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Abstract

We analyzed the impact of climate change due to global warming on the risk of cool summer dam-
age to paddy rice in the Tohoku region of Japan. We downscaled the atmospheric general circulation
model of the Meteorological Research Institute (MRI AGCM) to 10 km, and we used monthly aver-
age temperatures and their standard deviations to correct the bias of the simulated temperatures. We
did not use daily averaged temperatures to determine the risk of cool summer damage. Instead, we
used the cooling degree calculated from the average daily temperature over a period of time (CDAT).
We also used the standardized yield calculated from temperatures during the month preceding head-
ing. An examination of the reproducibility of cooling damage occurring under the current climate was
based on bias-corrected data which revealed that although the simulated risk of cool summer damage
slightly underestimated both the CDAT and the standardized yield, the areal distributions of risk were
similar to those in years of cool summer damage. We assumed that the heading stage occurred 15.6
days earlier than current climate because of the impact of temperature increase under the future cli-
mate and therefore calculated the CDAT and standardized yield by advancing the critical period by
half a month. During the second- and third-coolest summers under the future climate scenario, the risk
of cool summer damage decreased in the southern Tohoku region facing the Pacific Ocean and in
Aomori Prefecture on the Japan Sea side, but the risk of cool summer damage was almost the same as
during the observed cool summer of 1980. In summary, our results revealed that under a future cli-
mate, simulated by the MRI AGCM, the risk of cool summer damage will persist in the Tohoku re-
gion; risk management for cool summer damage will therefore be essential, even though global tem-
peratures rise.

Key words: Cooling degree by average temperature, Cool summer damage, Global warming,

MRI AGCM, Standardized yield.

matter of concern. Among these impacts, the effect of
1. Introduction climate change on paddy rice production, which ac-

. . . counts for one-third of global crop production, is ex-
The various impacts of climate change on human ac- . .
. . . tremely important with respect to the supply and de-
tivities and agriculture due to global warming are a -

mand of global crops. Several predictions, based on

simulation models, have been made regarding paddy
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tions have not made use of Global Climate Models
(GCMs) . Rising temperatures in tropical and temper-
ate areas pose risks of productivity losses due to in-
creased damage by pests, increased precipitation, and
sterility due to flowering damage caused by an early
flowering season. By way of contrast, rising tempera-
tures in regions with cold climates are expected to
increase productivity because of the fertilization effect
caused by rising levels of carbon dioxide and the re-
duced risk of low temperatures (Horie er al., 1995;
Hayashi et al, 2001). However, Shimono (2008,
2011) has shown that if the current trend of increasing
temperatures continues only in the spring in northern
Japan, the risk of cool summer damage will increase
because of the advance of warming in the spring.

The Tohoku region, which is an area with a cold
climate, is a region of paddy rice production. The yield
of the rice paddies in this region was 573 g m > in 2013
and accounted for 25% of the total area that planted in
rice and 27% of the national production of rice (MAFF,
2013a) . The region is also famous for the good taste of
its rice. However, despite the stabilization of yield by
various technical improvements, the region has been
plagued by cool summer damage in recent years. Dur-
ing the 40 years from 1974 to 2013, cool summer dam-
age occurred in eight of the years, including 2003.
When cool summer damage occurs in the Tohoku re-
gion, cold northeasterly winds, called Yamase winds,
sometimes blow across northern Japan during the Baiu
season. During a typical Yamase event, the tempera-
ture in northern Japan is lower on the eastern (Pacific)
side of the central mountain range than on the western
(Japan Sea) side, because the westward movement of
the cold air mass is blocked by the mountains (Kudoh,
1984) . The persistence of the Yamase winds cools the
summer climate, which reduces rice production. More-
over, the trend of increasing temperatures in the Toho-
ku region during the summer is currently not much
different from the trend in other seasons (Shimono,
2011). Even in recent years, inter-annual variations of
summer temperatures have resulted in sometimes hot
and sometimes cool summers (Kanno, 2004) .

lizumi et al. (2007, 2011) have estimated that the
damage to rice yields from cool summers is mitigated
in northérn Japan, based on a regional climate model
downscaled from GCMs. However, limitations on the
accuracy of GCMs confound estimates of the risk of
damage to rice production in an extremely cool sum-
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mer. On the basis of studies with several GCMs from
the Coupled Model Intercomparison Project, phase 3
(CMIP3), Endo (2012) has reported that the Yamase
period will be delayed in the future and that the fre-
quency of Yamase winds in August will increase. In
addition, according to the Model for Interdisciplinary
Research on Climate, version 5 (MIROCS), the latest
climate scenario, the Yamase will continue to blow,
and relatively cool summers will occur even in a
warmer future (Kanno et al., 2013). Because these
GCM-based analyses have revealed the frequency of
the Yamase phenomenon and continuing cool summers,
there is a pressing need to use climate scenarios to
evaluate the risk of cool summer damage to paddy rice
in the future.

During a cool summer, the temperature is cooler on
the Pacific Ocean side of the Tohoku region than on
the Japan Sea side. However, both the Japan Sea and
Pacific Ocean sides of the Tohoku region appear to-
gether in the GCM, because the GCM is used for glob-
al climate prediction. For example, the latest MIROCS
horizontal resolution was T85, which corresponds to
256 longitudinal x 128 latitudinal global horizontal
grids. The southwest end of the mesh that contains the
Miyagi and Yamagata prefectures is at a latitude of
37.8205°N and a longitude of 139.9219°E, and the
northeast end is at a latitude of 39.2215°N and a longi-
tude of 141.3281°E; the size of this region is about 120
km » 160 km, with most parts of the Miyagi and Yam-
agata prefectures fitting inside. Modeled temperatures
rise in the future, and temperature fluctuations are
therefore projected to be identical on the Japan Sea and
Pacific Ocean sides. The precision of the modeled
temperatures will therefore be inadequate to simulate
temperatures in the Tohoku region, where the impact
of the Yamase differs greatly between the Japan Sea
and Pacific Ocean sides (Hayashi et al., 2001; Yoko-
zawa, 2003) . However, the global atmospheric models
developed by the Meteorological Research Institute
(MRI AGCM: Mizuta et al, 2012) use ultra-high-
resolution grids with mesh dimensions of 20 km.

The objective of this study was to estimate changes
in the risk of cool summer damage to paddy rice in the
Tohoku region under a future climate scenario. We
further downscaled the MRI AGCM to a mesh dimen-
sion of 10 km, as did Yokozawa (2003), and we per-
formed a bias correction to make the current and future
standard deviations of the model temperatures identical
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to the standard deviation of the observed temperatures.
2. Materials and Methods

2.1 MRI AGCM characteristics and bias correction

We used a regional climate model (Japan Meteoro-
logical Agency Nonhydrostatic Model; IMA-NHM) to
downscale the ultra-high-resolution, global atmospher-
ic model (20-km mesh, 6 h) provided by the Meteoro-
logical Research Institute to a 10-km mesh and 1-h
time interval. The JMA-NHM is an operational non-
hydrostatic model for regional, numerical weather
prediction developed by the Japan Meteorological
Agency. The predictions of the MRI AGCM for the
future (2075-2099) are the results of experiments
conducted according to the A1B scenario (the concen-
tration of CO, in the atmosphere near the end of the
21% century rises to 700 ppm) . According to the MRI
AGCM, even in the future climate, Yamase-like, cli-
mate cooling events will occur in the same way as they
do under current climate (1979-2003)
although their strength will decrease slightly (Endo,
2012).

We used the MRI AGCM 10-km mesh model to cal-
culate daily average temperatures for each mesh from

conditions,

hourly data. Hereafter, we refer to the current climate
as the MRIbc and to the future climate as the MRIbf.
We also calculated distance-weighted averages of the
10-km mesh temperatures from real-time, daily aver-
age temperatures in 1-km meshes (Kanno, 1997) with-
in each 10-km mesh (observed value) .

The MRIbc-simulated temperatures were higher
than the observed values in the Tohoku region (Table
1). Examination of annual changes over 25 years, in
terms of the standard deviations of the temperatures,
revealed that the MRIbc-simulated standard deviations

tended to decrease. For this reason, we followed Iizumi
et al. (2010) by performing a bias correction of the
daily average temperatures, so that the 25-year average
of the MRIbc-simulated temperatures and its annual
variation matched the corresponding monthly observed
value and its annual variation.

It is generally assumed that the interannual variabil-
ity of monthly mean air temperature is normally dis-
tributed. We first calculated the 25-year averages and
the standard deviations of the monthly average temper-
atures for the MRIbc and MRIfc model temperatures
and observed temperatures. We then calculated the
probability associated with a certain daily average
temperature based on the normal distribution of MRIbc
temperatures. We estimated the daily temperature as-
sociated with that probability in the normal distribution
of the corresponding observed temperatures for a given
mesh.

The standard deviations of the 25-year average,
MRIb-simulated temperatures under the current and
future climate scenarios were almost identical (Table
1). For the average temperature on a certain day in the
future climate, we used the monthly normal distribu-
tion of MRI future and observed values and performed
a bias correction in the same way that we corrected the
current climate temperatures for bias. Finally, we add-
ed the difference between the MRIbf and MRIbc of the
corresponding mesh. For the actual calculation, we
used the function in the programming language R for
determining the cumulative and discrete probabilities
of the normal distribution function. We denote the
simulated 10-km-mesh average daily temperatures for
the current climate after bias correction as MRIc; we
denote the corresponding temperatures for the future
climate as MRIf.

Table 1. Characteristics of current (1979-2003) and future (2075-2099) temperatures (°C)
before and after bias correction in the Tohoku region. MRIb is before bias correction, and

MRI is after bias correction. Observed values are based on real-time data.

Jun. Jul. Aug. three months AVG
AVG SD AVG SD AVG SD AVG SD
MRIb current 184  0.750 218 1.099  23.0  0.759 211 0.640
MRIb future 21.1 0.760 249 1.098 256 0.984 2349 0.710
MRI current 16.5 0.992 20.1 1.430 218 1.253 19.5 0.893
MRI future 19.2 1.001 232 1.409 244 1.293 223 0.924
Observed value 16.5 1.051 20.1 1.435 21.8 1.331 19.5 0.852
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2.2 Growth prediction
Estimation of the rice heading stage was performed
with the widely used DVI-DVR model (Horie and
Nakagawa, 1990) . The relevant equation is:
1Y 1=eBU 1)

DVR =(E}(4——1+67A(T_Th)] 0]
where DVR is the growth rate per day, 7' is the daily
average temperature (°C), and L is day length (hours).
G is the minimum number of days required for reach-
ing the heading stage, L. is the critical day length, and
T, is the temperature at which DVR is half the maxi-
mum rate at the optimum temperature. 4 and B are
parameters. We determined the parameters (G, Ty, L,
A, and B) of Eq. (1) by using cultivation data for the
variety “Hitomebore” from cultivation experiments in
three locations, as follows: (1) the fields of the Na-
tional Agricultural Research Center for the Tohoku
Region (1997-2010); (2) the coordinated experi-
ments of the agricultural experiment stations of the
Daisen campus of the National Agricultural Research
Center for the Tohoku Region and Iwate, Yamagata,
and Fukushima (2004-2007); and (3) the field tests
of farmed fields in Hachinohe during 2010. Further-
more, from the panicle formation stage to the heading
stage, we set the total effective temperature day statis-
tic for days with daily mean temperatures above 10°C
to 310°C-day (Kanda ef al., 2002). We assumed 20
May to be the transplanting date and used the 25-year
average temperatures of the future and current climates
to calculate the heading stage. However, during the
period 20-28 May, we used the 25-year averages
(1979-2003) of the observed mesh temperatures for
the current climate. For the future climate, we used the
25-year averages of the corresponding mesh, to which
we added the value of the average temperature rise in
June. In addition, we excluded from the calculation
meshes locations where heading does not occur in
August under current climate conditions.

2.3 Risk assessment of cool summer damage

In assessing the risk of cool summer damage, we
used the cool-degree-days parameter (CDD) proposed
by Uchijima (1976). CDD is calculated by using the
daily average temperature of the days from the panicle
formatien stage until the heading stage, and by cumu-
latively adding (20-T) for each day with an average
temperature below 20°C, and 0°C for each day with an
average temperature above 20°C. However, because
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we used a climate scenario model, in addition to using
the daily average temperature, we also performed cal-
culations using the CDAT method, which employs the
average temperature during a period of » days, where n
is the number of days from the panicle formation stage
until the heading stage, and AT is the average tempera-
ture during that period. The relevant statistic is (1)
(20-AT) °C-day when the AT is under 20°C, and 0°C
-day when the AT is above 20°C.

In addition to the CDD and CDAT, we determined
the relationship between the average temperature of the
month preceding heading and the standardized yield.
We used that relationship to assess the risk of cool
summer damage. We assigned a standardized yield of
100 to the five-year average yield, except for the low-
est and highest values of the preceding seven years.
We considered meshes with a yield index below 90 to
be at risk of cool summer damage (MAFF, 2013b).
We used yield data from the yields of municipalities
surrounding Hachinohe (MAFF, 2013a) and tempera-
ture data for Hachinohe from the Automated Meteoro-
logical Data Acquisition System (AMeDAS). For
these data, we used the general additive model in R
and used a cubic spline interpolation method to smooth
the relationship between temperature and standardized
yield (Takezawa, 2007) .

3. Results

3.1 MRI AGCM bias correction

Examination of the MRIbc-simulated, 25-year aver-
age of daily average temperatures under the current
climate scenario revealed that the average MRIbc tem-
perature in the Tohoku region for three months from
June to August was 21.1°C, whereas the three-month
average of the observed values was 19.5°C. The
MRIbc-simulated temperature was therefore higher
than the observed value by 1.6°C in the Tohoku region
(Table 1). In the area around the city of Hachinohe,
the analogous temperature difference was 2.5°C during
the same three-month period.

An accurate projection of temperatures is extremely
important for evaluating the risk of cool summer dam-
age in the Tohoku region in the future. Cool summer
damage occurs when summer temperatures tend to be
lower than temperatures during normal years (average
values of the past 30 years) .

Figure 1 presents the probability densities of the
normally distributed annual variations of the MRIbc-
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simulated and MRIc-simulated monthly average tem-
peratures for the current climate and the corresponding
probability densities of the observed values in the mesh
around Hachinohe (central coordinates: lat 40.458°N,
long 141.482°E) . Although the distributions of month-
ly average temperatures for the MRIbc-simulated and
observed temperatures differed, after bias correction,
the MRIc-simulated and observed values matched
perfectly (Fig. la). However, because daily tempera-
ture variations and annual fluctuations differed be-
tween the MRIc-simulated and observed values, the
probability density distributions of the daily average
temperatures did not match (Fig. 1b). Although the
standard deviations of the simulated average tempera-
tures for all meshes in the Tohoku region did not per-
fectly match the standard deviation of the observed
temperatures, the correspondence was clearly better for
the MRIc than for the MRIbc (Table 1) .

The temperature rises estimated from the differences
between the MRIf and MRIc averaged 2.9 °C and
2.8°C for Hachinohe and the Tohoku region, respec-
tively (Fig. 2). The temperature rise was far greater in
meshes on the Pacific Ocean side and in high-latitude
regions centered on the Shimokita Peninsula. To exam-
ine the seasonal pattern of the temperatures, we
smoothed the 25-year averages of the daily average
temperatures for MRIc and MRIf by calculating seven-
day moving averages three times. The obtained values

MRIf—MRlIc
188° 139" 140" 1417 142" 143
42 : : ]
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: t}'}’ ,Sfi\imokita
41° 0 PQninSU!a
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40°
39’ ‘
38"
|
! |
37k |
¥ ¥ € S =g
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Temperature difference (°C)
Fig. 2. Distribution of temperature differences

between the future climate (2075-2099) and
the current climate (1979-2003) throughout the
Tohoku region.
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for MRIc and MRIf followed nearly identical patterns
throughout the data period (Fig. 3).
3.2 Reproduction of the risk of cool summer dam-
age under the current climate
The current heading stage of paddy rice in the
Tohoku region occurs mainly during the 1-10 August
period. However, as growth tends to be delayed during
cool summer years, we assumed the heading stage to
be during 6-15 August. As the reference for the stand-
ardized yield; we fixed the period from 16 July to 15
August to be the month preceding heading. Figure 4

Standardized
yield

08 © @

shows the relationship between the average tempera-
ture during the month preceding heading and the
standardized yield. The outlier datum came from 1981,
when the major factors that impacted production were
the adverse effects of Typhoon 15 and the poor rooting
and growth delay caused by the low temperatures after
planting.

To determine the dependence of the amount of cool-
ing on the method of calculation, we compared the
CDD and CDAT determined from the observed values
under the current climate. There was little difference in

= S710:0N line
@ Yield index

} i

16 18

R e e e

22 24 26

Average Temperature (°C)

Fig. 4.
determined by the general additive model.
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Standardized yield versus average temperature from 16 July to 15 August. The smooth line was



Hosei University Repository

E. Kanda et al. : MRI AGCM estimation of cool summer damage

¢) CDAT in second-coolest summer

a) CDD in 1980 b) CDAT in 1980 by MRIc

PN T W U T <) PO E 141 142 14 138° 139" 140° 1417 142 143
41 41

40" 400

3g° 3y

a8’ 38"

,
ar | a7y
0 10 20 80 40 50 60 6 10 20 30 40 50 &0 20 30 40 50 60
(*Cday) {"Cday) (*Cday)
Fig.5. Comparison of distributions of the amount of cooling quantified by a) cooling degree-days (CDD)

during the 1980 cool summer, b) the cooling degree calculated from actual average temperature (CDAT)
during the 1980 cool summer, and ¢) CDAT according to MRIc during the second-coolest summer.

a) current
N C)

20

Average Temperature(°C)

15 R S e T
1979 1984 1989 1994 1999

YT

Fig. 6.

(b) future
&
T |
225 +
g ]
[+
Q.
E
'! i
%20 -
I
$
<
15 e s e |
2075 2080 2085 2090 2095

Time series of the average temperature during the critical period for cool summer damage in the mesh

around Hachinohe. a) Average temperatures from 16 July to 15 August. b) Average temperatures from 1 to

31 July.

the distributions for areas where the amount of cooling
was above 60°C-day, but the area in which the CDAT
ranged from 10°C -day to 60°C-day was smaller for the
CDD (Fig. 5). Figure 5 shows the amount of cooling
during the second-coolest summer (1980), according
to the observed values, because during the coolest
summer (1993), the area where the amount of cooling
was above 60°C-day was so wide, that no differences
between methods of calculation could be distinguished.

Next, to assess the validity of the bias correction, we
used MRIc and observed values to compare the CDAT
values for three years with cool summers. Figure 6a

shows the time series of the average temperatures dur-
ing a critical period for cool summer damage at Hachi-
nohe (from 16 July to 15 August). However, because
the GCM predicts climate change rather than year-to-
year variations, we equated the coolest, second-coolest,
and third-coolest summers to the summers associated
with the lowest to the highest temperatures during the
critical period for Hachinohe. For the observed values,
meshes at risk of cool summer damage with a CDAT
above 20°C-day represented 80.7% of all meshes of the
Tohoku region in 1993, 65.5% in 1980, and 52.2% in
2003. For the MRIc, the analogous meshes represented
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70% in the coolest summer, 65% in the second-coolest
summer, and 38.1% in the third-coolest summer. These
percentages were slightly lower than the percentages
estimated with the observed values. However, areas
with large CDATs were almost identical for the MRIc
and observed values. They were centered on the Pacif-
ic Ocean side, on the Japan Sea side of the Aomori
Prefecture, and in the mountains on the Japan Sea side
(Fig. 5). Examination of standardized yields revealed
that meshes with values below 90, which could be
determined to be those with cool summer damage,
represented 96.6% of all meshes of the Tohoku region
in 1993, 76.4% in 1980, and 66.1% in 2003 based on
observed values. Based on the MRIc, these percentages
were marginally lower than on observed values: 79.7%
in the coolest summer, 67.7% in the second-coolest
summer, and 45.7% in the third-coolest summer (Fig.
7). The distributions of meshes with low yield indices
were similar for the MRIc and observed temperatures.
3.3 Future risk of cool summer damage

Because the critical period for cool summer damage
depends on the heading stage of paddy rice, we esti-
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mated the disparity of the heading stages of paddy rice
under current and future climates. We considered the
heading date of “Hitomebore”, which is cultivated
mainly in the Tohoku region, and estimated that head-
ing would occur an average of 15.6 days earlier for the
whole of Tohoku (Fig. 8). For this reason, we set the
heading period for calculating the CDD to 21-31 July
and the advanced the period for obtaining the yield and
standardized yield to 1-31 July. Figure 6b shows the
temperatures during the critical period for Hachinohe
(1-31 July). The lowest, second-lowest, and third-
lowest temperatures occurred in 2091, 2077, and 2099,
respectively. However, because GCMs are not yearly
forecast models, we labeled these years as the first-,
second-, and third-coolest summers.

When we considered the CDAT under the future
climate for Hachinohe in the year with the lowest aver-
age temperature in July, we found that 52.8% of the
meshes were at risk of cool summer damage. These
meshes had a high CDAT above 20°C-day. However,
the risk of cool summer damage was low during the
second- and third-coolest summers, the corresponding
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proportions being 15.2% and 19.3%, respectively.
Examination of the distribution of CDD during the
coolest summer revealed that the CDAT exceeded
20°C-day for the Pacific coast of the Aomori Prefec-
ture, the Iwate Prefecture coast, the northern coast of
the Miyagi Prefecture, the coast of the Fukushima
Prefecture, and the mountainous areas on the Pacific
side; whereas, it was below 10°C-day for the inland
areas of the Iwate Prefecture and the northern inland
areas of the Miyagi Prefecture (Fig. 9a). However, the
possibility of cool summer damage was apparent, be-
cause the CDD was over 40°C-day in the same areas.
Examination of the standardized yield distribution
during the coldest year revealed that 67.4% of the
meshes had a standardized yield below 90. Meshes
centered on the Pacific Ocean side of the Tohoku re-
gion were determined to be at risk of cool summer
damage comparable to the damage that occurred in
2003. However, the standardized yield for the Aomori

Prefecture on the Japan Sea side did not decrease sub-
stantially (Fig. 9b). During the second- and third-
coolest summers, only 36.5% and 25.4%, respectively,
of the meshes were determined to be at risk of cool-
summer damage. With the exception of the Pacific
coast of the Aomori Prefecture and the coast of the
Iwate Prefecture, the standardized yield did not de-
crease.

The CDD and the standardized yield both showed
that during the second- and third-coolest summers of
the future climate, the risk of cool summer damage was
low in the southern part of the Tohoku region facing
the Pacific Ocean and in the Aomori Prefecture on the
side by the Japan Sea. Also apparent was the possibil-
ity that the frequency and extent of cool summer dam-
age would decrease because of the increase of tempera-
ture. However, the coolest summer of the future cli-
mate presented almost the same risk of cool summer
damage as the second-coolest summer of the current
climate, i.e., the cool summer of 1980 (Figs. 5, 7, and
9).

4. Discussion

4.1 Future temperature variation

A cool summer seriously damages rice production
on the Pacific Ocean side of the Tohoku region under
the present climate (lizumi ez al., 2011). When cool
summer damage occurs in the Tohoku region, Yamase
winds-cold northeasterly winds-sometimes blow across
northern Japan. The Yamase will continue to blow, and
relatively cool summers will occur, even if future years
are predicted to increase in temperature (Endo 2012;
Kanno er al. 2013) . Examination of the areal distribu-
tion of increases of temperature, which is determined
by the MRIc and MRIf models, revealed that the tem-
perature increases were far higher in high-latitude are-
as and along the Pacific coast (Fig. 2), the suggestion
being that a spatial resolution finer than 10 km is nec-
essary to assess the risk of cool summer damage in the
Tohoku region.

Predicting climate change includes various uncer-
tainties in the modeling process. Therefore, limitations
of the accuracy of GCMs confound estimating extreme
years and inter-annual variability (lizumi ef al., 2007) .
An extremely cool summer seriously damages rice
production under the current climate. The standard
deviations of the 25-year monthly average of MRIb
temperatures were smaller than the observed tempera-
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tures (Fig. 1) . Bias refers to the difference between the
simulated values and observations and is the most seri-
ous factor responsible for decreasing the reliability of
risk predictions: We used the standard deviations of the
25-year monthly averages to reduce the interannual
variability of monthly temperatures in the GCM bias.
The areas with high risk of cool summer damage were
identical, and the years with unusually low tempera-
tures could be reproduced with bias correction (Figs. 5
and 7). Thus, assuming the annual variations of tem-
perature to be normally distributed and applying a bias
correction based on the monthly average and standard
deviation of temperature appears to be an appropriate
method for assessing the risk of cool summer damage.
4.2 Future risk of cool summer damage

Because using daily values is not recommended in
GCMs, analytical limitations require the use of values
averaged over a fixed period of time (Hayashi ef al.,
2001). However, when assessing damage due to cold
weather, care is necessary when using the average
temperature for a period to assess the risk of cool
summer damage, because irreversible damages can be
caused by temporarily low temperatures, even if the
average temperature during the critical period is high
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(Hayase ef al, 1969; Satake, 1976). In the present
study, because we used a CDD calculated from the
average temperature during a time interval, there was a
tendency to underestimate the risk of cool summer
damage. We therefore assessed the risk of cool sum-
mer damage comprehensively by using the standard-
ized yield calculated from the average temperature
during the month before heading, which is influenced
less than the CDD by temperature variations. Even in
the future climate, the risk of cool summer damage
remained centered around the Pacific Ocean side of the
Tohoku region (Figs. 5, 7, and 9) . The demonstration
that the risk of cool summer damage remains, even
when using a GCM that predicts a temperature increase,
is important when considering how to stabilize the
production of paddy rice in northern areas of Japan in
the future. Further studies that also focus on the differ-
ences of summer temperature variations due to GCM
differences are anticipated.

Assessment of the risk of cool summer damage re-
quires consideration of the effect of an increase of
atmospheric carbon dioxide on cold resistance in addi-
tion to the impact of low temperatures during the criti-
cal period. Because an increase of carbon dioxide con-
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centration has been reported to weaken cold resistance
and exacerbate cool summer damage (Okada er al,
2005; Shimono et al., 2008), the risk of cool summer
damage in the future climate will likely be even higher.
By way of contrast, because high water temperatures
before panicle formation have been shown to increase
cold resistance (Shimono et al,, 2007), an increase in
the air temperature during this period is expected to
raise the water temperature and reduce the risk of cool
summer damage. Furthermore, because the risk of cool
summer damage also depends on the cropping season
and variety selection, a comprehensive study that also
includes the avoidance of high temperature stress and
the effects of low temperature on ripening conditions is
necessary.

In summary, even in future climates projected using
GCMs, in which uncertainty is unavoidable, the risk of
cool summer damage in the Tohoku region will persist.
To stabilize production during global warming, it will
be essential to not only develop cultivation methods
adapted to temperature increases and select heat-
tolerant varieties but also to establish risk management
methods to minimize cool summer damage. In particu-
lar, the development of a cultivation management sys-
tem that supports the reduction of weather hazard risks
by using long-term forecasts to deal with climate
change will likely be necessary.
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