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a b s t r a c t

Despite the large literature on public health, few studies have examined the associations between public
health outcomes and environmental and socio-economic factors. This study bridges this gap by
demonstrating the relationships between public health and 10 selected environmental and socio-
economic factors from the spatial perspective. In particular, three public health outcomes in China are
investigated, namely the number of centenarians per 100,000 people (termed the centenarian ratio), the
proportion of nonagenarians of the 65 years and older population (termed the longevity index), and life
expectancy at birth. We base our analysis on stepwise regression and geographically weighted regression
models, with study areas of 31 provinces in China. Our results show that SO2 (sulfur dioxide) concen-
tration decreases the centenarian ratio; PM10 (particles with diameters of 10 mm or less) concentration
and coal consumption (CC) per capita decrease the longevity index, and GDP (Gross Domestic Product)
per capita prolongs life expectancy at birth, while energy consumption (EC) per capita decreases life
expectancy at birth. Further, our findings demonstrate that public health outcomes show clear regional
differences in China.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The proportion of long-lived individuals in a population is often
used as a criterion for estimating public health (Azin et al., 2001;
Huang et al., 2009), specifically the number of nonagenarians and
centenarians (Franceschi and Bonafe, 2003). The elderly are much
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more vulnerable and sensitive because of the existing diseases,
depressed immune systems, and accumulation of toxic agents in
their bodies (Balfour and Kaplan, 2002; Fischer et al., 2003).
Therefore the healthy condition of centenarians can be influenced
by many factors such as biological, psychosocial, environmental
factors and so on (Candore et al., 2006). Studies have shown that
production of centenarians appears to have an important latent
effect with socioeconomic factors (Kim, 2013; Kim and Kim, 2014).
IFurther the influence of air pollutants such as SO2, PM10, and NO2
presenting much more obvious on those aged 65 and older(Fischer
et al., 2003).

Life expectancy also serves as an indicator of public health

mailto:yhli@igsnrr.ac.cn
mailto:lihr@igsnrr.ac.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.atmosenv.2015.12.021&domain=pdf
www.sciencedirect.com/science/journal/13522310
http://www.elsevier.com/locate/atmosenv
http://dx.doi.org/10.1016/j.atmosenv.2015.12.021
http://dx.doi.org/10.1016/j.atmosenv.2015.12.021
http://dx.doi.org/10.1016/j.atmosenv.2015.12.021


Abbreviations

CR centenarian ratio, number of centenarians per
100,000 people

LI longevity index, the proportion of nonagenarians of
the 65 years and older population

LEB life expectancy at birth
NO2 nitrogen dioxide
PM10 particles with diameters of 10 mm or less
SO2 sulfur dioxide
NO EI nitrogen oxide emission intensity
SO2 EI sulfur dioxide emission intensity
SD EI smoke and dust emission intensity
GDP per capita Gross Domestic Product per capita
CV per capita civilian vehicles per capita
EC per capita energy consumption per capita
CC per capita coal consumption per capita

Fig. 1. Study areas: 1-Heilongjiang; 2-Jilin; 3-Liaoning; 4- Inner Mongolia; 5-Beijing;
6-Tianjin; 7-Hebei; 8-Shandong; 9-Shanxi; 10-Shanxi; 11-Ningxia; 12-Gansu; 13-
Qinghai; 14-Xinjiang; 15- Tibet; 16-Sichuan; 17-Chongqing; 18-Hubei; 19-Henan; 20-
Anhui; 21-Jiangsu; 22-Shanghai; 23-Zhejiang; 24-Jiangxi; 25-Fujian; 26-Hunan; 27-
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because of its capacity to summarize mortality in a single measure
(Auger et al., 2014).a This measure, which was proposed in the
1960s and developed in the 1970s (Manton, 1982; Sanders, 1964),
can thus be used to assess morbidity in a population (Bone, 1992;
Sullivan, 1971). It has been proposed that life expectancy is influ-
enced by multiple factors, with environmental and socio-economic
factors considered to be two of the most important (Christensen
and Vaupel, 1996; Cournil and Kirkwood, 2001; Gonos, 2000;
Hosseinpoor et al., 2012; Huang et al., 2009; Kawata, 2009; Sun
et al., 2014; Wang et al., 2015b). People in more developed areas
tend to have higher average life expectancy (United Nations
Development Programme (Ghana), 2011) and Wang et al. (2015a)
have demonstrated that life expectancy is affected by both
contemporaneous and historical GDP per capita significantly.
Moreover, surveys conducted in Northern China have indicated that
a large increase of total suspended particulates air pollution can
cause the decrease of life expectancy (Chen et al., 2013).

Since the country's economic opening up, the population's
health in China has improved (Zheng et al., 2011) accompanied by
significant socio-economic development and increasingly severe
environmental problems. However few studies have examined the
combined impact of environmental and socio-economic indicators
on human public health from the spatial perspective. Therefore,
investigating the spatial differences in public health associated
with environmental and socio-economic factors is crucial to
improving our understanding of public health.

This study estimates the association between public health
outcomes and combined environmental and socio-economic in-
dicators from the spatial perspective. We use the number of cen-
tenarians per 100,000 people (termed the centenarian ratio, or CR),
the proportion of nonagenarians of the 65 years and older popu-
lation (termed the longevity index, or LI), and life expectancy at
birth (LEB) as public health outcomes. SO2 (sulfur dioxide) emission
intensity (SO2 EI), nitrogen oxide emission intensity (NO EI) and
smoke and dust emission intensity (SD EI) are indices measuring
the air pollution from the district perspective, while PM10 (particles
with diameters of 10um or less), SO2, and NO2 (nitrogen dioxide)
are the most direct way to demonstrate the air quality. GDP (Gross
Domestic Product) is used as a proxy of the socioeconomic devel-
opment of a region (Lim et al., 2015). Numbers of civilian vehicles
and power consumption are tremendous increase with the devel-
opment of social economy and have big effect on atmospheric
environment (Huang et al., 2013). So the environmental and socio-
economic indicators are represented by GDP per capita, civilian
vehicles per capita (CV per capita), energy consumption per capita
(EC per capita), coal consumption per capita (CC per capita), SO2
emission intensity (SO2 EI), nitrogen oxide emission intensity (NO
EI), smoke and dust emission intensity (SD EI), PM10, SO2, and NO2.

The major objectives of the study are to (i) demonstrate the
distribution of CR, LI, and LEBat the provincial level in China from a
spatial perspective; (ii) determine the most influential environ-
mental and socio-economic indicators on CR, LI, and LEB; (iii) to
analyze the spatial relationship between these environmental and
socio-economic factors and public health; and (iv) compare
geographically weighted regression (GWR) with stepwise regres-
sion (SR) models.

In the remainder of the paper, we first display the correlations
between public health outcomes and environmental and socio-
economic indicators; then, we establish SR models in combina-
tion with GWRmodels to find the most influential indicators for
public health outcomes from the spatial perspective. Next, we
present the results before drawing conclusions.

2. Materials and methods

2.1. Study area

We conducted this study at the provincial level in China by
taking into account the administrative divisions. Thirty-one major
provinces in China were selected as the study area. The study re-
gions are shown in Fig. 1.

2.2. Data

The environmental and socio-economic indicators (GDP per
capita, CV per capita, EC per capita, CC per capita, SO2 EI, NO EI, SD
EI, PM10, SO2 and NO2) used in this study were collected from the
Department of Pollution Emission Control, Ministry of Environ-
mental Protection of the People's Republic of China (China's MEP,
2013). The data of GDP per capita, CV per capita, EC per capita, CC
per capita, SO2 EI, NO EI and SD EI are all statistical data. The con-
centration of PM10, SO2 and NO2 are monitored according to the
Guizhou; 28-Yunnan; 29-Guangxi; 30-Guangdong; 31-Hainan.
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Gravimetric method (GB 6921-86), formaldehyde absorbing-
pararosaniline spectrophotometry (GB/T 15262) (or the tetra-
chloromercurate (TCM)-pararosaniline method (GB 8970)) and
Saltzman method (GB/T 15435) respectively. LEB data were calcu-
lated from demographic data obtained from the demographic
database of the sixth national population census of China (National
Bureau of Statistics of China (2010)). The formula for calculating LEB
was described byWang et al. (2014a). Data on the populations of 65
years and older, nonagenarians, and centenarians were also ob-
tained from the demographic database of the sixth national pop-
ulation census of China (National Bureau of Statistics of China
(2010)).
2.3. Methods

To investigate how environmental and socio-economic factors
affect public health in China, we ran two types of regressionmodels
including SR and GWRmodels. We beganwith SR models, and then
ran GWRmodels with the included indicators from SR. And the last
we compared GWR with SR models from the methodological
perspective. Since the SR has beenwell known, in the following we
only describe the theoretical background of GWR models.

SR is an automatic algorithm for selecting statistical models.
When the number of potential explanatory variables is high, SR can
be used to select the most influential ones as the dependent vari-
able in linear regression models. In this study, we conduct SR
models to select the best-fitted combination of environmental and
socio-economic indicators for three public health outcomes.

Because SR models have fixed the relationships between the
dependent and independent variables, we included the selected
explanatory variables in the GWR models to address the spatial
heterogeneity of the relationship between public health outcomes
and the selected environmental and socio-economic indicators.
GWR was first proposed by Brunsdon et al. (1996). The essence of
GWR in regional analysis is that it can present spatial heterogeneity
by mapping different parameters in the geographic space. In this
study, GWR models were utilized to generate local regression co-
efficients and local R2 for each province of the study areas, which
were then mapped to show the spatial variability. The GWR model
can be expressed as the following function:

yi ¼ b0ðui; viÞ þ
X
k

bkðui; viÞxik þ εi

where yi denotes the dependent variables such as CR, LI, and LEB in
this paper at location i; (ui,vi) denotes the coordinates of the
centroid at location i; b0(ui,vi) is the intercept for location i; bk(ui,vi)
denotes the local parameter for independent variable k at location i
(displayed as B in Table 4); xik is the value of independent variable k
at location i; and εi denotes the error term for location i.

GWR models generate a separate regression equation for each
observation in the study areas. Regression coefficients calculated by
using weighted least squares can be estimated with the following
weighting function (Brunsdon et al., 2002):

bðui; viÞ ¼
�
XTWðui; viÞX

��1
XTWðui; viÞY

where b(ui,vi) denotes the local regression coefficient at location i;
X is the matrix of the independent variables; Y is the vector of the
dependent variable; and W(ui,vi) denotes an n � n matrix in which
the diagonal elements are the spatial weighting of the observed
samples. The spatial weighting function can be stated using the
exponential distance decay form:
Wðui; viÞ ¼ exp
��

� d2ðui; viÞ
.
b2

�

where d(ui,vi) is the distance between location i and j, b is the
kernel bandwidth. Usually, the Guassian kernel is used for a better
computed result. When the distance between the locations is
greater than the kernel bandwidth, the weigh rapidly approaches
zero.

The data in this study were analyzed by using SPSS 18.0 and
ArcGIS 10.0. Correlation and SR analyses were performed using
SPSS 18.0 and GWR analyses were performed using ArcGIS 10.0
using the function of “Geographically Weighted Regression” in the
“Spatial Statistics Tool”. Statistical significance was defined at the 5
percent level using a two-tailed test.
3. Results and discussion

3.1. Correlation analysis

We quantified Spearman's correlation coefficients (Table 1) to
measure the correlation between CR, LI, and LEB and the environ-
mental and socio-economic indicators.

The analysis of the Spearman correlation coefficients indicated
that CR was negatively and significantly (p < 0.05) correlated with
EC per capita (r ¼ �0.374), CC per capita (r ¼ �0.572), and SO2

(r ¼ �0.445), while LI was negatively and significantly correlated
with EC per capita (r¼�0.377), CC per capita (r¼�0.588), and SO2

(r¼�0.424). However, it was positively and significantly associated
with NO EI (r ¼ 0.416). Positive and significant correlations were
also found between LEB and GDP per capita (r ¼ 0.761), CV per
capita (r ¼ 0.466), SO2 EI (r ¼ 0.558), NO EI (r ¼ 0.717), SD EI
(r ¼ 0.597), and NO2 (r ¼ 0.363).
3.2. SR modeling

As described in the previous section, SR modeling was per-
formed to select the most influential explanatory variables related
to public health. Table 2 shows the SR models of the three public
health outcomes (CR, LI, LEB) obtained by using the 10 independent
variables including GDP per capita, CV per capita, EC per capita, CC
per capita, SO2 EI, NO EI, SD EI, PM10, SO2 and NO2. The results from
the SR models show that the most influential factor(s) on CR is SO2;
on LI are PM10 and CC per capita; and on LEB are GDP per capita and
EC per capita.

For CR, SO2 was the best-fitting combination of environmental
and socio-economic factors. A 0.001 mg/m3 (1 mg/m3) increase in
ambient SO2 concentration resulted in a 0.0948 decrease in CR, as
explained by the SR model. The adjusted R2 values indicated that
the entire model explained 29.6 percent of the variation in CR.

For LI, PM10 and CC per capita were the best-fitting combina-
tions of environmental and socio-economic factors. For every
0.001 mg/m3 (1 mg/m3) increase in ambient PM10 concentration, LI
decreased by 0.0129 percent, while for every 1 ton increase in CC
per capita, LI decreased by 0.078 percent, as explained by the SR
model. The adjusted R2 values indicated that the entire model
explained 47.8 percent of the variation in LI.

For LEB, GDP per capita and EC per capita were the best-fitting
combination of the environmental and socio-economic factors.
Every 1000 RMB increase in GDP per capita could prolong LEB by
0.120 a, while every 1 ton increase in EC per capita could decrease
LEB by 0.584 a, as explained by the SR model. The adjusted R2

values indicated that the entire model explained 73 percent of the
variation in LEB. The characteristics of the variables analyzed are
summarized in Table 3.



Table 1
Summary of Spearman correlations between CR, LI, and LEB and the environmental and socio-economic indicators.

GDP CV EC CC SO2 EI NO EI SD EI PM10 SO2 NO2

CR 0.076 �0.108 �0.374* �0.572** 0.091 0.189 0.004 �0.172 �0.445* 0.136
LI 0.262 0.002 �0.377* �0.588** 0.299 0.416* 0.220 �0.340 �0.424* 0.178
LEB 0.761** 0.466** 0.160 �0.191 0.558** 0.717** 0.597** �0.072 �0.158 0.363*
GDP 1 0.763** 0.611** 0.216** 0.510** 0.623** 0.554** 0.115 0.138 0.468**
CV 1 0.749** 0.434* 0.366* 0.480** 0.413* 0.199 0.337 0.281
EC 1 0.721** 0.273 0.224 0.306 0.272 0.516** 0.091
CC 1 0.220 0.088 0.244 0.310 0.695** �0.019
SO2 EI 1 0.938** 0.943** 0.107 0.319 0.200
NO EI 1 0.942** 0.079 0.172 0.276
SD EI 1 0.128 0.323 0.181
PM10 1 0.543** 0.455*
SO2 1 0.152
NO2 1

Notes: Life expectancy at birth, shown as LEB in the table above, is measured in a; longevity index, shown as LI in the table above, is in percent; GDP per capita is in 1000 RMB
(RenMinBi); EC per capita is in tons of standard coal; CC per capita is in tons; SO2 EI, NO EI, and SD EI are in t/km2; PM10, SO2, and NO2 are measured as concentrations in the air
(mg/m3).
* and ** mean that the correlation is significant at p < 0.05 and p < 0.01, respectively.

Table 2
Summary of the SR results.

Dependent variable Independent variables B Intercept R2 Adjusted R2 SSE Sig.

CR SO2 �94.833 6.199 0.320 0.296 111.706 0.001
LI PM10, CC �12.923, �0.078 3.062 0.514 0.478 4.485 0.000
LEB GDP, EC 0.120, �0.584 72.005 0.749 0.730 45.248 0.000

Table 3
Descriptive statistics of the variables analyzed.

Variables N Mean Minimum Maximum SD

CR 31 2.697 0.64 13.40 2.36
LI 31 1.563 0.70 2.94 0.56
LEB 31 74.916 68.20 80.30 2.75
SO2 31 0.0355 0.006 0.058 0.15
PM10 31 0.0913 0.034 0.145 0.023
GDP 31 43.387 19.710 93.173 19.74
EC 30 3.702 1.61 7.96 1.61
CC 30 3.786 1.06 14.73 3.15

Table 4
Summary of the GWR results.

Dependent variable Independent variables B Intercept R2 Adjusted R2 SSE

Mean Median Mean Median

CR SO2 �67.365 �51.452 4.770 4.211 0.785 0.714 35.751
LI PM10, CC �13.653,�0.0790 �13.866,�0.0796 3.126 3.148 0.567 0.505 4.002
LEB GDP, EC 0.115,�0.516 0.106,�0.470 72.178 72.032 0.862 0.806 24.873
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The characteristics of the variables analyzed in the SR models
are summarized in Table 3, which suggests substantial variability in
their values across the study area. Table 3 clearly shows that the
average CR across the study areas was 2.697. LI in the study areas
ranged from 0.700 percent to 2.940 percent, with a moderate
average of 1.563 percent. Mean LEB in the study areas was 74.9 a. Of
the dependent variables, average SO2 and PM10 were 0.0355mg/m3

and 0.09 mg/m3, respectively, while average GDP per capita and EC
per capita were 43.387 (1000 RMB) and 3.702 tons of standard coal
and average CC per capita was 3.786 tons.

Quantile maps were used to explore the spatial distribution
patterns of the public health outcomes and influential socio-
economic and environmental factors (Figs. 2 and 3). Fig. 2(a) con-
firms that CR varied substantially across the study areas, with
noticeably lower CR in northwest China and higher CR in the
southeast of the country. Hainan (13.40) had the highest CR, fol-
lowed by Guangxi (6.47), Guangdong (4.12), Shanghai (4.03), and
Sichuan (4.01). On the contrary, the lowest CR was in Shanxi (0.64),
followed by Gansu (0.75) and Inner Mongolia (0.76).

The LI values behaved differently. Fig. 2(b) shows that the
southeast coastal areas had the largest LI and that LI tended to
diminish from the south to the north. They were the highest LI in
Hainan (2.94 percent) Shanghai (2.71 percent), Guangdong (2.67
percent), Guangxi (2.50 percent), and Fujian (2.07 percent), as
against to the lowest ones in Qinghai (0.70 percent), Gansu (0.80
percent), and Inner Mongolia (0.82 percent).
Fig. 2(c) illustrates the LEB distribution across the study areas.

LEB in the east of China was clearly higher than that in central re-
gions, which was higher than that in the west. Shanghai (80.30 a)
had the longest LEB, followed by Beijing (80.2 a), Tianjin (78.9 a),
Zhejiang (77.7 a), and Jiangsu (76.6 a), while Tibet (68.2 a), Yunnan
(69.5 a), and Qinghai (70 a) had the shortest.

Fig. 2 exhibits different distribution and variation patterns in
health outcomes at the provincial level in China. It shows that,
though studies have proven that China's public health has
improved markedly at the national level (Zheng et al., 2011), great
diversity in public health exist among different regions in China. It
is interesting to note that the regions that have higher CR, LI and
LEB values are located in Southeast Coast of China in line with the
findings of the study conducted in Italy (Magnolfi et al., 2007). That



Fig. 2. The spatial distribution of public health outcomes (CR, LI, LEB) in the study areas.
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is to say, the population that lives near to the sea have better health
status.

Fig. 3(a) and (b) present the ambient SO2 and PM10 concentra-
tions by study area. SO2 concentration was higher in north China.
Xinjiang, Liaoning, and Hebei (all 0.058 mg/m3) ranked first, fol-
lowed by Shanxi (0.056 mg/m3), Shandong (0.055 mg/m3), Henan
(0.051 mg/m3), and Inner Mongolia (0.051 mg/m3). The southeast
regions such as Hainan (0.006 mg/m3), Fujian (0.008 mg/m3),
Guangxi (0.019 mg/m3), and Guangdong (0.022 mg/m3) had lower
SO2. Overall, from southwest to northeast, PM10 concentration
increased first and then decreased. Xinjiang (0.145 mg/m3) had the
highest PM10 concentration, followed by Gansu (0.136 mg/m3),
Sichuan (0.119 mg/m3), Shanxi (0.118 mg/m3), and Beijing
(0.109 mg/m3). Hainan (0.034 mg/m3), Tibet (0.049 mg/m3), and
Fujian (0.06 mg/m3) had the lowest PM10 concentrations.

Fig. 3(c) and (d) illustrate the CC per capita and EC per capita
distribution in the study areas. CC per capita was higher in north
China, especially in Inner Mongolia (14.73 tons), Ningxia
(12.52 tons), Shanxi (9.59 tons), Xinjiang (5.42 tons), and Hebei
(4.32 tons). The lowest CC per capita was in Hainan (1.06 tons),
followed by Beijing (1.11 tons) and Sichuan (1.47 tons). Southeast
coastal areas showed higher EC per capita than interior areas and
north areas were higher than south areas. The highest EC per capita
was in Inner Mongolia (7.96 tons of standard coal), followed by
Ningxia (7.09 tons of standard coal), Qinghai (6.18 tons of standard
coal), Tianjin (5.93 tons of standard coal), and Shanxi (5.73 tons of
standard coal). The lowest EC per capita was in Jiangxi (1.61 tons of
standard coal), Anhui (1.90 tons of standard coal), and Hainan (1.91
tons of standard coal).
Fig. 3(e) shows the GDP per capita distribution with high values

largely clustered around the southeast. Tianjin ranked first with
93,173 RMB, followed by Beijing (87,475 RMB), Shanghai (85,373
RMB), Jiangsu (68,347 RMB), and Inner Mongolia (63,886 RMB).
Guizhou ranked last with 19,710 RMB, followed by Gansu (21,978
RMB) and Yunnan (22,195 RMB).

For SO2, PM10, CC per capita and EC per capita, the regional
differences in China are clear (Fig. 3(a), (b), 3(c) and 3(d)), with the
values in Northern China typically higher than those in Southern
China. The distribution pattern of these indicators is similar to that
of CR and LI. However, the variation in GDP per capita shows an
increasing trend from northwest to southeast. This trend is
consistent with the variation trend of LEB.

3.3. GWR modeling

The GWR model was used to examine the relationship between
public health and the environmental and socio-economic factors in
more depth. The variables included in the SRmodels were also used
here. The mean and median values of the local regression co-
efficients and R2 values included in the GWR models are summa-
rized in Table 4. Because of space considerations, not all the
parameters estimate and local R2 values from the GWR models can
be presented here. Although the GWR regression models showed
similar regression results to those of the SR models, they improved
the explanatory power of the regression analysis declared by the
much higher R2 values (i.e., 0.785 vs 0.296, 0.567 vs 0.514, 0.862 vs



Fig. 3. The spatial distribution of the influential environmental and socio-economic factors (SO2, PM10, CC per capita, EC per capita, GDP per capita) in the study areas.
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0.730). This finding suggests that the GWR models outperform the
SR models, implying that the spatial variation within public health
should be considered.

The GWR results not only confirm the results of the SR analyses
but also show significant geographic variation in the relationship
between public health and the environmental and socio-economic
factors. The local regression parameters of GWR models provide
insights into the findings of spatial analyses. Themaps of the local B
coefficients and local R2 values obtained from the GWR models for
CR, LI, and LEB are shown in Figs. 4e6. These maps provide a direct
way to detect the spatially varying relationships between public
health and the environmental and socio-economic factors.
Fig. 4(a), Fig. 5(a) and (b), Fig. 6(a), and (b) show the local B

coefficients at the regression points of GWR models. The median
local B coefficients can be seen to be relatively similar to those for
SR. Changes in the local B coefficients for the dependent variables
present clear spatial variations, implying the different degree of
influence on public health outcomes. For CR, the influence of SO2 is
much higher in the southwest of China; for LI, from southeast to
northwest, the influence of CC per capita and PM10 both decrease;
and for LEB, the influence of EC per capita is much higher in the
southwest and northeast, while that of GDP per capita is much



Fig. 4. Local B coefficients (a) and local R2 values (b) for CR.

Fig. 5. Local B coefficients ((a) and (b) and local R2 values (c) for LI.

W. Song et al. / Atmospheric Environment 129 (2016) 9e17 15
higher in the southwest.
The local R2 values generated by GWRmodels indicate howwell

the local regression model fits the observations, showing that the
higher the local R2 values, the better the model performs. Fig. 4(b),
Fig. 5(c) and Fig. 6(c) illustrate the local R2 values for the GWR
models. For CR, the model fit is higher in the south and northwest,
while for LI, the model fit is poor in the northwest. Compared with
the other study areas, the model fit is higher in the northeast for
LEB.
4. Conclusion

To our knowledge, this is the first study to assess the rela-
tionship between environmental and socio-economic factors and
public health of large scale in China. In this study, we found close
associations between the examined environmental and socio-
economic factors and public health outcomes, especially CR
with SO2; LI with PM10 and CC per capita; and LEB with GDP per
capita and EC per capita. In addition, these connections show
clear spatial characteristics according to the quantile maps and



Fig. 6. Local B coefficients (a) and (b) and local R2 values (c) for LEB.
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GWR results. Indeed, both the regression models used indicated
that SO2 was associated with lower CR; PM10 and CC per capita
were associated with lower LI; and EC per capita was associated
with lower LEB, while GDP per capita was associated with higher
LEB.

Previous studies have shown that SO2 and PM10 are associated
with adverse health effects. An increase in SO2 concentration has
been found to have a significant association with emergency
room visits for cardiovascular diseases (Santos et al., 2008;
Szyszkowicz, 2008). PM10 has further been proven to play an
important role in cardiovascular (Pope et al., 2002) and respira-
tory (Hoek et al., 2012; Samet and Krewski, 2007) diseases. The
findings of our study are consistent with previous studies. We
found significant negative associations between SO2 and PM10
emissions and public health outcomes suggesting that SO2 and
PM10 are harmful to public health. On average, every 0.001 mg/
m3 (1 mg/m3) increase in ambient SO2 concentration will
decrease CR by 0.0948 (SR model) and by 0.0674 (GWR model),
while every 1 mg/m3 (1 mg/m3) increase in ambient PM10 con-
centration will decrease LI by 0.0129 percent (SR model) and by
0.0137 percent (GWR model).

Our analysis suggests that CC per capita and EC per capita are
also closely linked with public health. Studies have shown that coal
consumption has significant detrimental health impact (Gohlke
et al., 2011). On average, every 1 ton increase in CC per capita will
decrease LI by 0.078 percent (SRmodel) and by 0.079 percent (GWR
model), while every 1 ton increase in EC per capitawill decrease LEB
by 0.584 a (SR model) and by 0.516 a (GWRmodel). Coal is the most
important energy resource in China, accounting for 68.4% of the
total energy consumption in 2011 (Department of Energy Statistics
of National Bureau of Statistics of China (2013)). The public health
effect of CC per capita and EC per capita mainly result from the
pollutants emitted by complete and incomplete combustion of
fossil fuels. Fossil energy burning releases groups of gaseous pol-
lutants and particulate matters contain PAHs (polycyclic aromatic
hydrocarbons), SO2, heavy metals such as mercury, and other toxic
components (Borm, 1997; Zhang et al., 2008; Liu et al., 2009; Li
et al., 2015). These matters can pose adverse effects on human
health (Li et al., 2015; Bostrom et al., 2002; Zhang et al., 2009).

In addition, a high GDP per capita benefits public health. Places
with higher GDP can provide better access to health care for people.
The results of our study show that, on average, every increase in
1000 RMB GDP per capita will prolong LEB by 0.120 a (SR model)
and by 0.115 a (GWR model). This finding is consistent with pre-
vious studies: GDP per capita is closely connected with economic
status and suggest that economic status influences life expectancy
(Song et al., 2010).

Finally, from a methodological perspective, we found that the
GWR models were better at illustrating the study's results ac-
cording to their much higher R2 values implying spatial variation
within public health in China. We showed that the GWR models
explained 78.5 percent, 56.7 percent, and 86.2 percent of the
variance for the three GWR models, respectively, while the SR
models accounted for only 29.6, 51.4, and 73.0 percent of the
variance.

Additionally, three limitations of our study should be noted.
First, we excluded Tibet from LI and LEB in the GWR models
because the lack of data on CC per capita and EC per capita in Tibet.
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Second, different distances among provinces might have impact on
the weights of observed samples, and thus influence the local B
coefficients of GWR models. Third, our study only investigated the
environmental and socio-economic factors with three public health
outcomes. A more comprehensive study of public health is thus
needed in further research.

In conclusion, our study provided insights into the relationship
between environmental and socio-economic factors and public
health outcomes, showing that clear regional differences exist in
China's public health. Regional health problems are a comprehen-
sive reflection of the environment, society, economy, health, and
development (Wang et al., 2014b). Strengthening the government's
leadership role in health development in China is therefore of
crucial importance. The results of our study can thus provide rec-
ommendations for China's public health policymakers.
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