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demand for the product. Thus, the effect of outdoor expo-
sure on particleboard must be investigated. Although out-
door exposure tests have been conducted on particleboard 
in North America [1–3], very few tests were conducted in 
Japan until the early 2000s [4]. Therefore, eight sites that 
are representative of the Japanese climate were selected, 
and particleboard was subjected to various climatic condi-
tions from 2004 to 2011 by the Research Working Group 
on Wood-based Panels of the Japan Wood Research Soci-
ety. The sites were Asahikawa, Noshiro, Morioka, Tsukuba, 
Maniwa, Okayama, Shizuoka, and Miyakonojo, which are 
numbered from 1 to 8, respectively, in Table 1. The results 
of this research group were recently reported in the follow-
ing papers, e.g. [5–8].

With regard to the effects of climatic conditions on 
the strength reduction of particleboard, Kojima et  al. [7] 
reported that temperature, sunshine duration, and precipi-
tation are important factors. In our previous study [9, 10], 
these three climatic conditions were combined into the 
first principal component (PC1) in principal component 
analysis (PCA), and the first principal component score 
(PC1 score) was closely related to the strength reduction 
of particleboard. Results showed that the strength of parti-
cleboard subjected to outdoor exposure in high-PC1 score 
areas reduced significantly. Therefore, the PC1 score was 
determined to be an effective index for predicting strength 
reduction resulting from outdoor exposure, and it was 
named the “climate deterioration index (CDI)”.

In general, climate change causes serious problems, and 
many researchers have predicted effects on human life. 
In this study, the effects of climate change on the reduc-
tion of internal bond strength (IB) of particleboard sub-
jected to various climatic conditions in Japan were pre-
dicted. Anthropogenic greenhouse gas (GHG) emissions 
are mainly driven by population size, economic activity, 

Abstract The effects of climate change on the reduction 
of internal bond strength (IB) of particleboard subjected to 
various climatic conditions in Japan were predicted. The 
temperature increased throughout Japan with increasing 
greenhouse gas (GHG) emissions, so the climate deteriora-
tion index (climate index for predicting the IB reduction of 
particleboard; a high index indicates a large IB reduction) 
also increased to decrease IB. The number of low-temper-
ature areas decreased because of climate change. The rup-
ture of bonding points in particleboard caused by outdoor 
exposure led to a IB reduction, and biodeterioration accel-
erated this reduction. In high-temperature areas, particle-
board was found to be prone to biodeterioration, and the IB 
significantly reduced. An area wherein there was a signifi-
cant decrease in the IB spread along the Pacific Ocean side 
of western Japan and the Sea of Japan in central Japan in 
relation to increasing GHG emissions. Particleboards are 
difficult to use outdoors because of climate change.
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lifestyle, energy use, land use patterns, technology, and 
climate policy. The representative concentration pathways 
(RCPs), which are used to make projections in this study 
based on these factors, describe four 21st century pathways 
for GHG emissions and atmospheric concentrations, air 
pollutant emissions, and land use [11]. The RCPs involved 
are a stringent mitigation scenario (RCP2.6), two interme-
diate scenarios (RCP4.5 and RCP6.0), and one scenario 
with very high GHG emissions (RCP8.5) [11]. Scenarios 
without additional efforts to constrain emissions (’baseline 
scenarios’) lead to pathways ranging between RCP6.0 and 
RCP8.5. RCP2.6 is representative of a scenario that aims 
to keep global warming below 2  °C above pre-industrial 
temperatures [11]. Figure  1 shows temperature change 

in compliance with the three RCP scenarios (RCP2.6, 
RCP4.5, and RCP8.5) at the eight sites. Temperature 
change of even the RCP2.6 has widespread impacts on 
the eight sites. In this study, the CDI was predicted for 
2031–2050 using three RCP scenarios (RECP2.6, RCP4.5, 
and RCP8.5). The effects of climate change on the IB 
reduction of particleboard subjected to various climatic 
conditions in Japan were predicted using the CDI based on 
the three RCP scenarios.

Experimental

Outdoor exposure and IB tests

Particleboard was subjected to outdoor exposure at eight 
sites from February 2004 to March 2009. The sites are 
listed in Table 1, wherein the small numbers indicate north-
ern sites. In general, temperature plays an important role to 
reduce IB, and the eight sites were classified as low-, mid-
dle-, and high-temperature sites (Table 1). The annual cli-
matic conditions of mean temperature, solar radiation, and 
precipitation at these sites are listed in Table 2.

In this study, commercially available phe-
nol–formaldehyde resin-bonded particleboard was used, 
which has a thickness and density of 12.2 mm and 0.75 g/
cm3, respectively. Thirty to forty particleboards measuring 
910  mm  ×  1823  mm were cut into specimens measuring 
300  mm  ×  300  mm. Specimens were selected at random 
and subjected to outdoor exposure vertically to the south 
at each site, as shown in Fig. 2. The IB test was conducted 
in compliance with JIS [13], and the IB data have reported 
previously [6, 9, 10, 14]. The mean and standard deviation 
of the initial IB were 0.833 and 0.09 MPa, respectively.

PCA using climatic conditions at eight sites

PCA was conducted using computer software “R. 3.0.2” 
[15]. Table 2 lists the temperature, precipitation, and solar 

Table 1  Site numbers, sites, north latitude, east longitude, and temperature grouping at outdoor exposure sites

Site no. Site Third mesh code North latitude East longitude Temperature grouping

1 Asahikawa 65424330 43°41′ 142°22′ Low
2 Noshiro 60402020 40°11′ 140°00′ Low
3 Morioka 59413047 39°37′ 141°05′ Low
4 Tsukuba 54400048 36°02′ 140°05′ Middle
5 Maniwa 52335505 35°05′ 133°41′ Middle
6 Okayama 52330622 34°41′ 133°46′ High
7 Shizuoka 52383354 34°57′ 138°25′ High
8 Miyakonojo 47314076 31°43′ 131°05′ High

Fig. 1  Temperature change in compliance with three RCP scenarios, 
i.e., RCP2.6, RCP4.5, and RCP8.5, at eight sites. RCP representative 
concentration pathway. Details about the sites are provided in Table 1
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radiation at the eight sites recorded at exposure times of 
1–5 years (2004–2009) [16]. These values at each exposure 
time at the eight sites were standardized and then analyzed 

using PCA. Eigenvalues, proportion, cumulative propor-
tion, and eigenvectors resulting from PCA are listed in 
Table 3.

Table 2  Climatic conditions 
and IB at outdoor exposure sites 
from April 2004 to March 2009

Details about the sites are provided in Table 1. Due to a lack of climatic conditions for Site 5 (Maniwa), 
the conditions for Tsuyama (located near Maniwa) were used. Boldface indicates solar radiation predicted 
using model that was developed by Kondo [12]
T annual mean temperature, P annual precipitation, S annual solar radiation, CDI climate deterioration 
index (first principal component score), IB internal bond strength, SD standard deviation

Outdoor exposure 
time (year)

Site no. Climatic conditions CDI IB (MPa)

T (°C) P (mm) S (MJ/m2) Mean SD

1 1 7.2 984 11.9 −2.15 0.812 0.07
2 11.6 1731 10.6 −1.48 0.630 0.10
3 10.6 1535 12.2 −1.12 0.639 0.09

From April 2004 4 14.5 1693 14.0 0.348 0.605 0.09
to March 2005 5 14.5 1683 12.4 −0.300 0.551 0.10

6 16.9 1509 14.2 0.716 0.556 0.07
7 17.4 3454 14.4 2.08 0.337 0.15
8 16.9 3302 14.4 1.91 0.229 0.04

2 1 7.0 987 11.9 −2.09 0.626 0.05
2 11.4 1622 10.6 −1.39 0.540 0.16
3 10.3 1468 12.2 −1.04 0.458 0.11

From April 2004 4 14.2 1409 14.0 0.325 0.573 0.22
to March 2006 5 14.2 1355 12.4 −0.374 0.434 0.14

6 16.7 1141 14.2 0.632 0.324 0.17
7 17.0 2624 14.4 1.88 0.212 0.11
8 16.8 2889 14.4 2.05 0.125 0.07

3 1 7.1 1009 11.8 −2.16 0.666 0.10
2 11.5 1571 10.8 −1.35 0.464 0.12
3 10.4 1370 12.3 −1.07 0.521 0.14

From April 2004 4 14.3 1455 13.7 0.274 0.318 0.13
to March 2007 5 14.2 1326 12.5 −0.372 0.323 0.13

6 16.7 1160 14.3 0.685 0.185 0.11
7 17.0 2432 14.3 1.84 0.152 0.06
8 17.0 2688 14.5 2.15 0.092 0.04

4 1 7.1 966 12.0 −2.09 0.596 0.13
2 11.5 1475 11.2 −1.28 0.287 0.12
3 10.4 1348 12.3 −1.02 0.480 0.14

From April 2004 4 14.3 1377 13.4 0.219 0.320 0.19
to March 2008 5 14.2 1315 12.0 −0.565 0.186 0.07

6 16.7 1082 14.0 0.653 0.208 0.12
7 16.9 2326 14.0 1.84 0.069 0.03
8 17.0 2569 14.3 2.24 0.057 0.02

5 1 7.2 946 12.0 −2.13 0.360 0.25
2 11.5 1470 11.3 −1.29 0.377 0.15

From April 2004 3 10.5 1315 12.4 −1.01 0.193 0.11
to March 2009 4 14.3 1399 13.3 0.204 0.140 0.11

5 14.2 1274 12.2 −0.524 0.119 0.10
6 16.7 1057 14.0 0.680 0.186 0.08
7 16.9 2302 14.0 1.85 0.054 0.02
8 17.0 2566 14.2 2.22 0.056 0.02
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Prediction of CDI at eight sites using three RCP 
scenarios

To predict the future CDI at the eight sites in compliance 
with the three RCP scenarios, future temperature, precipi-
tation, and solar radiation for 2031–2050 predicted with 
MIROC5 (Model for Interdisciplinary Research on Cli-
mate) were used [17]. MIROC5 predicted these climatic 
conditions of original spatial scales (about 125–444 km in 
latitude) in compliance with the three RCP scenarios. The 
original spatial scales were very large, so we interpolated 
these climatic conditions to the third mesh of the national 
standard grid system (about 1 km in latitude; 1 km × 1 km) 
using simple linear interpolation method [18]. The future 
CDI at the eight sites was then predicted using the devel-
oped PCA model that was described in “PCA using cli-
matic conditions at eight sites” section in compliance with 
the three RCP scenarios.

Prediction of CDI nationwide using three RCP 
scenarios

To calculate the present CDI nationwide, the third mesh 
climatic conditions (temperature, precipitation, and solar 
radiation) from the Japan Meteorological Agency were 
used [19]. The third mesh of the national standard grid sys-
tem (1 km × 1 km), which was described in “Prediction of 
CDI at eight sites using three RCP scenarios” section, was 
used to divide Japan’s area; the area is 377,900 km2, so we 
obtained 378,030 grid squares. Based on the future climatic 
conditions predicted with MIROC5, future temperature, 
precipitation, and solar radiation of 378,030 grid squares 
were spatially interpolated in compliance with the three 
RCP scenarios. The future CDI of the 378,030 grid squares 
was predicted using these climatic conditions in compli-
ance with the three RCP scenarios.

Multiple regression analysis

The model used in multiple regression analysis was devel-
oped using the present CDI at the eight sites and the expo-
sure time as explanatory variables. The criterion variable 
was the IB. The IB at the exposure time of 5 years at the 
eight sites was predicted using the developed multiple 
regression equation in relation to climate change occurring 
in compliance with the three RCP scenarios. The IB of the 
378,030 grid squares nationwide at the exposure time of 
5 years was also predicted using the developed model. IB 
retention was calculated using the following equation:

Mapping

The distributions of the predicted IB at the exposure time 
of 5 years were mapped in compliance with the three RCP 
scenarios of the 378,030 grid squares using QGIS (version 
2.2.0) (Geographic Information System).

Results and discussion

Solar radiation used to calculate CDI at eight sites

Solar radiation is generally preferable to sunshine duration 
for investigating the effects of sunshine on the IB reduc-
tion of particleboard. However, solar radiation was not 
measured at sites 2, 5, 6, and 8; only sunshine duration was 
measured. In our previous studies [9, 10], sunshine duration 

IB retention (%) =
Predicted IB

Initial IB before outdoor exposure test
× 100

Fig. 2  Outdoor exposure test at site 4

Table 3  Eigenvalue, proportion, cumulative proportion, and eigen-
vector calculated using the principal component analysis of climatic 
conditions

Principal component analysis was conducted using the T, P, and S 
listed in Table 2. Prior to principal component analysis, the T, P and S 
were standardized
PC1 first principal component, PC2 principal component, PC3 third 
principal component, T annual mean temperature, P annual precipita-
tion, S annual solar radiation

PC1 PC2 PC3

Eigenvalue 2.34 0.477 0.186
Proportion (%) 77.9 15.9 6.19
Cumulative proportion (%) 77.9 93.8 100
Eigenvector
 T 0.605 −0.303 0.736
 P 0.531 0.842 −0.090
 S 0.593 −0.445 −0.671
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was used to calculate the CDI. By contrast, in this study, 
solar radiation at sites 2, 5, 6, and 8 was predicted using the 
model that was developed to calculate the CDI [12].

Prior to using predicted solar radiation, the relation-
ship between predicted solar radiation and measured solar 

radiation was investigated, and the accuracy of the model 
was confirmed. Solar radiation was measured at sites 1, 3, 
4, and 7. Figure 3 shows the relationship between meas-
ured and predicted solar radiation at sites 1, 3, 4, and 7. 

Fig. 3  Relationships between predicted and measured solar radiation 
at sites 1, 3, 4, and 7. Solar radiation at sites 2, 5, 6, and 8 was pre-
dicted using model that was developed by Kondo [12]. r correlation 
coefficient. Details about the sites are provided in Table 1

Fig. 4  Precipitation change in compliance with three RCP scenarios, 
i.e., RCP2.6, RCP4.5, and RCP8.5, at eight sites. RCP representative 
concentration pathway. Details about the sites are provided in Table 1

Fig. 5  Solar radiation change in compliance with three RCP sce-
narios, i.e., RCP2.6, RCP4.5, and RCP8.5, at eight sites. RCP repre-
sentative concentration pathway. Details about the sites are provided 
in Table 1

Fig. 6  CDI change in compliance with three RCP scenarios, i.e., 
RCP2.6, RCP4.5, and RCP8.5, at eight sites. CDI climate deteriora-
tion index, RCP representative concentration pathway. Details about 
the sites are provided in Table 1
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Fig. 7  Distribution changes in temperature, precipitation, and CDI of 378,030 grid squares in compliance with three RCP scenarios: RCP2.6, 
RCP4.5, and RCP8.5. CDI climate deterioration index. RCP representative concentration pathway, SD standard deviation
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The correlation coefficient was 0.999, showing a strong 
correlation between measured and predicted solar radia-
tion. Thus, the model was able to predict solar radiation 
at sites 2, 5, 6, and 8, as listed in Table 2.

Table 3 lists the eigenvalue, proportion, cumulative pro-
portion, and eigenvector calculated via PCA using tem-
perature, precipitation, and solar radiation. For PC1, the 
eigenvalue was 2.34, and the proportion was 77.9%. These 
values indicated that 77.9% of the information relating to 
temperature, precipitation, and solar radiation was com-
bined into PC1. Eigenvectors were used as coefficients to 
calculate the PC score. The PC1 score was calculated using 
the eigenvectors, and the equation is as follows:

T standardized annual temperature, P standardized 
annual precipitation, and S standardized annual solar 
radiation.

All eigenvectors of PC1 had positive values for each 
climatic condition, thereby indicating that the PC1 score 
increased with increasing temperature, precipitation, and 
solar radiation. These eigenvectors were almost equal, 
indicating that the PC1 score was equally affected by tem-
perature, precipitation, and solar radiation. By contrast, 
the eigenvalues and proportions of PC2 and PC3 were sig-
nificantly lower than those of PC1, suggesting that PC1 
accounted for the majority of the variability caused by cli-
matic conditions. Consequently, PC2 and PC3 scores were 
not used for analytical purposes in this study. As described 
in the “Introduction” section, the PC1 score was named the 
CDI, combined temperature, precipitation, and solar radia-
tion into one explanatory variable. Thus, the CDI (PC1 

PC1 score (CDI) = 0.605 × T + 0.531 × P + 0.593 × S
score) was calculated using temperature, precipitation, and 
solar radiation at each exposure time (as listed in Table 2).

Climate change at eight sites

Figures  1, 4, and 5 show temperature, precipitation, and 
solar radiation changes in compliance with the three RCP 
scenarios at the eight sites, respectively. Temperature 
increased with increasing GHG emissions at all sites. The 
increasing rate of temperature at low-temperature sites 
was higher than that at other sites. Precipitation increased 
at low-temperature sites and sites 5 and 6. By contrast, 
solar radiation did not remarkably change at all sites with 
increasing GHG emissions. Figure 6 shows CDI change in 
compliance with the three RCP scenarios at the eight sites. 
The CDI mainly increased at all sites with increasing GHG 
emissions because of the rise in temperature.

Table 4  Standardized regression coefficient, coefficient of deter-
mination, and adjusted coefficient of determination of the multiple 
regression equation

***Statistical significance at 0.1% level. CDI climate deterioration 
index (score of first principal component). R2 coefficient of determi-
nation. Adjusted R2 adjusted coefficient of determination

Standardized regression coefficient R2 Adjusted R2

Exposure time CDI

−0.661*** −0.718*** 0.857 0.850

Table 5  Analysis of variance 
table of multiple regression 
analysis of IB

IB internal bond strength
***Statistically significant at 0.1% level

Factor Sum of squares Degree of 
freedom

Mean square F value p value

Regression 1.44 2 0.722 111 2.24 × 10−16***
Residual 0.240 37 0.00649

Fig. 8  IB change of particleboard subjected to 5-year outdoor expo-
sure in compliance with three RCP scenarios, i.e., RCP2.6, RCP4.5, 
and RCP8.5, at eight sites. IB internal bond strength, RCP representa-
tive concentration pathway. Details about the sites are provided in 
Table 1
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Distribution changes in temperature, precipitation, 
and CDI

Figure  7 shows the distribution changes in temperature, 
precipitation, and CDI of the 378,030 grid squares in 
compliance with the three RCP scenarios. As shown in 
Fig.  5, solar radiation did not considerably change at all 
sites, so the distribution change is not shown. The high 
peak of the present temperature distribution was approxi-
mately 10 °C, with a shoulder at the temperature range of 
3–7 °C, as shown in Fig. 7a1. Compared with the present 
temperature distribution, high peaks in RCP2.6, RCP4.5, 
and RCP8.5 shifted from 10 to 15 °C, and the mean tem-
perature increased from 10.2 to 15.5  °C. Furthermore, 
the shoulders of RCP2.6 and RCP4.5 shifted to the high-
temperature range and that of RCP8.5 disappeared. A rise 
in temperature was observed throughout Japan, and the 
number of low-temperature areas decreased. As shown in 
Fig. 7b1–7b4, the high peak of the present precipitation dis-
tribution was approximately 1100 mm, but the peak shifted 
from 1100 to 1600  mm. No difference was noted among 
the distributions of RCP2.6, RCP4.5, and RCP8.5, and the 
mean precipitation of RCP2.6, RCP4.5, and RCP8.5 was 
almost the same. In Fig. 7c1, two peaks were found in the 
present CDI distribution at −3 and −1, and the peak at −3 
was lower than that at −1. These peaks then shifted to a 
higher CDI in the RCP2.6 and RCP4.5 distributions with 
no difference between them. Furthermore, a shoulder and a 
peak, and not two peaks, were observed in the RCP8.5 dis-
tribution. High peaks were noted in the RCP2.6, RCP4.5, 
and RCP8.5 distributions, and these peaks shifted from −1 
to 1 in comparison with the present CDI distribution. The 
mean CDI increased from −0.659 to 0.904 with increasing 
GHG emissions.

Multiple regression analysis of IB

Table 4 lists the standardized regression coefficient calcu-
lated using multiple regression analysis. The standardized 
regression coefficients of the exposure time and CDI were 
−0.661 and −0.718, respectively. Both values were nega-
tive and almost equal, indicating that the exposure time and 
CDI contributed to an equal IB reduction. Table 4 lists the 
coefficient of determination (R2) and the adjusted coeffi-
cient of determination (adjusted R2); both values were very 
high. Table 5 lists an analysis of variance table of the mul-
tiple regression analysis of the IB. The F value was very 

high, which was statistically significant at the 0.1% level. 
These results indicated that multiple regression analysis 
was able to accurately predict the IB.

Figure 8 shows the IB change of particleboard subjected 
to the exposure time of 5 years in relation to the three RCP 
scenarios at the eight sites using the developed multiple 
regression analysis model. The IB was found to decrease 
with increasing GHG emissions at all sites, and the reduc-
tion in high-temperature sites was higher than that in low- 
and middle-temperature sites. In particular, the IB at sites 
7 and 8 significantly decreased. Climate change largely 
affected the IB reduction at high-temperature sites, and 
this reduction indicated other deterioration processes in 
particleboard because of outdoor exposure. The rupture 
of bonding points caused by outdoor exposure led to this 
reduction, and biodeterioration accelerated this reduction 
[20]. Particleboard was found to be prone to biodeteriora-
tion at high-temperature sites [21].

Although actual IB values were either positive or zero, 
the predicted IB showed negative values at sites 7 and 8 
and was considered a null value. This finding was due to an 
assumption of linearity in multiple regression analysis, as 
discussed in the following section.

Map of IB reduction in Japan

Figure 9 shows a map of IB retention predicted using the 
multiple regression analysis model for the exposure time 
of 5 years of the 378,030 grid squares in compliance with 
the three RCP scenarios. At present, the IB reduction was 
large in the southern areas but small in the northern areas, 
and the reduction inland was smaller than that along the 
coastline. In particular, a large reduction was observed 
in the southern areas along the Pacific Ocean, which is a 
high-temperature area, and negative values were found for 
8880 grid squares. IB retention in the 2.35% nationwide 
areas showed negative values. Negative IB retention in the 
high-temperature areas is related to the assumption of lin-
earity in multiple regression analysis, which yields a null 
value. Therefore, in our previous study, we used an artifi-
cial neural network to solve this issue [6]. Low IB retention 
increased with increasing GHG emissions. For RCP8.5, 
the low IB retention areas significantly increased; the zone 
spread out along the Pacific Ocean side of western Japan 
and the Sea of Japan in central Japan. Negative IB retention 
was shown for 94,435 grid squares; IB retention in the 25% 
nationwide area showed negative values.

Conclusions

Temperature throughout Japan increased with increasing 
GHG emissions because of climate change. Therefore, the 

Fig. 9  Map of IB retention predicted using multiple regression 
analysis model for the exposure time of 5 years of the 378,030 grid 
squares in compliance with the three RCP scenarios, i.e., RCP2.6, 
RCP4.5, and RCP8.5, at eight sites. IB internal bond strength, RCP 
representative concentration pathway

◂
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CDI increased, and the number of low-temperature areas 
decreased. The rupture of bonding points caused by out-
door exposure led to IB reduction, and biodeterioration 
accelerated this reduction. In high-temperature areas, par-
ticleboard was significantly prone to biodeterioration. The 
low IB retention areas significantly increased with increas-
ing GHG emissions; these areas spread out along the 
Pacific Ocean side of western Japan and the Sea of Japan 
in central Japan. Particleboards are difficult to use outdoors 
because of climate change. Negative IB retention in high-
temperature areas is related to the assumption of linearity 
in multiple regression analysis, which yields a null value. 
This issue needs to be addressed using an artificial neural 
network or another method.
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