 2
scenarios × 50 sets of parameters × 20 years). All PDFs for growing period changes
and yield changes showed a general Gaussian form with slight negative skewness.
The degree of skewness varied with the prefecture and time.

The peak of the PDFs for growing period changes shifted more to the negative
side over time in all four prefectures, indicating the shortening of the growing
period (Fig. 5). The resulting CDF showed the projected growing period change
of −9.9 days and −15.6 days in the median value for Hokkaido in the 2050s and
2090s with 90% probability intervals of (−19.2 days, −3.0 days) and (−23.8 days,
−8.9 days), relative to the 1990s mean growing period, respectively (Fig. 5a). The
corresponding values were −10.1 days and −15.6 days with 90% probability intervals
of (−17.8 days, −4.4 days) and (−23.6 days, −9.7 days) for Niigata, respectively
(Fig. 5b); −8.0 days and −12.1 days with 90% probability intervals of (−12.4 days,
−4.1 days) and (−16.5 days, −8.3 days) for Aichi, respectively (Fig. 5c); and
−8.2 days and −12.5 days with 90% probability intervals of (−13.0 days, −4.6 days)
and (−17.6 days, −8.0 days) for Kumamoto, respectively (Fig. 5d).

The peak of the PDFs for yield changes shifted more to the positive side over time
in all four prefectures, indicating the yield increase (Fig. 6). The standard deviation
(SD) of the PDFs became larger over time in Aichi and Kumamoto, whereas it
seemed to remain at almost the same level as that in the 1990s in Hokkaido and
Niigata. The tail of the PDFs in the negative side extended to a more negatively
strong side in Aichi and Kumamoto, whereas such an extension was not found in the
other two prefectures. Table 3 summarizes the statistics of the CDFs for the yield
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Fig. 5 Cumulative probability density functions of growing period changes in the 2050s and 2090s,
relative to the 1990s, for four representative prefectures

changes presented in Fig. 6. The resulting CDF showed the projected mean yield
change of +17.2% and +26.9% for Hokkaido in the 2050s and 2090s with 90% (5%
to 95%) probability intervals of (−5.2%, +40.3%) and (+6.3%, +51.2%), relative to
the 1990s mean yield, respectively (Fig. 6a). The corresponding values were 4.6% and
+7.4% with 90% probability intervals of (−9.4%, +17.3%) and (−5.8%, +22.0%)
for Niigata, respectively (Fig. 6b); +2.2% and −0.8% with 90% probability intervals
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Fig. 6 Same as Fig. 5 but for yield changes

of (−15.0%, +14.9%) and (−33.4%, +17.9%) for Aichi, respectively (Fig. 6c);
and +4.6% and +6.4% with 90% probability intervals of (−10.9%, +17.0%) and
(−15.6%, +22.8%) for Kumamoto, respectively (Fig. 6d).

Figure 7 shows the normalized histograms of extremely hot days (daily maximum
temperature during a heading period, Tmax ≥ 33◦C) in the 1990s, 2050s, and 2090s in
Hokkaido, Niigata, Aichi, and Kumamoto. The heading period was a 4-week period
centering on the heading date, which occurs from the end of July to the middle of
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Table 3 Statistics of projected 20-year mean yield changes for four prefectures in the 2050s and
2090s, relative to the 1990s

Prefecture Period Mean (%) SD (%) P5 (%) P50 (%) P95 (%)

Hokkaido 2050s 17.2 14.1 −5.2 17.3 40.3
2090s 26.9 14.3 6.3 26.1 51.2

Niigata 2050s 4.6 8.1 −9.4 4.7 17.3
2090s 7.4 8.6 −5.8 7.0 22.0

Aichi 2050s 2.2 11.0 −15.0 3.8 14.9
2090s −0.8 16.8 −33.4 2.8 17.9

Kumamoto 2050s 4.6 8.7 −10.9 5.4 17.0
2090s 6.4 11.8 −15.6 8.0 22.8

SD standard deviation, P5 5%-tile, P50 median, P95 95%-tile

August in Japan. The number of extremely hot days was projected to increase over
time in all prefectures. The increase is not very large in Hokkaido and Niigata, but it
is remarkable in Aichi and Kumamoto. The increase in the number of extremely hot
days and anticipated spikelet sterility caused by heat stress were the reasons for the
extension of the tail of the PDFs to a negatively strong side in Aichi and Kumamoto
(Fig. 6c and d).

Fig. 7 Histograms of extremely hot days during a flowering period (Tmax > 33◦C) observed in the
1990s and projected for the 2050s and 2090s for four representative prefectures. The number of data
is normalized to represent 100 summers in each histogram
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3.3 Spatial change of paddy rice yield

Figure 8 shows the probability maps of a decreasing 20-year mean paddy rice yield
and an increasing SD of yield for 20 years in the 2050s and 2090s, relative to the
1990s mean value, on a prefectural level. The probability of each of these negative
impacts was computed from 850 simulation results (=17 climate projections based
on 2 emission scenarios × 50 sets of parameters) after calculating the mean and
SD of the simulated yield for 20 years under both the current and future periods.
The resulting probability maps indicate that the probabilities of a decreasing 20-year
mean yield during the 2050s and 2090s were both less than 10% in many prefectures
in the northern part of Japan (Fig. 8a and b). The probability in the 2050s largely

a) b)

c) d)

Fig. 8 Geographical maps of the probability that the 20-year mean paddy rice yield in the 2050s
(a) and 2090s (b) will decrease, relative to the mean yield in the 1900s, and the probability that the
standard deviation of yield in the 2050s (c) and 2090s (d) will increase relative to that in the 1990s
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varied by prefecture in the central and western parts of Japan, and that in the 2090s
decreased in these areas except for several prefectures around Aichi. These results
were in good agreement with the shifts of the PDFs, as shown in Fig. 6.

Meanwhile, the probability maps also indicate that the probabilities of an increas-
ing SD of yield for 20 years in the 2050s and 2090s were both less than 10% in the
northern and eastern parts of Japan except for the Sea of Japan side of these areas
(Fig. 8c and d). The probability in the 2050s varied by prefecture in the central and
western parts of Japan, and it increased over time in these areas. Particularly, the
increase in probability was noticeable in the Pacific side of the central part of Japan
(around Aichi).

Figure 9 presents the maps of the probability that future yield loss in a year
induced by heat stress in the 2050s and 2090s will exceed the severest yield loss
observed in the 1990s. Each PDF of extreme yield loss was computed from the
17,000 simulation results (=17 climate projections based on 2 emission scenarios
× 50 sets of parameters × 20 years). In practice, we counted the number of years
if the simulated future yield in a year is below the observed minimum yield in the
1990s. The counted number of years is then normalized by the total sample size (i.e.,
17,000). Almost all of the severest yield loss was observed in 1993 (see Fig. 4) and was
caused by cool-summer damage in the northern part of Japan and the combination of
insufficient sunshine and a typhoon in the western part of Japan. The probabilities of
experiencing extremely severe yield loss in the 2050s and 2090s were both low (p ≤
1%) in the northern part of Japan (Fig. 9a and b). The probability in the 2050s varied
by prefecture in the central and western parts of Japan (1% < p ≤ 20%). However,

a) b)

Fig. 9 Geographical maps of the probability that the yield loss induced by extremely hot conditions
during the flowering period in the 2050s (a) and 2090s (b) will exceed the severest yield loss in the
1990s
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the probability increased over time in these areas. Particularly, the probability of
p > 50% was found in the Pacific side of the central part of Japan (around Aichi).

3.4 Relative contributions to uncertainty in projecting yield change

Figure 10 presents the relative contributions of various factors (i.e., emission scenar-
ios, GCMs, and crop parameter values) to the uncertainty in projecting paddy rice
yield change in Hokkaido, Niigata, Aichi, and Kumamoto. The following three pairs
of CDFs of yield changes were provided for each of the prefectures after eliminating
MIROC3.2-HIRES data, since this GCM has no climate projection under the A2
scenario: (1) a pair of CDFs made from six common GCMs and 50 sets of parameter
values but different emissions; (2) that made from two common emissions and 50

Fig. 10 Cumulative probability density functions of projected yield changes in the 2090s on the
basis of different emission scenarios, different GCMs, and different sets of crop parameter values for
four representative prefectures. TSD denotes the total squared difference between a pair of CDFs
(indicated as solid and dashed line). The value in parentheses indicates the TSD value relative to that
for the emission scenario
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sets of parameter values but different GCMs; and (3) that made from two common
emissions and six GCMs but different sets of parameter values. Separately, the
reference CDF was provided from the whole data. The sample size was 8,000 for case
1 (= 8 climate projections with 1 emission × 50 sets of parameter values × 20 years);
2,000 for case 2 (= 2 climate projections with 2 emissions × 50 sets of parameter
values × 20 years); and 320 for case 3 (= 16 climate projections under 2 emissions
× 1 set of parameter values × 20 years). The number of data to draw CDFs was
normalized to be the same as the smallest one (i.e., 320).

We calculated the total squared difference (TSD), given by the following equation,
to quantify the relative contribution of each factor to the uncertainty in projecting
yield change,

T SD =
+100∫

−100

[
F1 (y) − F2 (y)

]2
dy, (2)

where F1(y) and F2(y) denote the pair of CDFs mentioned above. We examined
all possible pairs of GCMs (64 = 8 × 8 climate projections) for case 2 and drew the
CDFs with the largest TSD in Fig. 10. The CDFs for case 3 was drawn in the same
manner but from the possible pairs of sets of parameter values (2500 = 50 × 50 sets
of parameter values).

In Hokkaido, for instance, the TSD for case 2 (GCM) and case 3 (parameter
values) is 133 times and 95 times larger than that for case 1 (emission), respectively
(Fig. 10a). The TSD for case 2 (GCM) and case 3 (parameter values) is always larger
than that for case 1 (emission) in all prefectures. In 3/4 of all prefectures, the TSD for
case 2 (GCM) is the largest. Furthermore, the CDFs show a parallel shift regardless
of the factors in Hokkaido and Niigata. Contrastively, for case 2 (GCM) and case 3
(parameter values) in Aichi and Kumamoto, the resulting change in CDFs is not a
parallel shift, rather, a significant extension of the tail to a more negatively strong
side. This areal difference in the CDF shift is caused by the combination of high
temperature conditions during a flowering period and a Chot value that represents
the sensitivity of spikelet sterility under high temperature conditions (see Table 1).
The occurrence of a spatial difference in terms of the contribution of the climate and
crop parameter values to the projected yield change has been reported by Challinor
et al. (2005, 2009). These results can be interpreted to mean that the choice of GCM
is the primary reason for providing the range of projected yield change in many
prefectures and the choice of parameter values could be a more important factor in
a specific prefecture. Choosing the emission scenario shows a smaller contribution
to the uncertainty in projecting yield change than the other factors in this study.
However, the inclusion of the B1 scenario, which shows the lowest atmospheric CO2

concentration at the end of twenty-first century, could lead to different results.

4 Discussion

4.1 Climate change and paddy rice yield in Japan

Under warmer climate conditions, a shortening of the growing period (i.e., from
transplanting to maturity) is recognized as a factor for decreasing paddy rice yield
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in Japan (Toritani et al. 1999; Iizumi et al. 2006, 2008). As temperatures rise,
growth and development occur more rapidly, and the accumulated solar radiation
is reduced during the growing period, resulting in a reduction in rice yield. In turn,
our simulation results indicated a shortening of the growing period (Fig. 5). A
yield decrease is expected following the simulated shortening of the growing period.
However, contrary to our expectations, the resulting PDFs showed an increase in the
20-year mean yield in many cases (Fig. 6). These results must be carefully interpreted.

One major reason for the yield increase in our simulations is the drastic decrease
in the frequency and intensity of cool-summer damage, which is a major cause of
severe yield loss, especially in northern Japan. Insufficient solar radiation during a
cool summer also contributes to yield loss in central and western Japan. The yield loss
attributed to cool-summer damage is much larger than the gradual reduction in yield
caused by the shorter growing period. Using the 20-year mean yield, the reduction
in yield caused by cool-summer damage cancels out the gradual reduction in yield
caused by the shorter growing period and leads to the yield increase. The effects of
CO2 fertilization on yield were included in the simulations, but the increase in the
simulated yield induced by the increase in the concentration of atmospheric CO2 is
not large enough to cancel out the reduction in yield caused by the shorter growing
period, although the effect of CO2 fertilization contributes to offset some of the yield
decrease. The assumption of no water stress in the future also contributes to this
result.

A drastic reduction in yield caused by heat stress during a flowering period is the
major concern during warming conditions in Japan (Horie et al. 1995b; Kim et al.
1996; Nakagawa et al. 2003). The drastic increase in the probability of extremely
hot days, as suggested by Battisti and Naylor (2009), is also found in our model
simulations (Fig. 7). However, the simulated heat stress induced by extremely hot
days contributes little to the decrease in the 20-year mean yield and significantly to
the increase in the interannual variation of yield in central to western Japan (Fig. 8c
and d). This is because the simultaneous occurrence of extremely hot days and
flowering events is rare under the limited sample size of the 17 climate projections
and the simulated yield is on almost the same level as the current yield with good
harvest if the rice crop is not exposed to extremely hot weather. As described
in Section 3.2, the 90% interval of yield changes includes several cases of yield
reductions in central and western Japan. A larger sample of climate projections could
provide a more simultaneous occurrence and could lead to a decrease in the 20-year
mean.

From the viewpoint of the interannual variation of yield, a higher probability of
increasing the SD of yield appears in central Japan (around Aichi). This is related
to the planting window in this area. The planting window in this area is 1 month
later than that in the neighboring prefectures. The simulated flowering date, thus,
often occurs in midsummer (August), and extremely hot conditions occur more
frequently than they do in the neighboring prefectures. In contrast, in northern Japan
(e.g., Hokkaido), the frequency and intensity of cool-summer damage decrease. In
addition, the occurrence of heat stress is very rare in that area even in the 2090s. This
is compatible with the findings of Iizumi et al. (2007). As a result, the SD of yield
in the northern part of Japan decreases, suggesting a more stabilized condition for
paddy rice production. Furthermore, a few extremely hot days occur in the simulation
results in Hokkaido (Fig. 7a). The potential risk of heat stress exists even in northern
Japan, and the risk increases over time.
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4.2 Advantage of the ensemble-based projection approach

Uncertainties pose challenges and obstacles in the application of projected impacts
on the development of adaptation strategies. The projected changes in long-term
mean paddy rice yield in Japan have a wide-range spectrum depending on the
emission scenario, GCM, and crop model used. We summarize the projected yield
changes available from the literature in Fig. 11 and compared them to those from
our results. The following four studies were used as examples:

(1) Seino (1995) uses three GCMs (GISS, GFDL, and UKMO) at the time of IPCC
FAR with a 2 × CO2 scenario and a single-crop model (CERES-Rice). The
projected yield change at the end of the twenty-first century is −1.0%, 4.3%,
and 1.1% with a range of (−11.3%, +7.2%), (−5.2%, +11.8%), and (−2.5%,
+6.0%), relative to the 1980–1988 mean yield, in Miyagi (south of Hokkaido),
Niigata, and Miyazaki (neighboring Kumamoto), respectively;

(2) The yield change at the end of the twenty-first century projected by Horie et al.
(1995b) is +10%, +9.6%, −12.4%, and 0.8% with a range of (−2.8%, +25.5%),
(−10.5%, +25.1%), (−40.9%, −1.8%), and (−10.0%, +7.8%), relative to the
1979–1990 mean yield, in Hokkaido, Toyama (neighboring Niigata), Aichi,
and Miyazaki, respectively, on the basis of three GCMs (GISS, GFDL, and
UKMO) that agree with those in Seino (1995) with two crop models (SIMRIW
and ORYZA1);

Fig. 11 Comparison of the projected yield change among studies for the northern area (N), the Sea
of Japan side of the eastern area (J/E), the Pacific side of the central area (P/C), and the western
area (W). For the four sources noted below, the upper and lower hinge of box indicates the maximum
and minimum yield change, respectively. For this study, the box indicates a 90% (5–95%) interval.
The line in a box indicates the mean value of data. Seino (1995) uses three GCMs at the time of IPCC
FAR with a 2 × CO2 scenario with a single-crop model (CERES-Rice) (data for P/C is not available);
Horie et al. (1995b) uses three GCMs that are similar to those in Seino (1995) with two crop models
(SIMRIW and ORYZA1); Nakagawa et al. (2003) uses four GCMs at the time of IPCC SAR with
the IS92 scenario and a single-crop model (SIMRIW); Iizumi et al. (2008) uses a single GCM at
the time of IPCC TAR with the SRES A2 scenario and a single-crop model (modified version of
SIMRIW); and this study is based on over six GCMs at the time of IPCC AR4 with the SRES A1B
and A2 scenario and a single-crop model (PRYSBI) with perturbation of the crop parameter values
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(3) Nakagawa et al. (2003) projected the yield change in the 10-year period
(2090–2099) on the basis of four GCMs (CGCM1, CCSR/NIES, CSIRO-Mk2,
and ECHAM/OPYC3) at the time of IPCC SAR with the IS92a scenario
and a single-crop model (SIMRIW). The projected yield change is +0%,
+2.5%, −26.3%, and −10.6% with a range of (−5%, +5%), (−5%, +15%),
(−30%, −15%), and (−30%, +15%), relative to the 1971–2000 mean yield, in
Hokkaido, Niigata, Aichi, and Kumamoto, respectively;

(4) Iizumi et al. (2008) uses single GCM (MRI-CGCM2) with the SRES A2
scenario at the time of IPCC TAR and a single-crop model (a modified version
of SIMRIW). The projected yield change in the 2070s is +10%, −8%, −5%,
and −3%, relative to the 1991–1999 mean yield, in Hokkaido, Niigata, Aichi,
and Kumamoto, respectively.

The presented study projected the yield change in the 2090s (2081–2100) on the
basis of over six GCMs (see Table 2) at the time of IPCC AR4 with SRES A1B
and A2 scenarios and a single-crop model (PRYSBI) with the perturbation of crop
parameter values. The projected yield change is 26.9%, 7.4%, −0.8%, and 6.4%
with a 90% interval of (+6.3%, +51.2%), (−5.8%, +22.0%), (−33.4%, +17.9%),
and (−15.6%, +22.8%), relative to the 1981–2000 mean yield, in Hokkaido, Niigata,
Aichi, and Kumamoto, respectively.

From these studies, we conclude that the projected direction of yield change
(whether it increases or decreases in an intended area) is fairly consistent among
studies but there is a large quantitative difference. Furthermore, the more recent
studies (Nakagawa et al. 2003 and the present study) do not necessarily provide a
smaller range of changes in the projected yield than that in previous studies (Seino
1995; Horie et al. 1995b). The range in the change of the projected yield in the
present study is still large in comparison to those reported in previous studies. Three
studies (Seino 1995; Horie et al. 1995b; Nakagawa et al. 2003) may underestimate
the changes in the range of the projected yield, considering the situation in which
the variety of emission scenarios and GCMs used is limited, and they only run
crop model simulations at a specific site for a prefecture with climatological mean
weather inputs. They, therefore, did not consider the effects of interannual variation
of climate and spatial heterogeneity of crop production aspects in a prefecture on
long-term mean yield. However, a more careful comparison is needed to conclude
whether the continual progress in climate and crop modeling for the recent decades
could narrow the range of the projected yield change. Nevertheless, the ensemble-
based projection approach used here can provide an answer including a probability
measure to the question of how much paddy rice yield will change in Japan, which
is necessary information for stakeholders and policymakers to manage climate risks.
This is the most significant advantage of the ensemble-based projection approach.

4.3 Remaining uncertainties

In this study, we examined the uncertainties of climate projections and crop para-
meter values into the projection of paddy rice yield changes in Japan. We used 17
climate projections performed by over six GCMs with two emission scenarios (SRES
A1B and A2). The emission scenarios used cover the atmospheric CO2 concentration
from 515.2 ppm to 607.5 ppm for the 2050s and from 652.6 ppm to 856.0 ppm for
the 2090s. However, our setting does not cover the whole range of SRES, since the
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most intensive and moderate CO2 concentration in the atmosphere appears in A1F1
and B1, respectively. The presented projection of yield change in this study is, thus,
conditional on SRES A1B and A2.

The climate projections used cover almost all ranges of global surface warming
under the two given emission scenarios among available GCMs. Global surface
warming, relative to the 1990s, is from 1.0◦C (CSIRO-Mk3.0) to 2.7◦C (MIROC3.2-
HIRES) in the 2050s and from 1.8◦C (CSIRO-Mk3.0) to 4.1◦C (MIROC3.2-HIRES)
in the 2090s. The number of GCMs used is limited because we selected only
the GCMs that were available in daily data for all three climatic elements (daily
maximum and minimum temperatures and solar radiation). The use of a weather
generator (e.g., Tao et al. 2008) may bring our ensemble-based projection to a more
probabilistic one. In addition, the inclusion of the uncertainty in projecting a regional
climate change associated with downscaling methods (e.g., Schmidli et al. 2006) is an
area for further study.

The crop parameter values of the PRYSBI model used cover a wider range
of parameter values in many cases than that of the specific cultivars (Fig. 2).
However, in this study, we did not perturb the parameter values related to the
effects of elevated CO2, such as the shortening of the growing period from emer-
gence to heading and the change in radiation-use efficiency. The simulated spikelet
sterility caused by heat stress is sensitive to the manner of modeling. The inclu-
sion of multiple parameterizations of spikelet sterility induced by heat stress is
needed for further improvement. In addition, recently, some studies (e.g., Tubiello
et al. 2007; Tao et al. 2009a) suggest that the modeling of the CO2 fertilization effect is
too simplified in many crop models and could be a source of uncertainty in projecting
the impact of climate change on crop productivity. Improving the modeling in basic
biophysical processes, including the CO2 fertilization effect, is important for further
reduction of the uncertainty associated with crop models.

5 Conclusions

We used an ensemble-based projection approach and projected the climate change
impacts on paddy rice yield in Japan, including the partial uncertainties of climate
projections and crop parameter values. We provided the CDFs of projected yield
changes in the 2050s and 2090s, relative to the 1990s mean yield, on the basis of many
simulation results and provided information of future yield change with probability
conditioned on the SRES A1B and A2 scenario. The ensemble-based projection
approach provides information that stakeholders and policymakers consider more
desirable for managing climate risks.

Nomenclature

AR4 IPCC Fourth Assessment Report
CCSR/NIES global climate model of Center for Climate

System Research (CCSR), University of Tokyo
and National Institute for Environmental Studies
(NIES) (Emori et al. 1999)
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CERES-Rice Crop Environment Resource Synthesis Model
for Rice (Godwin et al. 1990)

CGCM1 The first generation of the coupled global climate
model of Canadian Center for Climate Modeling
and Analysis (CCCma) (Flato et al. 2000)

CGCM3.1 The third generation of the coupled global cli-
mate model of CCCma (Flato et al. 2000)

CSIRO-Mk2 Australia’s Commonwealth Scientific and Indus-
trial Research Organization (CSIRO) Mk2 Cli-
mate System Model (Watterson et al. 1997)

CSIRO-Mk3.0 (Mk3.5) CSIRO Mk3 (Mk3.5) Climate System Model
(Gordon et al. 2002)

ECHAM4/OPYC3 The coupled global climate model of the
European Center for Medium-Range Weather
Forecasts (ECMWF) and the Max Plank In-
stitute for Meteorology (Roeckner et al. 1992;
Oberhuber et al. 1998)

FAR IPCC First Assessment Report (Houghton et al.
1990)

GFDL The Geophysical Fluid Dynamics Laboratory
(GFDL)’s coupled global climate model (version
1) (Manabe and Wethetald 1986)

GFDL-CM2.0 The GFDL’s coupled global climate model (ver-
sion 2.0) (Delworth et al. 2006)

GISS The Goddard Institute for Space Studies (GISS)
global climate model (Hansen et al. 1983)

IPCC Intergovernmental Panel on Climate Change
IS92a IPCC emission scenario (type a) (Leggett et al.

1992)
MIROC3.2-MEDRES (HIRES) The Model for Interdisciplinary Research on Cli-

mate Medium (High) resolution version devel-
oped by CCSR, NIES, and the Frontier Research
Center for Global Change (FRCGC) (K-1 model
developers 2004)

MRI-CGCM2 The Meteorological Research Institute (MRI)
Coupled General Circulation Model version 2
(Yukimoto et al. 2001)

MRI-CGCM2.3.2A The MRI Coupled General Circulation Model
version 2.3.2a (Yukimoto and Noda 2002)

ORYZA1 Crop model for rice (Kropef et al. 1995)
SIMRIW Simulation Model for Rice-Weather Relation-

ships (Horie et al. 1995a)
SAR IPCC Second Assessment Report (Houghton

et al. 1995)
SRES IPCC Special Report on Emission Scenarios

(Nakicenovic and Swart 2000)
TAR IPCC Third Assessment Report (Houghton et al.

2001)
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UKMO The coupled global climate model of Hadley
Center, UK Met Office (Wilson and Mitchell
1987)
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