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SAFETY INDEX OF HEAT WAVE MORTALITY
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ABSTRACT
Safety-related research using big data is still in its early stage in Korea. Recently, we have tried to solve some
safety-related problems using big data. In this research, we will attempt to solve heat wave-related death which
is a significant potential concern associated with climate change.

Although deaths from heat disorders are a direct effect of heat wave incidences, only a few studies have
addressed the causal factors between heat wave incidences and deaths from heat disorder. Regression analysis
is applied to deduce the causal factors that affect the number of deaths from heat disorders (NDHD) in South
Korea by using time-series dataset, which are the NDHD and climate data. Both are observational data from
1994 to 2012, collected from the National Statistical Office and the Korean Meteorological Agency, respec-
tively. As a result, the duration of a heat wave and the age of the population are highly correlated with the
NDHD. Based on this correlation, we also analyze the safety index of heat wave mortality.

The paper is structured as follows: First of all, it presents the data and methods, including our strategy
for analysis of heat wave incidences based on observational and climate modeling datasets. The next section
presents the results of regression models applied for predicting heat wave deaths in Korea and discusses the
statistical analysis of the results.

Keywords: heat disorders, heat wave, heat wave-related big data, mortality, safety index.

1 INTRODUCTION

As the climate change progresses, heat waves become a much greater concern. Recently, the fre-
quency and duration of heat waves have been increasing in most parts of Europe, Asia, and Australia
[1-3]. Particularly in Asia, the mortality risk associated with heat waves is predicted to rise continu-
ously even under considerable effort to reduce greenhouse gasses [4]. Heat waves occur almost
annually in Korea because of the expansion of the North Pacific High pressure associated with the
East Asian summer monsoon system. The Korean Meteorological Agency (KMA) issues a heat
wave warning when the daily maximum temperature exceeds the 33°C threshold. Heat waves persist
for approximately 10 days in mid-summer (July to August) with on average, 21 human deaths by
exposure to excessive natural heat. During the anomalous hot summer in 1994, a total of 30 days of
heat wave incidences contributed to 93 deaths in Korea. Considering that the annual loss of life from
various forms of natural disasters such as typhoons, floods, and heavy snowfalls from 2003 to 2012
averaged to 40 people, the death toll from heat waves is still considered significant especially from
a disaster management perspective.

In general, two different forms of statistics may be used to analyze heat-related deaths: the num-
ber of excess deaths and the number of deaths from heat disorders (NDHD). The number of excess
deaths is calculated by comparing the number of observed deaths with the baseline for a specific
period. This number considers the deaths of total population to include not only direct damage of
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heat wave such as deaths from heat disorders, but also indirect damage such as deaths caused by
drowning accidents [5], quality deterioration [6], mortality displacement effect [7] and so on. On the
other hand, the NDHD represents only the direct damage caused by an exposure to excessive natural
heat (e.g. heatstroke or sunstroke). There also appears to be some ambiguity in regards to whether
the deaths during very warm periods are due to heat waves or other causes. For example in Spain,
although more than 6,000 excess heat deaths were informally reported during the 2003 heat wave,
only 59 of them were officially attributed to the direct result of heat waves [8]. In addition, in Korea
there were 3,027 excess heat deaths from July 8 to August 9, 1994, but only 83 deaths were directly
attributable to heat waves.

Many studies have used the excessive mortality data to estimate the number of deaths during a
particular heat wave event. The data shows alarming number of heat-related deaths worldwide. For
example, 2,000 heat-related deaths occurred in 1987 in Greece [9], 1,057 deaths in 1994 in the Neth-
erlands [10], 1,388 deaths in 1994 in Osaka, Japan, [11] and 14,802 deaths in 2003 in France [12].
In order to tackle this very significant challenge, studies have analyzed relationships between air
temperature and excessive mortality on national and regional scales in Europe [13]; England and
Wales [14]; France [15]; Netherlands [10]; Madrid, Spain [16]; and Moscow, Russia [17]. The pur-
pose of these investigations was to deduce ways to ameliorate the effects of heat waves on humans
and provide options for mitigation and adaptation.

Although a relatively small number of studies have dealt with the statistics of NDHD, these data
are very important for disaster management. Several countries (e.g. Korea, Japan, and USA) monitor
the NDHD to assess heat wave damages rather than calculate the number of excess deaths in that
period. In addition, the NDHD can be quantitatively compared to the records of other natural disas-
ters (e.g. USA National Weather Service [18]). In Japan, based on data from 1968-2009, it has been
found that 182 people die annually due to heat stroke [19]. Interestingly, the investigation of Hoshi
and Inaba [20] that analyzed heat waves in Japan found that the NDHD has been increasing due to
the effects of recent climate changes and the vulnerable aging society.

In this study we attempt to provide statistical and modeling evidence on future prediction of heat
waves in Korea; as such, studies can empower early detection of the disaster and provide opportuni-
ties for mitigation and adaptation. Notwithstanding this notion, most projections of heat wave
damages have previously been derived from the statistics of excess deaths based on observed data
for vulnerable regions. Based on these predictions, a substantial increase in excess deaths has been
deduced for the United States [21], Canada [22], Europe [23], United Kingdom [24], Australia [25],
and other regions globally. Most of these studies, however, have not considered the aging demo-
graphics and related increases in heat vulnerability. The limitation of such studies is expected to
underestimate future heat-related mortality [26]

The purpose of this paper is as follows. First, we deduce the statistics of the NDHD and the causal
factors, particularly in relation to aging population in Korea using statistical data for the period
1994-2012 acquired from the National Statistical Office. Second, to study the relationships between
NDHD and heat wave, statistics such as the mean maximum temperature (MT), the number of heat
wave days (NHW), and the maximum duration of heat wave days (DHW) are examined using linear
and multiple regression models.

2 DATA AND METHOD
Based on statistics provided by the National Statistical Office on the causes of recorded deaths, the
parameter representing the NDHD for the mid-summer period was determined from the period 1994
to 2012. This data had encoded values for the underlying cause of deaths according to Korean
Classification of Diseases. We defined the cases of heat-related deaths as the deaths denoted with
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‘exposure to excessive natural heat’. The annual death toll and the ratio of unknown causes are rep-
resented in Fig. 1.

The ratio of unknown causes was 20% in 1991 when the collation of these statistics had com-
menced. However, the proportion of death from unknown causes fell gradually over time, and
stabilized at a level of about 2% by 1995. Although the proportion in the year 1994 was slightly
higher than 2%, we included 1994 in our analysis period as the heat waves during this year were very
extreme. Furthermore, our analysis concentrated on data from July and August since the highest
number of deaths due to heat disorders (437 cases) were recorded during this period.

In order to investigate the incidences of heat waves parameters and related deaths in Korea closely,
daily records of maximum temperature (DT) were acquired from 45 observational sites distributed
evenly within Korea. As a representative measure of the annual heat wave severity, we calculated
three different heat wave parameters using the DT. First was the mid-summer mean DT (MT), sec-
ond was the NHW, and third was the maximum duration (days) of the heat wave period (DHW). We
used the acceptable definition of heat waves defined as a particular day when the magnitude of DT
was equal to or higher than 33°C [27]. The overall heat wave situation was deduced by averaging the
heat wave parameters for all 45 stations considered in this study.

3 REGRESSION MODELS FOR PREDICTION OF HEAT WAVE-RELATED DEATHS
Figure 2 shows a stacked bar graph of the time-series of annual heat wave severity parameters and
the corresponding NDHD calculated in the mid-summer period from 1994 to 2012. The left ordinate
shows the NHW (as actual single days and the maximum duration) and the corresponding mean MT
while the right ordinate shows the NDHD for the young (< 65 years of age) and the elderly (> 65
years of age). Over the 19-year period, the average value of heat wave parameters, MT, NHW, and
DHW were approximately 29.5°C, 11.2 days, and 4.8 days, respectively. In terms of the overall
death toll over this period, there were 437 lives lost due to heat waves with an average of 23 people
per summer. However, the present data did not identify any specific trend in NDHD and the fre-
quency of heat waves within the period of study.

A noteworthy point is that in the year 1994 there were exceptional cases of heat wave events,
which accorded to an average MT» 32.5°C, NHW » 30.1 days and DHW » 14.4 days. Consequently,
the heat wave events during this year contributed to a massive loss of human lives with 93 recorded
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Figure 1: The annual total mortality in Korea for the period 1991-2012.
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Figure 2: A time-series of the midsummer (July—August) heat wave parameters for the period
1994-2012.

deaths. When the year 1994 was excluded from this time-series dataset, an increasing trend in the
magnitude of NDHD was clearly identifiable.

For the purpose of examining closely the decadal changes in magnitude of heat wave parameters,
Table 1 displays NDHD, MT, NHW, and DHW for three different time-slice periods (1994-2012,
1995-2003, and 2004-2012). Note that the three time slices were selected carefully to deduce the
best possible trends in the magnitude of the heat wave parameters considered in the period of study.
Overall, the NDHD were significantly higher in the latter (2004—2012) compared with the earlier
(1995-2003) period. Accordingly, the percentage differences in the magnitude of NDHD was
approximately 94.4% higher, the MT was approximately 1% larger, the NHW was 26.3% larger, and
the DHW was approximately 41.3% larger in the latter period compared to the former. Importantly,
the increase in NDHD was statistically significant at the 99.5% level of significance.

In terms of the age group analysis, Fig. 2 shows clearly that the significantly large proportion of
increases in NDHD was attributable to the elderly population group (aged > 65 years). When con-
sidered by the changes in heat wave severity, the magnitude of MT demonstrated very little variation
before and after the year 2004. On the other hand, both the magnitude of the NHW and DHW exhib-
ited distinct increases after the year 2004 by approximately 26.3% (NHW) and 41.3% (DHW)
although the statistical significance of these increases was relatively low (p > 0.1).

To assess the impacts of heat hazards, a statistical analysis of the relationship between NDHD and
heat wave statistics over the period 1994-2012 was performed. To minimize the effects of inter-
annual population changes, the NDHD was normalized per million people in the population. Figure
3 shows a scatterplot of NDHD versus the corresponding predictor values (MT, NHW and DHW).
A linear relationship of the form has been identified.

NDHD » B x predictor + C @))

Note that the heat wave predictors are shown on the abscissa, B is the regression slope and C
represents the y-intercept corresponding to ‘no deaths’ due to heat disorders at the respective values
of the predictor.

Despite some obvious scatter, the dependence of NDHD on the MT and NWH appear to be rea-
sonably linear (Fig. 3a and b). We also applied two different statistical measures to examine the
behavior of deaths due to heat wave disorder. First, the residuals in linear regression models were
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Table 1: Decadal changes and their statistical significance in terms of the magnitude of NDHD, MT,
NHW, and DHW shown in time-slice periods of 1994-2012, 1995-2003 and 2004-2012.

1994~ 1995~ 2004~ B-A
2012 2003(A) 2012(B) (B/A, %) p-value
No. death by heat 23 10.3 27.9 17.6 0.005
disorder(NDHD) (94.4)
Mean Max. Temp. 29.45 29.13 29.42 0.29 0.5014
(MT) (1.0)
No. heat wave 11.17 8.94 11.30 2.36 0.2829
days(NHW) (26.3)
DHW 4.8 3.57 5.05 1.48 0.23
(41.3)
(a) Maximum Temperature(MT). (b) No. Heat wave days(NHW) (c) Duration of Heat Wave days(DHW)
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Figure 3: A scatter plots of the number of deaths (NDHD) versus (a) MT, (b) NHW and (c) DHW.
In parts a—c, a linear regression line and in part (c), a linear and quadratic regression line
is shown.

assessed using the Lilliefors test, which determines the normality based on the Kolmogorov—Smirnov
test. Second, the Breusch-Pagan (BP) test examined heteroscedasticity in the regression model. This
tested whether the variance of residuals from a regression were dependent on the independent vari-
ables. If the p-value for the test is greater than 0.1, the Lilliefors test and BP test are satisfied,
respectively.

Table 2 shows the statistical metrics deduced from equation (1). Quite clearly, the linear regres-
sion model for NDHD versus MT yielded the lowest R-squared value (»0.54), thus indicating the
poor predictability of human deaths caused by MT. On the other hand, the regression model for
NDHD versus NHW and DHW performed better in predicting the magnitude of NDHD. That is, the
R-squared value was approximately 0.76 (for NHW) and 0.81 (for DHW). Also importantly, the
mean square error (MSE) was found to be approximately 2.4 and 2.2 deaths due to heat disorder,
respectively, in contrast to approximately 3.3 deaths due to heat disorder, for the MT factor.

The normality and heteroscedasticity of residuals in the regression models examined using the
Lilliefors and the BP tests yielded discernible results for the predictability of the NDHD based on
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Table 2: A statistical summary of parameters of a simple linear regression of the form NDHD » B
x predictor + C.

Intercept Lilliefors test ~ Breusch—Pagan test
Predictor B © R? MSE (p-value) (p-value)
MT** 3.111 —84.749 0.54 33 0.69 0.01
NHW#*# 0.656 —2.483 0.76 24 0.78 0.16
DHW** 1.290 -1.368 0.81 2.2 0.95 0.03
DHW?Z2#* 0.095 1.657 0.88 1.7 0.48 0.45

Key: ** Significant at 99%, * significant at 95%, MSE: Mean Square Error
MT: mean maximum temperature, NHW: number of heat wave days, DHW: maximum duration of
heat wave days

Residuals vs. Aging ratio

Residuals of Fig. 3¢

Aging ratio(%)

Figure 4: A scatter plot of the residuals of the regression model in Fig. 3¢ and the Aging Ratio (AR)
for the corresponding year.

the various heat wave parameters. Although the DHW model exhibited the highest R? value, it was
unable to satisfy the assumption of heteroscedasticity of the residuals, failing the BP test (p < 0.05).
In order to resolve this problem, we transformed the independent DHW variable to its square value,
DHW?2. As a result, the regression model using DHW? satisfied the assumption of normality and
heteroscedasticity, and improved the predication performance (R? = 0.88, MES = 1.7 people). We
aver that the NDHD is closer to a parabolic rather than a linear dependence on DHW, as noted in
previous studies [28].

Figure 4 presents the relationship between the residuals of DHW? model (Fig. 3c) and the Aging
Ratios (AR) for the corresponding year. In general, the residual tends to increase as AR increases.
This change was significant at the 90% level of confidence based on the t-test with satisfying the BP
(p-value: 0.713) and Lilliefors (p-value: 0.875) tests. As expected, this indicated that both the aging
trend and the heat severity factor contributed to an increase in the NDHD. In light of this argument,
the DHW? and AR are postulated to be the best predictors of the multiple regression model of the
form

NDHD = B *DHW? + B,*AR + C @)
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Table 3: A statistical summary of the parameters of the multiple regression model of the form
(NDHD = B *DHW? + B,*AR + C).

Lilliefors
Std. Test Breusch—Pagan

B Error Beta R? MSE (p-value) test (p-value)
Intercept -1.953 1.570 -
DHW? 0.093%%* 0.007 0.975

B) 0.92 1.4 0.49 0.46
AR 0.432% 0.174 0.179

(B,)

Key: ** Significant at 99%, * significant at 95%, Beta: Standardized Coefficient, MSE: Mean
Square Error, DHW: maximum duration of heat wave days, AR: Aging Ratio
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Figure 5: The estimated value of the number of deaths due to heat disorder (NDHD) using the
multiple regression model.

Where the constants B, and B, are the coefficients of the non-linear and linear components of the
regression, respectively, and C is the y-intercept. Even if we conduct a step-wise regression analysis
using SPSS software to deduce the best predictors among the five variables (MT, NHW, DHW,
DHW?2, and AR), we achieved exactly the same result as in equation (2). It is imperative to mention
that the multiple regression model exhibited a significantly large value of R? (»0.92) and a corre-
spondingly small value of the MSE (» 1.4 deaths). Importantly, the regressive relationship between
NDHD and DHW? was statistically significant at the 99% confidence interval, while that on the AR
was statistically significant at the 95% confidence level. A noteworthy point is that the R? based on
the simple regression model for DHW? improved from 0.88 to 0.91 and the MSE reduced from 1.7
to 1.4 deaths (Table 2 and 3). Furthermore, in the multiple regression model, the DHW? exhibited
approximately 5.6 times greater effect on the NDHD compared to the effect on the AR, as indicated
by the standardized coefficient values (DHW?2 » 0.975, AR »0.179). Overall, the comparison of the
estimated and observed deaths using scatter and time-series plots (Fig. 5) showed that the proposed
model was able to estimate heat wave-related deaths reasonably well.

4 DISCUSSION & CONCLUSION
In this study we analyzed the NDHD for the Korean region using regression analysis based on
observed data (1994-2012).
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Figure 6: The examples of heat wave events in (a) 2010 and (b) 2012.

Regression analysis was conducted to deduce statistical relationships between the NDHD and the
related heat parameters such as the mean MT, the total NHW, the maximum duration (days) of heat
wave (DHW), and the aging ratio of population (AR).

Unlike previous studies, we focused on the assessment of direct impact of heat waves on human
lives by analyzing the NDHD rather than the indirect impact represented by the excess mortality
numbers. The heat wave deaths were defined as the number of deaths caused by exposure to exces-
sive natural heat during the mid-summer period (July to August). A multiple regression model was
developed to predict the NDHD, based on a mortality rate of 437 people from 1994 to 2012 (23
people / summer). The best predictors of the regression model were the DHW and the AR. The
model formulated using regression analysis was efficient in estimating the NDHD within the period
of study.

Although the total NHW is widely considered as a representative variable for heat wave severity,
we used the maximum DHW as predictors of human deaths. This followed the notion that as the
heat waves progress, not only is more thermal stress accumulated in the human body but also the
heat wave extent (such as MT) is intensified. As an example we compared heat wave events that
occurred in 2010 and 2012 (Fig. 6). Although the magnitude of MT (30.0°C in 2010 and 29.9° in
2010) and the NHW (12.8 days in 2010 and 14.4 days in 2012) were similar, typical heat waves
occurred regularly throughout the summer of 2010 while an intense heat wave occurred in late July
to early August in 2012. Consequently, 21 people died in 2010 while 57 people died in 2012. This
shows that the maximum DHW is of greater concern than the number of heat waves for any given
period.

Although the risk of heat wave deaths can be modulated by multiple factors in relation to the
ambience, only two environmental elements (DWH and AR) were considered as good predictors of
heat waves in this study. The inclusion of other meteorological factors such as humidity as well as
social factors such as gender and occupation may also be relevant for the detection of heat wave
impacts on people. Therefore, if more detailed mortality statistics are gathered in the future, a
wider variety of variables could be considered in order to improve the accuracy of the regression
models.

Aging populations are crucial factors that are causing a rise in heat wave risk. For example in
Japan, almost 1,718 people died from heat stroke and sunstroke in the year 2010 when serious heat
waves lasted for an extended period of time, of which, 79.3% were elderly people. According to this
study, Korea is also expected to experience massive heat wave damage in the near future. Finally, the
response to heat waves should be incorporated cautiously in all emergency management plans and
contingency measures should be adopted both at the local and national levels.
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