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In recent years, the risk of heat disorder in daily life has increased dramatically because the thermal environment has been
deteriorating. The main objective of this study was to examine regional differences in the relationship between heat disorder
incidence rate and heat stress indices at Yamanashi Prefecture, Japan. Daily maximum air temperature and daily maximumWBGT
were used as heat stress indices in each region. Nonlinear regression analysis was used to examine the regional difference in the
relationship between the heat disorder incidence rate and heat stress indices in each region. The heat disorder incidence rate
was correlated with both indices of heat stress in all regions. However, the more appropriate heat stress index for heat disorder
prevention differed among regions.The distributions of heat stress indices, such as the slope of regression curve and the temperature
threshold, differed in each region, irrespective of the index used. Therefore, the criteria for thermal conditions for heat disorder
prevention need to be determined for each region, considering the regional characteristics of the relationship between the heat
disorder incidence rate and heat stress indices.

1. Introduction

In recent years, the thermal environment has been dete-
riorating because of global warming and the heat island
phenomenon [1]. These contribute to increased heat stress,
and the risk of heat disorder in daily life has also increased
dramatically [2–4]. Previous studies have reported that the
number of individuals affected by heat disorder was closely
associated with air temperature and wet-bulb globe tempera-
ture (WBGT) [4–9]. Therefore, air temperature and WBGT
have been used as heat stress indices for heat disorder
prevention [10–13].

Daily maximum air temperature is a widely used predic-
tive value in weather forecasting because it is a straightfor-
ward index of thermal condition [7]. It is also commonly used
to set criteria for thermal conditions for heat disorder pre-
vention. However, both the Japan Sports Association (JSA)
and Japanese Society of Biometeorology (JSB) announced
guidelines for the prevention of heat disorder in 1993 and in
2007, respectively, and both organizations usedWBGT as the

heat stress index to set the criteria for thermal conditions [6].
This is because not only air temperature but also humidity
and radiant heat are important factors determining the heat
disorder incidence rate [14]; WBGT, which includes all three
factors, is considered to be most informative index for the
thermal conditions that indicates heat disorder probability
[10] and is most widely used as the index of heat stress in
the world [15]. Previous research has identified a stronger
positive correlation between the heat disorder incidence
rate and WBGT than the correlation with daily maximum
air temperature and has suggested that the use of WBGT
removes regional differences in the relationship between the
heat stress index and the heat disorder incidence rate [11].

In a study conducted in Tokyo and Chiba City, Japan,
Hoshi et al. [16] compared the relationship between the heat
disorder incidence rate and daily maximum air temperature
and that between the heat disorder incidence and WBGT
at the time daily maximum air temperature was observed.
The distribution of the daily maximum air temperature
on the day of occurrence of heat disorder was lower in
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Chiba City than in Tokyo, but the distribution of WBGT
at the time of daily maximum air temperature on the day
of occurrence was similar [16]. This finding indicates that
the use of WBGT could remove regional differences in
the relationship between the heat disorder incidence rate
and heat stress indices. However, the previous study was
conducted in two megacities, both of which face the Pacific
Ocean [16]. It remains unclear whether the use of WBGT
could also remove regional differences in the relationship
between the heat disorder incidence rate and heat stress
index in inland regions. Indeed, Zhang et al. [17] reported
that the importance of weather variables in predicting heat-
relatedmortality differed by cities. In addition, to offer helpful
information for preventing heat disorder in inland region
seems to have higher priority than in coastal regions because
it was found that mortality due to heat disorder in internal
regions is higher than that in the area along the Pacific Ocean
[18].

Yamanashi Prefecture, which is located near the center
of Honshu, the main island of Japan, is surrounded by high
mountains and has a typical inland climate. Because the
habitable regions in Yamanashi Prefecture cover a wide range
of altitudes, air temperature and rainfall vary considerably
among regions [19]. The objective of this study was to
investigate regional differences in the relationship between
the heat disorder incidence rate and heat stress indices in
Yamanashi Prefecture and to examine whether the use of
WBGT could remove these regional differences.

2. Materials and Methods

2.1. Study Area. Yamanashi Prefecture has a population of
approximately 890,000 people and an area of 4,465 km2, 78%
of which is covered by forest [20]. In this study, Yamanashi
Prefecture was divided into six regions according to the
division used for fire services and weather forecasting: Kofu
(KF), Kyohoku (KH), Kyonan (KN), Kyoto (KT), Tobu (TB),
and Fujigoko (FG) (Figure 1). Table 1 shows the mean values
of daily mean, maximum, and minimum air temperatures
from May 1 to October 31 for each year between 2009 and
2013. This study is based on the premise that each division
of weather forecasting means the homogeneous region of
climatic conditions and geographical characteristics.

2.2. Heat Stress Indices. In this study, daily maximum air
temperature and dailymaximumWBGTwere used as the two
indices of heat stress.Thedailymaximumair temperaturewas
calculated from the hourly air temperature data from May
1 to October 31 for each year between 2009 and 2013. The
hourly air temperature data were recorded by the Automated
Meteorological Data Acquisition System (AMeDAS) of the
Japan Meteorological Agency (JMA) [21].

The WBGT data were obtained from the Ministry of the
Environment website for heat disorder prevention [22]. The
WBGT was estimated hourly for each AMeDAS observa-
tional site using standardmeteorological indices, such as dry-
bulb temperature, relative humidity, solar radiation, andwind
speed [23].

Table 1: The mean values of daily mean, maximum, and minimum
air temperatures from May 1 to October 31 for each year between
2009 and 2013.

Daily mean
air temp.
(∘C)

Daily max.
air temp.
(∘C )

Daily min. air
temp.
(∘C )

KF 22.7 ± 4.5 27.9 ± 5.2 18.8 ± 4.9
KH 20.8 ± 4.5 25.8 ± 5.1 16.9 ± 4.9
KN 21.9 ± 4.3 26.9 ± 4.8 18.2 ± 4.6
KT 22.2 ± 4.6 27.6 ± 5.3 18.2 ± 4.9
TB 20.7 ± 4.6 26.0 ± 5.4 16.4 ± 4.8
FG 17.7 ± 4.6 22.4 ± 5.0 13.6 ± 5.0
Values are mean ± standard deviation.
KF: Kofu, KH: Kyohoku, KT: Kyoto, KN: Kyonan, TB: Tobu, and FG:
Fujigoko.

The daily maximum air temperature and daily maximum
WBGT in each region were calculated as mean values using
data from the AMeDAS observational site in each region
(Figure 1).

2.3. Heat Disorder Incidence Rate. The heat disorder inci-
dence rate for each region was assessed using the database of
emergency transportation records for cases of heat disorder
from May 1 to October 31 each year between 2009 and 2013.
This database was created by the Disaster Prevention and
Crisis Management Division of the Yamanashi Prefectural
Government based on the records of emergency phone calls
to fire department services.

The heat disorder incidence rate in each region is defined
as the frequency of heat disorder per 100,000 individuals per
day and is calculated using the following equation:

𝑅HDI =
𝐹HD × 10

5

POP × 𝑁HSI
, (1)

where 𝐹HD is the frequency of individuals transported for
heat disorder in each region (persons), POP is the population
in each region (persons), and 𝑁HSI is the number of days
with respect to the class interval of heat stress indices in each
region (days). The population in each region was calculated
using demographics provided by the Yamanashi Prefectural
Government (Table 2). The frequency of individuals trans-
ported for heat disorder was assembled with respect to
the class interval of heat stress indices, which follows the
procedure of previous studies [16, 24].

2.4. Data Analysis. The relationship between heat disorder
incidence rate and heat stress indices was examined with a
constant class interval width of heat stress indices among
regions, that is, 1∘C. In addition, because the class interval
width of WBGT equivalent to 1∘C in air temperature is
thought to vary in each region, the relationship for WBGT
was also calculated using different class interval widths.

Regression formulas were derived by the nonlinear least
squares method using heat disorder incidence rate and the
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Figure 1: Map showing the location of Yamanashi Prefecture and the regions used for analysis (KF: Kofu; KH: Kyohoku; KT: Kyoto; KN:
Kyonan; TB: Tobu; FG: Fujigoko).

Table 2: The daytime population in each region. Abbreviations are
the same as those in Table 1.

Daytime population (persons)
KF 328,023
KH 159,952
KN 129,906
KT 53,597
TB 86,248
FG 97,128

median of each class for both heat stress indices. Exponential-
type functions were used as the regression formulas because
previous studies reported that the heat disorder incidence rate
increases exponentially with increasing air temperature and
WBGT [6, 7]. In addition, these exponential-type functions
were fitted up to the peak of heat disorder incidence rate,
because the heat disorder incidence rate in the class of higher
peak temperature seems to be strongly influenced by factors
other than meteorological conditions. The heat disorder

incidence rate in the class of higher peak temperature is
smaller because people spontaneously take measures against
heat disorder in relentless heat conditions, such as using air
conditioning, refraining fromexercise andworking outdoors,
taking frequent breaks, and staying adequately hydrated
[24].

To investigate regional differences in the relationship
betweenheat disorder incidence rate andheat stress indices in
Yamanashi Prefecture using the values of heat stress indices,
the temperature threshold of the heat stress indices was
calculated. The temperature threshold is the value when
the heat disorder incidence rate equals 1 (person/100,000
persons/day) using the regression equation derived from the
relationship between heat disorder incidence rate and heat
stress indices.

2.5. Statistical Analysis. Nonlinear regression analysis was
used to examine the relationship between the heat disorder
incidence rate (𝑅HDI) and heat stress indices in each region.
In addition, to determine the class interval width of heat
stress indices in each region, simple linear regression analysis
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between air temperature and WBGT was carried out. A 𝑝
value < 0.05 was considered to be statistically significant.

3. Results

3.1. Constant Class Interval Width of Heat Stress Indices.
Figures 2 and 3 show the relationships between heat disorder
incidence rate and daily maximum air temperature and daily
maximumWBGT, respectively, using a constant class interval
width (i.e., 1∘C) for each region. The distribution of both
heat stress indices against the heat disorder incidence rate
varied among regions. The coefficient of regression curve
for each region also varied for both heat stress indices. In
particular, the distribution in the FG region was lower than
that in other regions, and the regression curve for this region
increased more sharply compared with that of other regions.
The coefficient of regression curve for FG was approximately
0.65 for daily maximum air temperature and approximately
0.67 for daily maximum WBGT, while for other regions
the values were < 0.35 for daily maximum air temperature
and < 0.55 for daily maximum WBGT. The heat disorder
incidence rate was correlated with both heat stress indices in
all regions.However, some regions (KH,KN, and FG) showed
a stronger correlation between heat disorder incidence rate
and daily maximum air temperature than daily maximum
WBGT, while others (KF, KT, and TB) showed a stronger
correlation between heat disorder incidence rate and daily
maximumWBGT than daily maximum air temperature.

3.2. Regression Analysis between Air Temperature andWBGT.
Figure 4 shows the relationship between air temperature at
daily maximum WBGT and daily maximum WBGT. There
was a strong positive correlation between them in all six
regions. According to the slope of the regression line in each
region, the class interval width of daily maximum WBGT
equivalent to 1∘C in air temperature was approximately 0.7–
0.8∘C.This value agreed closely with the results of a previous
study [25].

3.3. WBGT Using Various Class Interval Widths. Figure 5
shows the relationship between heat disorder incidence rate
and daily maximum WBGT using various class interval
widths.The coefficients of determination in all regions, except
KN, were smaller than those with a class interval width of
1∘C. The distribution of the daily maximum WBGT against
the heat disorder incidence rate varied among regions and
the variability in the coefficient of regression curves among
regions with various class interval widths was greater com-
pared with that among regions with constant class interval
width (Figures 3 and 5).

3.4. Temperature Thresholds. Table 3 shows the temperature
thresholds for heat stress indices in each region. The range
of the temperature threshold was 7.0∘C for daily maximum
air temperature, 4.2∘C for daily maximum WBGT with a
constant class interval width, and 3.5∘C for daily maximum
WBGT with various class interval widths.

4. Discussion

The results of this study show that the heat disorder incidence
rate was correlated with each heat stress index in all regions,
but the more appropriate heat stress index for heat disorder
prevention differed among regions. In addition, both the
distributions of the heat stress indices against heat disorder
incidence rate and the temperature threshold of heat stress
indices varied among regions, regardless of both heat stress
indices and class interval width.

Ono [24] reported that daily maximumWBGTwas more
closely associated with heat disorder incidence than daily
maximum air temperature. However, our results showed a
stronger relationship between heat disorder incidence rate
and daily maximum air temperature than daily maximum
WBGT in some regions and therefore were not in agreement
with those of a previous study [24]. One reason for this
discrepancy possibly relates to the class interval width of
heat stress indices. In the previous study, the variability of
frequency in each class was removed by setting the class
interval width of heat stress indices at 1∘C, and then there was
a strong positive correlation between heat disorder incidence
rate and daily maximumWBGT [24]. On the other hand, in
our study, the variability of frequency in each class increased
in some regions when the class interval width of WBGT
was 1∘C, and then the heat disorder incidence rate showed
a stronger relationship to daily maximum air temperature
than to daily maximum WBGT. Therefore, variability in
the relationship between heat disorder incidence rate and
heat stress indices, which was shown by the coefficients of
determination, may depend on the class interval width.

In Yamanashi Prefecture, both the distribution of the heat
stress indices against the heat disorder incidence rate and the
temperature threshold of heat stress indices in each region
differed regardless of the heat stress index used and the class
interval width. In particular, the difference between the KF
and FG regions, where the mean air temperature differed
by approximately 5∘C, was only slightly reduced using daily
maximum WBGT as the heat stress index for heat disorder
incidence rate to prevent heat disorder.This indicates that the
use of WBGT cannot effectively remove regional differences
in the relationship between heat disorder incidence rate
and heat stress indices in Yamanashi Prefecture. The FG
region is cooler region and summer resort in Yamanashi
Prefecture. A lot of young people visit for training camps
in every summer season, and heat disorders often occur
among them. This is the distinguishing characteristic of heat
disorder incidence in FG region [25]. Thus the difference
of meteorological condition may cause the difference of
regional characteristics, such as demographic composition
and socioeconomic condition. In addition, it is suggested that
because the regional characteristics of heat disorder incidence
depend on not only the meteorological conditions but also
the major industry in each region, the use of WBGT cannot
remove regional differences in the relationship between heat
disorder incidence rate and heat stress indices.

Currently, there are two guidelines for the prevention
of heat disorder in Japan, the JSA and JAB guidelines. The
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Figure 2:The relationship between heat disorder incidence rate and daily maximum air temperature in each region.The class interval width
of daily maximum air temperature is 1∘C. The heat disorder incidence rate means the frequency of heat disorder per 100,000 individuals per
day. The lines are the exponential regression lines. Abbreviations are the same as those in Figure 1.
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Figure 3: The relationship between heat disorder incidence rate and daily maximumWBGT in each region. The class interval width of daily
maximumWBGT is 1∘C.The heat disorder incidence rate means the frequency of heat disorder per 100,000 individuals per day.The lines are
the exponential regression lines. Abbreviations are the same as those in Figure 1.
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Figure 4:The relationship between air temperature at daily maximumWBGT and daily maximumWBGT.The lines are the linear regression
lines. Abbreviations are the same as those in Figure 1.
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Figure 5: The relationship between heat disorder incidence rate and the daily maximum WBGT using class interval width of heat stress
indices in each region that was derived from the simple linear regression analysis between air temperature at daily maximum WBGT and
daily maximumWBGT.The heat disorder incidence rate means the frequency of heat disorder per 100,000 individuals per day. The lines are
the exponential regression lines. Abbreviations are the same as those in Figure 1.
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Table 3: The temperature thresholds of heat stress indices in each region. Abbreviations are the same as those in Table 1.

Heat stress indices Daily max. air temp.
(∘C)

Daily max. WBGT
(∘C)

Daily max. WBGT
(∘C)

Class interval width Const.a Const.a Variousb

KF 37.4 32.5 31.4
KH 33.9 30.1 29.8
KN 34.2 31.6 31.4
KT 35.7 31.7 31.7
TB 34.3 31.5 31.4
FG 30.4 28.3 28.2
aThe class interval width of the heat stress index is 1∘C.
bThe class interval width of the heat stress index was calculated from the regression equation derived from the relationship between air temperature at daily
maximumWBGT and daily maximumWBGT.

criteria for thermal conditions for heat disorder prevention
in the guidelines are very similar, and they are based on the
supposition that WBGT could remove regional differences
[11].The guidelines set the following criteria for thermal con-
ditions for heat disorder prevention based on WBGT: threat
of heat disorder, >31∘C WBGT; severe warning, 28–31∘C
WBGT; warning, 25–28∘CWBGT; caution, 21–25∘CWBGT;
and almost safe, <21∘C WBGT [10, 11]. However, we previ-
ously reported that, in Yamanashi Prefecture, the regional
characteristics of heat disorder incidence rate depended on
not only the meteorological conditions in each region but
also the major industry in each region [26]. Other studies
also reported that the vulnerability and adaptation of human
health to climate change were likely to be influenced by a
combination of demographic composition, urban morphol-
ogy, and socioeconomic conditions [27, 28]. These previous
studies indicate that heat disorder incidence rate is likely to
depend not only on the meteorological conditions in each
region but also on the regional characteristics, such as demo-
graphic composition and socioeconomic conditions [17, 26–
29]. In addition, this study indicates that it may be difficult to
remove regional differences in heat disorder incidence rate to
prevent heat disorder in Yamanashi Prefecture, even if daily
maximum WBGT is used as the heat stress index. Zhang et
al. [17] reported that apparent temperature appeared to be the
most robust predictor of heat-relatedmortality in four cites of
United States, though it must differ by cities. Therefore, it is
important to use conventional guidelines for takingmeasures
against heat disorder, and the criteria for thermal conditions
for heat disorder prevention should be determined in each
region by considering the regional characteristics in the
relationship between heat disorder incidence rate and heat
stress indices.

Our study has limitations in the analysis. First, we used
the database of emergency transportation records for cases of
heat disorder. We previously indicated the possible presence
of regions where peoples do not tend to call an ambulance
even if they get heat disorders in Yamanashi Prefecture
[26]. Therefore, we require consideration of the patients who
went to hospital by themselves in further study. Second,
we aggregated the daily data of heat stress indices and heat

disorder incidence and did not consider lag effects, because
the procedure of this study followed that of the previous
studies which evidence the guidelines for the prevention
of heat disorder in Japan. However, a number of studies
of temperature on mortality have taken into account the
lag effects because “it has been increasingly recognized that
the current day’s mortality often derived from exposure
to the current day’s, or several previous days’, even weeks’
temperatures” [30, 31]. Therefore, we should analyze the
relationship between the heat disorder incidence rate and
heat stress indices on a daily basis and consider the lag effects,
but we followed the procedure of previous studies because
one of the aims of this study is to examine where the finding
of the previous studies can apply to Yamanashi Prefecture.
However, in order to offer the conventional guidelines for
taking measures against heat disorder, further studies should
explore the lag effects of heat stress indices on heat disorder
incidence.

5. Conclusions

In this study, we examined regional differences in the
relationship between heat disorder incidence rate and heat
stress indices at Yamanashi Prefecture, Japan. In addition,
we examined whether use of WBGT index could remove
these regional differences. The heat disorder incidence rate
was correlated with both daily maximum air temperature
and daily maximum WBGT in all regions. However, the
more appropriate heat stress index for heat disorder pre-
vention differed among regions. The distributions of heat
stress indices, such as the slope of regression curve and the
temperature threshold, differed in each region, irrespective
of the index used. These results suggest that it may be
difficult to completely remove regional differences in the heat
disorder incidence rate to prevent heat disorder in Yamanashi
Prefecture, even if daily maximumWBGT is used as the heat
stress index. Therefore, the criteria for thermal conditions
for heat disorder prevention need to be determined for
each region, considering the regional characteristics of the
relationship between the heat disorder incidence rate and
heat stress indices.
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Appendix

WBGT Estimation Equation

Ono and Tonouchi [23] proposed a WBGT estimation
equation using standard meteorological indices, such as dry-
bulb temperature (𝑇

𝑎
), relative humidity (RH), solar radiation

(SR), and wind speed (WS). TheWBGT estimation equation
is defined as follows:
WBGT = 0.735 × 𝑇

𝑎
+ 0.0374 × RH + 0.00292 × 𝑇

𝑎

× RH + 7.619 × SR − 4.557 × SR2

− 0.0572 ×WS − 4.064.

(A.1)

The WBGT could be estimated with 1.0∘C or less estimation
error with 98.3 ∼ 99.8% confidence for six cities in Japan and
for three years, 2007–2009.
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