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Abstract: Although there is growing evidence linking chronic obstructive pulmonary disease (COPD)
hospital admissions to the exposure to ambient air pollution, the effect can vary depending on the
local geography, pollution type, and pollution level. The number of large-scale multicity studies
remains limited in China. This study aims to assess the short-term effects of ambient air pollution
(PM2.5, PM10, SO2, NO2) on chronic obstructive pulmonary disease hospital admissions from 2015 to
2016, with a total of 216,159 records collected from 207 hospitals in 17 cities all over the Shandong
province, east China. Generalized additive models and penalized splines were applied to study
the data whilst controlling for confounding meteorological factors and long-term trends. The air
pollution was analyzed with 0–6 day lag effects and the percentage change of hospital admissions
was assessed for a 10-µg/m3 increase in the air pollution levels. We also examined the percentage
changes for different age groups and gender, respectively. The results showed that air pollution was
significantly associated with adverse health outcomes and stronger effects were observed for females.
The air pollution health effects were also impacted by geographical factors such that the air pollution
had weaker health effects in coastal cities.

Keywords: air pollution; chronic obstructive pulmonary disease; hospital admission; multicity
analysis; generalized additive model

1. Introduction

Many studies across the world have shown that poor air quality adversely impacts people’s
health [1–5]. The Global Burden of Disease assessments indicated that ca. 7 million deaths per year and
3.1% of the global disease burden could be attributed to ambient particulate matter pollution, placing
it among the top health risk factors globally [6,7]. Exposure to high levels of air pollutant concentration
is particularly associated with respiratory and cardiovascular problems [8–12]. In respiratory diseases,
Chronic Obstructive Pulmonary Disease (COPD) is presently the fourth leading cause of death and
it is predicted to become the third leading cause by 2030, making this disease one of the major health
challenges in the future [13,14]. COPD led to ca. 3 million deaths in 2004, 90% of which were from
developing countries [15].

Due to the fast development in industrialization and urbanization with a marked incline in oil
and coal burning, poor air quality has become a severe problem in China [16–18]. Heavy smog caused
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by a combination of industrial pollution sources and adverse weather conditions has been appearing
more and more often in northern China. Considering the very large number of people who may be
exposed to substantial amounts of air pollution, this is an important and urgent health issue [19–22].

Compared with extreme conditions such as mortality or morbidity, hospital admission is more
directly related to air pollution exposure. Most of the existing studies were conducted in developed
countries such as Europe and the United States [23–31]. The number of studies concentrating on the
relationship between air pollution levels in multicities and the corresponding hospital admissions in
China is limited. There are a few studies focused only on a single city [32–36].

COPD, as a type of respiratory disease, can be exacerbated by air pollution. In this study, we aimed
to assess the short-term association between air pollution and chronic obstructive pulmonary disease
(COPD) hospital admissions collected from all the tertiary-level and secondary-level hospitals in the 17
cities of the Shandong province. We then explored the influence of different geography, air pollution
types, and pollution levels on human health; hence, providing public health evidence for preventative
measures and health management for different ambient pollution environments. Shandong is located
in east China; the eastern part of the province is by the sea and the western and middle parts are hilly
areas. In addition, Shandong is one of the most prosperous and heavily polluted provinces in the
country, with significant coal mining, oil refineries, and metallurgical and mechanical sectors.

2. Materials and Methods

2.1. Hospital Admissions

Hospital admission data were obtained from the Health and Family Planning Information Center
of the Shandong Province. Daily counts of COPD hospital admissions between 1 January 2015 and
31 December 2016 were constructed from individual records of all tertiary-level and secondary-level
hospitals in Shandong; there is at least one tertiary-level hospital in each city. Each record contains
the hospital name, date of service, age, gender, date of birth, current address, and disease ICD
code (International Classification of Diseases, Tenth Revision (ICD-10) codes). Chronic obstructive
pulmonary disease outcomes were considered based on the ICD-10 codes J40–44.

2.2. Air Pollution and Meteorological Data

There are 93 air quality monitoring stations established all over Shandong by the China National
Environmental Protection Administration. The number of air quality monitoring sites in each city are
shown in Figure 1. Each air quality monitoring station provides hourly readings of PM10, PM2.5, SO2,
and NO2 levels. Since the hospital admissions data were available daily, we aggregated the pollution
data to daily counts by taking the mean value of all 24 hourly collected air pollution concentrations on
each day. The meteorological data were obtained from the China Meteorological Administration Data
Center (URL https://www.data.cma.cn/). These data were collected daily and included the location
and altitude of the station, the daily mean, and the highest and lowest value of the monitored objects.
In our study, the daily mean temperature, the relative humidity, and the wind speed were used to
eliminate the confounding effects of weather.

https://www.data.cma.cn/
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Figure 1. The locations of the 17 cities in the Shandong Province; the coastal cities are shown in the
green color. The numbers represent the count of air quality monitoring stations in each city.

2.3. Method of Analysis

We applied generalized additive Quasi-Poisson models to examine the associations between
air pollution (PM2.5, PM10, SO2, NO2) and day-to-day variations in the COPD hospital admissions
for the total patients, for males, for females, for patients aged over 65, and for patients under 65.
The Quasi-Poisson distribution was adopted in order to overcome the overdispersion of hospital
admissions data. Generalized additive models allow for highly flexible fitting as the outcome is
assumed to be dependent on a sum of the smoothed and linear functions of the predictor variables.
A smoothed function captures the nonlinear relationship between daily hospital admissions and
the time-varying covariates such as the temperature and the calendar time [37,38]. The nonlinear
term in generalized additive models can be estimated by using smoothing splines, which transform
a possible nonlinear relationship into a linear form by separating the data into subintervals based on
the basis functions. The smoothness of the splines depends on the number of basis functions: too
many subintervals may lead to oversmoothness, whilst an inadequate number of subintervals leads to
a rough model fitting. A penalized spline uses an overly large number of basis functions and penalizes
excess curvature by using a penalty term. The trade-off between model fitting and model smoothness
is controlled by the smoothing parameter which may be chosen by using a data-driven criterion such
as generalized cross-validation (GCV) [39,40].

For each of the 17 cities in Shandong, the daily ambient air pollution (PM10, PM2.5, SO2, and NO2)
concentrations for the 0–6 day lags were analyzed separately in association with daily hospitalizations.
Briefly, we fitted the data into the following model:

Log[E(Yi)] = α + βXi + ps(time) + ∑
j

ps(Zij) + DOW (1)

where E(Yi) is the expected number of daily COPD hospital admissions at day i, α is the intercept
term, β is the regression coefficient, and Xi is the pollutant measurements on day i. ps(time) denotes
the penalized splines of calendar time and ps(Zij) denotes the penalized splines of the meteorological
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variables Zj such as the temperature, relative humidity, and wind speed, respectively. The dummy
variable DOW is the indicator for the day of the week. All statistical analyses were performed with
R V.3.4.3 (URL http://www.R-project.org) using the package mgcv (V.1.8–17). Then all results were
presented as the percentage change in the relative risk (RR) of hospitalizations and its 95% confidence
interval (CI) in association with a 10 µg/m3 increase in daily air pollutants.

3. Results

The locations of the 17 cities in Shandong Province are shown in Figure 1. There are 5 coastal cities:
Dongying, Yantai, Weihai, Qingdao, and Rizhao. In this study, the total number of COPD hospital
admissions during the study period was 216,159, the numbers of male and female records were 131,499
and 84,660, respectively. There were 162,601 records for patients over 65 years old, and 53,558 records
for those under 65. The largest number of total hospital admissions during the two-year study time
was 26,653 in the city of Weifang, while the smallest number was 4026 from the city of Dongying.
The details of the hospital admissions in the 17 cities in Shandong can be found in Table 1.

Tables A1–A7 in Appendix A present the minimum, maximum, 25% percentile, 50% percentile,
75% percentile, and mean values of the air pollution levels and meteorological factors from 1 January
2015 to 31 December 2016 in the 17 cities. Figure 2 shows the daily maximum air pollution levels in the
17 cities of the Shandong Province. Most of the daily maximum values of PM2.5, PM10, and NO2 in the
17 cities were 2–5 times that of China’s ambient air quality secondary standards (PM2.5: 75 µg/m3,
PM10: 150 µg/m3, SO2: 150 µg/m3, and NO2: 80 µg/m3) [41], but the daily maximum concentrations
of SO2 in 8 cities (Heze, Liaocheng, Linyi, Qingdao, Rizhao, Weihai, Ynatai, and Zaozhuang) were
within the standard. There was an obvious spatial heterogeneity among the distribution of air pollution
such that the air pollution concentrations in the eastern coastal cities like Qingdao, Yantai, Weihai, and
Rizhao were generally lower than the measurements in the noncoastal cities.

Figure 2. The daily maximum air pollution levels in the 17 cities of the Shandong Province.

http://www.R-project.org
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Table 1. Descriptive statistics of the daily hospital admissions grouped by sex and age in the 17 cities
of the Shandong province (from 1 January 2015 to 31 December 2016).

Caption Total Male Female ≥65 <65

Binzhou 11,103 5700 5403 8972 2131
Dezhou 6288 3134 3154 4780 1508

Dongying 4026 2299 1727 3320 706
Heze 16,055 11,007 5048 12,593 3462
Jinan 13,711 8383 5328 10,707 3004
Jining 19,493 12,884 6609 14,611 4882
Laiwu 2823 1800 1023 2227 596

Liaocheng 15,368 9632 5736 11,783 3585
Linyi 25,508 13,830 11,678 18,402 7106

Qingdao 15,797 9613 6184 11,695 4102
Rizhao 5675 3118 2557 4128 1547
Taian 10,752 7052 3700 7709 3043

Weifang 26,653 15,832 10,821 19,439 7214
Weihai 7210 4612 2598 4929 2281
Yantai 11,848 7738 4110 8785 3063

Zaozhuang 12,623 7896 4727 9537 3086
Zibo 11,025 6848 4177 8822 2203
Total 215,958 131,378 84,580 162,439 53,519

Table 2 outlines the most statistically significant (p < 0.05) effect estimates and corresponding
95% confidence intervals (CIs) of the percentage changes of relative risk (RR) for the total COPD
admissions per 10-µg/m3 increase in PM2.5, PM10, SO2, and NO2 concentrations for 0–6 day lags in
Shandong. There were significant associations between PM2.5 and the total COPD admissions in 8 cities:
Dezhou, Jinan, Jining, Laiwu, Linyi, Taian, Weifang, and Zaozhuang. The most severe effect was 0.978
(0.105, 1.858) by cause per 10-µg/m3 increase in PM2.5 in the city of Laiwu. The increase in PM10

concentrations led to a trend very similar to PM2.5, having a significant effect on the total admissions in
9 noncoastal cities, the largest one being 1.099 (0.458, 1.743), also in Laiwu. Furthermore, a 10-µg/m3

increase of SO2 was significantly associated with the increase of the total COPD hospital admissions
in 12 cities, including two coastal cities: Dongying and Qingdao. Specifically, Qingdao had the most
serious health effect: 3.164 (1.302, 5.059). Finally, the increase in NO2 levels had significant effects
on hospitalizations in only 6 cities: Dezhou, Dongying, Liaocheng, Qingdao, Zaozhuang, and Zibo.
The largest significant effect caused by NO2 in terms of the percentage change in the relative risk of
hospitalizations for total patients was 3.515 (1.394, 5.590). This was in the city of Dezhou. These results
for the total number of patients are also shown in the statistical map of Figure 3. The region colored
in gray represents an insignificant effect in the area, while regions with a yellow to dark brown color
demonstrate a significant percentage change in the relative risk of total COPD hospitalizations per
10-µg/m3 increase in that area. Figure 4 gives a forest plot of these results.
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Figure 3. The percentage change in the relative risk of the total COPD hospitalizations per 10-µg/m3

increase in air pollution levels in the 17 cities of the Shandong province.

Figure 4. A forest plot of the percentage change in the relative risk of the total COPD hospitalizations
with a 95% confidence interval (CI) per 10-µg/m3 increase in the air pollution levels in the 17 cities of
the Shandong province.
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Table 2. The percentage change in the relative risk of the total COPD hospitalizations and its 95% confidence interval (CI) per 10-µg/m3 increase in air pollutants in
the 17 cities of the Shandong province, where * indicates statistically significant estimates (p < 0.05).

City PM2.5 Lag PM10 Lag SO2 Lag NO2 Lag

Binzhou −0.541 (−1.23, 0.153) 0 0.172 (−0.202, 0.548) 3 1.374 (0.383, 2.356) * 5 1.168 (−0.555, 2.921) 3
Dezhou 0.895 (0.312, 1.474) * 2 0.481 (0.095, 0.865) * 2 1.427 (0.089, 2.970) * 0 3.515 (1.394, 5.590) * 2

Dongying −0.69 (−1.604, 0.232) 3 −0.305 (−0.902, 0.294) 3 2.787 (0.926, 4.612) * 0 3.316 (0.573, 5.984) * 0
Heze 0.279 (−0.203, 0.764) 1 0.357 (0.022, 0.694) * 3 2.558 (1.186, 3.948) * 2 1.534 (−0.301, 3.402) 3
Jinan 0.501 (0.003, 1.018) * 4 0.332 (0.008, 0.658) * 4 1.405 (0.203, 2.621) * 3 1.583 (−0.025, 3.218) 0
Jining 0.729 (0.232, 1.229) * 2 0.605 (0.285, 0.925) * 2 1.713 (0.734, 2.701) * 4 1.164 (−0.309, 2.659) 4
Laiwu 0.978 (0.105, 1.858) * 3 1.099 (0.458, 1.743) * 3 1.530 (−0.132, 3.219) 2 2.233 (−0.427, 4.965) 2

Liaocheng 0.388 (−0.053, 0.830) 0 0.262 (−0.052, 0.576) 0 1.217 (0.036, 2.485) * 3 1.697 (0.247, 3.126) * 5
Linyi 0.501 (0.081, 0.922) * 1 0.372 (0.099, 0.646) * 1 2.276 (1.234, 3.328) * 2 0.599 (−0.511, 1.721) 2

Qingdao 0.536 (−0.111, 1.188) 0 0.388 (−0.064, 0.843) 0 3.164 (1.302, 5.059) * 0 2.824 (1.004, 4.677) * 0
Rizhao 0.635 (−0.179, 1.455) 2 0.510 (−0.065, 1.088) 3 1.916 (−0.772, 4.677) 4 1.187 (−1.447, 3.890) 0
Taian 0.561 (0.004, 1.140) * 2 0.314 (0.018, 0.678) * 3 1.490 (0.167, 2.830) * 2 −1.501 (−3.191, 0.218) 5

Weifang 0.448 (0.007, 0.890) * 2 0.406 (0.109, 0.704) * 5 0.656 (−0.156, 1.475) 2 1.245 (−0.052, 2.559) 2
Weihai −0.667 (−1.907, 0.590) 0 0.254 (−0.361, 0.873) 2 −1.717 (−5.102, 1.789) 0 −1.756 (−4.111, 0.657) 2
Yantai 0.658 (−0.120, 1.442) 5 0.470 (−0.069, 1.012) 2 1.768 (−0.357, 3.938) 2 0.765 (−0.948, 2.508) 2

Zaozhuang 0.904 (0.256, 1.555) * 1 0.542 (0.103, 0.983) * 1 1.484 (0.015, 2.973) * 5 3.013 (0.596, 5.488) * 6
Zibo 0.480 (−0.102, 1.066) 3 −0.189 (−0.567, 0.190) 4 1.210 (0.375, 2.052) * 3 1.602 (0.130, 3.053) * 6



Int. J. Environ. Res. Public Health 2018, 15, 774 8 of 15

The health effects of air pollution were small in some cities with high pollution levels.
From Tables A1 and A2, we observed the highest levels of fine particulate matter (PM2.5 and PM10)
occurred in the city of Liaocheng, which is located in the west of the province. However, the effects
of PM2.5 and PM10 on the COPD hospital admissions in Liaocheng were 0.388 (−0.053, 0.830) and
0.262 (−0.052, 0.576), respectively; neither was significant. Similarly, during the study period, the most
SO2- and NO2-polluted city was Zibo, located in the middle of the province. Although the effects
of SO2 and NO2 were significant in Zibo (1.210 (0.375, 2.052) and 1.602 (0.130, 3.053), respectively),
they were the weakest significant values among all the significant effects in the province. In contrast
with this, SO2 and NO2 concentrations in Qingdao were relatively low, but the health effects from them
were very strong: 3.164 (1.302, 5.059) and 2.824 (1.004, 4.677), respectively. In particular, the health
effect caused by SO2 was the strongest among all the cities in Shandong.

Tables A8–A11 in Appendix A presents the results of the subgroup analysis. Regarding
gender, stronger effects were observed for females. For example, the SO2 effect on male patients in
Zaozhuang was insignificant: 1.279 (−0.346, 2.931), while the effect on female patients was significant:
2.570 (0.517, 4.666). Regarding age, although the effects on the aged patients were generally stronger,
the effects on the younger patients were significant in some cities while the ones on older patients were
not. For example, the PM2.5 effect on aged patients in Weifang was insignificant: 0.463 (−0.105, 1.035),
but the effect on patients under 65 years of age was significant: 0.915 (0.226, 1.608).

4. Discussion

In this study, we examined the relationship between four air pollution (PM2.5, PM10, SO2, NO2)
levels and the daily changes in COPD hospital admissions in 17 cities all over the Shandong province
in China. We observed significant associations between ambient air pollution and COPD hospital
admissions in Shandong. Epidemiological studies require reliable datasets. Therefore, for the health
data, we adopted records from tertiary-level and secondary-level hospitals. All the patients went
through a rigorous diagnosis and treatment during the admission time; hence, the accuracy of diagnosis
can be guaranteed. Moreover, air pollution and meteorological data were collected from national
monitoring stations. These datasets have the strength of analyzing the regional data using the national
standard, avoiding the potential for publication bias in which positive findings are selectively reported.

From the results, we can see that the associations between air pollution and COPD hospitalizations
were spatially heterogeneous across the province and that air pollution had obvious adverse health
effects in the middle and west of the province. The cities in this area contained a large area of
heavily polluting industrial sectors such as coal mining, the chemical industry, and the heavy industry.
For example, Laiwu has the largest steel factory in the province, which made its PM10 and PM2.5

effects the strongest in the province. Geographical factors are also decisive. A large part of the middle
and west of the Shandong province is hilly. The emitted ambient pollution is hard to blow away
from these areas, consequently leading to a substantial exposure of the surrounding population to air
pollution. Although the air pollution effects were much weaker in the coastal cities, SO2 and NO2

concentrations had significant influences on the hospitalizations in two coastal cities: Qingdao and
Dongying. The most prominent source of NO2 and SO2 are fossil fuels burning from the industrial
process with significant amounts of secondary aerosol, and the next most prominent sources are vehicle
and domestic heating system exhaust emissions [42]. Qingdao is one of the most prosperous cities
in China. It has the largest number of vehicles in Shandong: 2.3 million vehicles by the end of 2016,
while there were only 1.8 million in the capital city of Jinan. Next, Dongying has the third largest oil
field in China; the burning from the oil refinery process could be a major source of the SO2 and NO2

emissions which strongly affected the COPD hospital admissions.
We also found the effects of air pollution were small in some cities with high pollution levels.

This could be caused by the active avoidance to exposure from the people living in heavily polluted
cities, such as reducing outdoor activities or wearing masks. In addition, the body functions, especially
the respiratory process, may have adjusted themselves to the long-term exposure to high-level
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pollution, hence, becoming less sensitive to toxic components. These results suggest that the studies
focusing on a particular city may be unable to provide enough information for estimating the true
effects, possibly even leading to biased significant results.

In the subgroup analysis, the relative risks of exposure to all of the pollutants for females were
stronger for COPD. This is consistent with the results from previous studies that suggested that females
were more vulnerable to ambient air pollution [33,43]. Furthermore, although the significant effects
on the patients over 65 years of age were widespread in more cities, they were not overwhelmingly
greater than the effects on younger patients. A possible explanation may be that the younger people
would have more outdoor activities and are more likely to be exposed to air pollution if they were in
the construction, manufacturing, or coal mining industries.

There are limitations in our analysis. Information on ambient concentrations in each city often
comes from a number of monitoring sites, each of which may be subject to measurement errors and
may contain periods of missing data. There is supposed to be a true underlying pollution surface which
will form the basis of the exposures experienced by the population at risk. However, this surface is not
directly observable and instead, measurements are taken at locations over space and time. The main
limitation of this study is the lack of precise exposure estimates. Our exposure modeling approach is to
simply take the average over all the air pollution data collected at the monitoring stations in the same
area. This method may eliminate the spatial and temporal features of the ambient air pollution data;
hence, the corresponding percentage change is not adequate. We need to apply a more sophisticated
modeling method to the air pollution data in future studies.

5. Conclusions

This study assessed the associations between four types of air pollution and COPD hospital
admissions using the daily time series data from 17 cities in the Shandong province, China. Our analysis
showed that air pollution was significantly associated with adverse health outcomes. We found that
the air pollution health effects on COPD were substantially impacted by the geographical factors and
pollution type, such that air pollution had weaker impacts on COPD hospital admissions in coastal
cities. Air pollution also had a stronger adverse effect on females. These results can help policymakers
to determine the region-specific prevention measures for specific types of air pollution.
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Appendix

Table A1. Descriptive statistics of the daily mean PM2.5 levels (µg/m3) in the 17 cities of the Shandong
province (from 1 January 2015 to 31 December 2016).

Caption Min 25% 50% 75% Max Mean

Binzhou 7.7 42.2 65.4 96.0 336.7 75.1
Dezhou 5.8 42.0 67.6 98.6 307.1 79.4

Dongying 7.0 31.0 52.0 79.3 269.1 60.4
Heze 9.2 48.7 70.1 108.2 427.4 85.8
Jinan 13.3 45.0 63.5 95.3 382.1 76.0
Jining 11.8 42.9 60.8 93.1 366.1 74.1
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Table A1. Cont.

Laiwu 16.1 45.7 68.9 101.2 323.6 80.8
Liaocheng 9.7 50.9 74.8 112.3 529.8 89.7

Linyi 11.2 34.4 56.2 89.3 345.0 71.5
Qingdao 7.7 23.6 37.2 57.9 308.4 46.4
Rizhao 4.8 24.0 40.4 66.0 279.3 52.3
Taian 12.1 37.6 55.1 81.9 346.2 67.0

Weifang 9.7 38.2 56.5 84.5 336.0 67.4
Weihai 2.3 19.0 27.9 46.2 232.3 35.3
Yantai 5.1 20.4 31.5 50.8 245.1 39.5

Zaozhuang 8.6 44.1 67.4 100.4 300.6 80.0
Zibo 16.0 42.9 61.1 86.8 335.8 70.7

Table A2. Descriptive statistics of the daily mean PM10 levels (µg/m3) in the 17 cities of the Shandong
province (from 1 January 2015 to 31 December 2016).

Caption Min 25% 50% 75% Max Mean

Binzhou 13.4 70.6 107.7 157.1 486.9 121.1
Dezhou 9.0 81.7 122.4 177.2 584.3 138.0

Dongying 15.9 61.6 94.0 142.8 546.6 108.6
Heze 13.7 88.7 125.8 184.6 549.5 143.6
Jinan 21.1 91.3 125.0 176.1 600.3 141.9
Jining 9.0 75.8 105.9 155.1 589.2 123.4
Laiwu 12.1 83.3 120.0 159.0 471.6 129.6

Liaocheng 10.4 97.2 132.9 186.4 577.9 151.0
Linyi 19.2 73.2 117.4 170.9 499.5 134.2

Qingdao 19.6 51.8 72.9 107.0 454.7 86.2
Rizhao 8.5 45.6 73.8 117.9 414.7 89.5
Taian 14.1 71.9 105.1 146.1 486.1 117.8

Weifang 27.8 84.2 113.9 162.3 460.8 128.0
Weihai 8.7 37.8 51.6 78.5 464.5 64.3
Yantai 13.6 40.2 57.1 83.9 369.4 67.0

Zaozhuang 23.1 90.3 129.9 178.8 542.6 142.4
Zibo 18.7 80.4 117.5 154.3 489.4 125.6

Table A3. Descriptive statistics of the daily mean SO2 levels (µg/m3) in the 17 cities of the Shandong
province (from 1 January 2015 to 31 December 2016).

Caption Min 25% 50% 75% Max Mean

Binzhou 6.2 24.3 38.7 60.3 248.5 46.2
Dezhou 3.4 18.7 28.1 42.7 181.2 35.0

Dongying 3.0 24.1 37.3 56.1 196.0 43.4
Heze 9.7 23.1 32.8 46.7 135.4 36.9
Jinan 8.2 20.5 31.1 49.7 185.2 39.3
Jining 9.2 29.0 42.5 63.9 166.4 49.1
Laiwu 2.4 27.8 43.1 64.2 217.5 51.1

Liaocheng 3.7 20.0 31.1 47.0 123.4 35.9
Linyi 3.2 14.2 26.5 42.5 139.0 32.3

Qingdao 5.0 15.2 20.1 27.6 130.3 24.0
Rizhao 4.3 10.7 16.0 24.6 110.0 20.2
Taian 7.4 21.5 32.1 47.9 149.9 37.7

Weifang 6.7 18.8 29.1 50.0 213.3 38.9
Weihai 1.2 9.1 12.8 17.8 92.5 15.4
Yantai 3.6 11.4 16.8 25.5 77.3 20.1

Zaozhuang 10.4 25.8 40.8 57.6 136.0 44.1
Zibo 7.0 36.9 55.5 74.6 208.2 60.8
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Table A4. Descriptive statistics of the daily mean NO2 levels (µg/m3) in the 17 cities of the Shandong
province (from 1 January 2015 to 31 December 2016).

Caption Min 25% 50% 75% Max Mean

Binzhou 7.8 24.3 35.2 49.1 124.4 38.9
Dezhou 5.7 23.6 32.2 43.7 117.7 35.9

Dongying 2.7 19.4 30.5 44.9 103.1 34.0
Heze 5.8 25.5 34.3 46.5 102.4 37.6
Jinan 10.9 31.3 42.5 57.7 155.1 45.9
Jining 8.0 29.2 40.6 53.6 106.2 42.9
Laiwu 8.2 31.9 44.4 58.6 116.1 47.0

Liaocheng 4.6 27.5 38.0 50.2 115.8 41.4
Linyi 8.5 29.6 41.9 57.2 125.7 45.1

Qingdao 7.1 21.6 30.8 41.1 107.0 32.7
Rizhao 3.9 19.5 30.6 44.1 98.2 33.1
Taian 7.5 28.4 38.9 49.4 107.5 40.3

Weifang 8.7 22.6 31.9 44.1 96.5 35.0
Weihai 3.8 13.5 19.7 27.9 92.7 22.1
Yantai 8.0 20.7 29.1 39.8 84.6 31.8

Zaozhuang 8.9 21.7 29.2 38.8 101.4 31.4
Zibo 13.7 38.7 48.8 58.3 102.4 49.7

Table A5. Descriptive statistics of the daily mean temperature (◦C) in the 17 cities of the Shandong
province (from 1 January 2015 to 31 December 2016).

Caption Min 25% 50% 75% Max Mean

Binzhou −15.3 3.8 16.1 23.3 31.7 13.9
Dezhou −14.3 3.6 15.4 22.9 31.8 13.5

Dongying −13.2 3.9 16.5 24.0 32.6 14.4
Heze −9.2 5.8 16.4 23.3 31.3 14.7
Jinan −12.4 6.0 17.4 24.2 33.0 15.3
Jining −10.7 4.8 16.2 23.4 32.5 14.5
Laiwu −13.1 4.0 15.7 22.6 32.0 13.7

Liaocheng −10.9 5.2 16.4 23.5 31.5 14.5
Linyi −11.7 5.5 16.6 23.7 32.5 14.8

Qingdao −11.5 5.5 15.0 21.9 29.4 13.8
Rizhao −11.4 5.7 14.9 22.2 31.4 14.1
Taian −22.8 −1.6 8.4 14.8 22.7 6.7

Weifang −13.0 4.5 16.3 23.6 33.2 14.3
Weihai −11.8 4.9 14.9 22.5 30.6 13.8
Yantai −11.9 3.7 15.0 22.6 31.4 13.3

Zaozhuang −11.0 5.8 16.4 23.4 32.2 14.7
Zibo −13.1 5.2 17.3 23.9 32.9 14.9

Table A6. Descriptive statistics of the daily mean relative humidity (%) in the 17 cities of the Shandong
province (from 1 January 2015 to 31 December 2016).

Caption Min 25% 50% 75% Max Mean

Binzhou 25 51 64 77 98 63.7
Dezhou 26 57 70 82 100 69.3

Dongying 23 49 62 73 98 61.7
Heze 30 60 71 83 98 70.2
Jinan 19 42 55 72 100 57.4
Jining 32 61 73 82 100 70.9
Laiwu 23 49 63 77 97 62.3

Liaocheng 24 54 67 79 98 66.2
Linyi 24 53 68 78 99 65.5

Qingdao 21 57 72 83 100 69.6
Rizhao 22 55 72 85 99 69.1
Taian 7 45 67 87.5 100 65.9

Weifang 24 51 64 74 96 62.6
Weihai 18 52 64 76 97 63.1
Yantai 22 54 66 76 96 64.2

Zaozhuang 28 63 75 83 98 72.9
Zibo 20 44 57 72 98 58
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Table A7. Descriptive statistics of the daily mean wind speed (m/s) in the 17 cities of the Shandong
province (from 1 January 2015 to 31 December 2016).

Caption Min 25% 50% 75% Max Mean

Binzhou 0.4 1.4 1.9 2.6 6.4 2.1
Dezhou 0.3 1.5 2.2 3.1 7.2 2.4

Dongying 0.5 1.6 2.0 2.6 5.4 2.2
Heze 0.4 1.5 2.1 2.9 6.3 2.3
Jinan 0.2 1.5 2.0 2.8 6.4 2.3
Jining 0.2 1.0 1.4 1.9 4.2 1.5
Laiwu 0.0 1.2 1.6 2.1 5.7 1.7

Liaocheng 0.1 1.3 1.8 2.6 7.5 2.0
Linyi 0.2 1.1 1.5 1.9 5.3 1.6

Qingdao 1.0 2.3 2.9 3.7 8.4 3.2
Rizhao 0.8 2.2 2.9 3.7 11.3 3.1
Taian 1.0 4.1 5.9 7.7 20.5 6.2

Weifang 0.2 1.4 1.9 2.5 5.9 2.0
Weihai 0.5 2.1 3.0 4.4 9.6 3.4
Yantai 0.7 2.0 2.7 3.8 8.7 3.0

Zaozhuang 0.3 1.3 1.7 2.3 6.0 1.8
Zibo 0.3 1.4 1.8 2.7 7.3 2.2

Table A8. Percentage changes of the relative risk of male COPD hospitalizations and their 95%
confidence interval (CI) per 10-µg/m3 increase in air pollutants in the 17 cities of the Shandong
province, where * indicates statistically significant estimates (p < 0.05).

Caption PM2.5 PM10 SO2 NO2

Binzhou −0.512 (−1.24, 0.221) −0.301 (−0.892, 0.294) −1.149 (−2.420, 0.139) −1.540 (−3.690, 0.658)
Dezhou 0.807 (0.051, 1.557) * 0.612 (0.105, 1.117) * 1.824 (−0.278, 3.969) 3.467 (0.689, 6.167) *

Dongying −0.681 (−1.834, 0.485) −0.369 (−1.130, 0.398) 2.142 (0.204, 4.118) * −1.422 (−4.223, 1.460)
Heze 0.199 (−0.355, 0.755) 0.315 (−0.067, 0.700) 2.407 (0.834, 4.004) * −1.230 (−3.470, 1.062)
Jinan 0.533 (−0.097, 1.167) 0.373 (−0.017, 0.764) 1.167 (−0.279, 2.633) 1.939 (0.052, 3.924) *
Jining 0.754 (0.182, 1.330) * 0.624 (0.257, 0.993) * 1.796 (0.666, 2.938) * 1.652 (−0.781, 4.145)
Laiwu 0.989 (−0.099, 2.090) 0.650 (−0.143, 1.450) 1.989 (−0.01, 4.029) 3.134 (−0.101, 6.474)

Liaocheng 0.492 (−0.030, 1.016) −0.247 (−0.619, 0.127) 1.235 (−0.256, 2.747) −1.928 (−3.946, 0.133)
Linyi 0.628 (0.141, 1.118) * 0.404 (0.088, 0.722) * 2.033 (0.817, 3.263) * 0.752 (−0.535, 2.056)

Qingdao 0.425 (−0.291, 1.146) 0.391 (−0.076, 0.859) 2.933 (0.609, 5.311) * 2.715 (0.481, 4.998) *
Rizhao 0.631 (−0.608, 1.886) 0.574 (−0.329, 1.485) 2.840 (−0.614, 6.413) 2.175 (−1.222, 5.689)
Taian 0.716 (−0.035, 1.473) 0.271 (−0.165, 0.709) 1.448 (−0.171, 3.094) 0.851 (−1.346, 3.096)

Weifang 0.414 (−0.097, 0.929) 0.360 (0.016, 0.706) * 0.612 (−0.299, 1.532) 0.744 (−0.755, 2.266)
Weihai 0.282 (−1.049, 1.631) −0.165 (−0.914, 0.590) −1.844 (−5.290, 1.727) −2.375 (−5.177, 0.510)
Yantai 0.732 (−0.185, 1.657) 0.538 (−0.092, 1.173) 2.216 (−0.314, 4.809) 1.011 (−0.993, 3.056)

Zaozhuang 0.747 (0.041, 1.457) * 0.501 (0.026, 0.979) * 1.279 (−0.346, 2.931) 2.034 (−0.571, 4.707)
Zibo 0.627 (−0.084, 1.343) 0.329 (−0.200, 0.862) 1.050 (0.027, 2.082) * 1.096 (−1.001, 3.238)

Table A9. Percentage changes of the relative risk of female COPD hospitalizations and their 95%
confidence interval (CI) per 10-µg/m3 increase in air pollutants in the 17 cities of the Shandong
province, where * indicates statistically significant estimates (p < 0.05).

Caption PM2.5 PM10 SO2 NO2

Binzhou −0.796 (−1.723, 0.140) 0.390 (−0.112, 0.895) 1.616 (0.273, 2.978) * 2.889 (0.542, 5.291) *
Dezhou 1.033 (0.265, 1.795) * 0.641 (0.139, 1.140) * 2.196 (0.211, 4.220) * 3.981 (1.204, 6.680) *

Dongying −1.328 (−2.664, 0.027) −0.321 (−1.186, 0.551) 3.681 (1.000, 6.290) * 4.568 (1.312, 7.716) *
Heze 0.897 (0.120, 1.679) * 0.753 (0.206, 1.303) * 2.667 (0.609, 4.767) * 3.086 (0.461, 5.779) *
Jinan 1.132 (0.452, 1.818) * 0.528 (0.087, 0.971) * 1.840 (0.264, 3.440) * 1.969 (0.099, 3.745) *
Jining 0.773 (0.067, 1.485) * 0.617 (0.161, 1.075) * 2.025 (0.619, 3.450) * 1.804 (0.105, 3.531) *
Laiwu 1.826 (0.442, 3.229) * 1.916 (0.893, 2.950) * 2.819 (0.147, 5.564) * 4.186 (−0.074, 8.628)

Liaocheng −0.325 (−0.845, 0.198) 0.373 (0.004, 0.743) * 1.228 (−0.551, 3.040) 2.082 (0.361, 3.772) *
Linyi 0.672 (0.202, 1.144) * 0.426 (0.119, 0.734) * 2.551 (1.291, 3.827) * 1.669 (0.037, 3.326) *

Qingdao 0.767 (−0.147, 1.689) 0.561 (−0.079, 1.205) 3.501 (0.930, 6.137) * 2.798 (0.207, 5.456) *
Rizhao 0.774 (−0.285, 1.844) 0.535 (−0.234, 1.310) −3.286 (−6.891, 0.458) −1.864 (−4.632, 0.984)
Taian 1.030 (0.197, 1.871) * 0.575 (0.007, 1.147) * 2.444 (0.500, 4.426) * 2.703 (0.215, 5.129) *

Weifang 0.713 (0.101, 1.329) * 0.561 (0.147, 0.977) * 1.071 (0.018, 2.135) * 1.944 (0.231, 3.687) *
Weihai −1.775 (−3.721, 0.211) 0.625 (−0.353, 1.613) 4.056 (−0.496, 8.816) −2.327 (−6.040, 1.534)
Yantai 1.719 (0.549, 2.903) * 1.121 (0.283, 1.967) * 4.304 (0.952, 7.767) * −1.751 (−4.356, 0.925)

Zaozhuang 1.071 (0.213, 1.937) * 0.712 (0.134, 1.292) * 2.570 (0.517, 4.666) * 4.861 (1.480, 8.354) *
Zibo −0.782 (−1.624, 0.066) −0.450 (−0.993, 0.096) 1.398 (0.203, 2.607) * 2.180 (−0.320, 4.742)
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Table A10. Percentage changes of the relative risk of COPD hospitalizations for patients aged over 65
years and their 95% confidence interval (CI) per 10-µg/m3 increase in air pollutants in the 17 cities of
the Shandong province, where * indicates statistically significant estimates (p < 0.05).

Caption PM2.5 PM10 SO2 NO2

Binzhou −0.691 (−1.447, 0.071) −0.409 (−0.914, 0.099) 1.185 (0.100, 2.259) * 1.256 (−0.624, 3.173)
Dezhou 1.065 (0.425, 1.701) * 0.569 (0.144, 0.992) * 1.659 (0.019, 3.272) * 4.125 (1.805, 6.390) *

Dongying −0.714 (−1.695, 0.278) 0.400 (−0.276, 1.08) 2.548 (0.545, 4.510) * 2.723 (0.333, 5.056) *
Heze 0.606 (0.119, 1.09) * 0.419 (0.064, 0.776) * 2.891 (1.439, 4.363) * 2.389 (0.448, 4.367) *
Jinan 0.728 (0.157, 1.295) * 0.348 (0.001, 0.697) * 1.347 (0.064, 2.646) * 1.843 (0.120, 3.596) *
Jining 0.620 (0.062, 1.182) * 0.646 (0.303, 0.991) * 1.711 (0.654, 2.779) * 1.723 (−0.134, 3.614)
Laiwu 0.927 (−0.082, 1.946) 1.135 (0.394, 1.881) * 2.030 (0.124, 3.972) * 2.619 (−0.460, 5.793)

Liaocheng 0.416 (−0.053, 0.887) −0.239 (−0.522, 0.046) 1.250 (−0.103, 2.621) 2.063 (0.502, 3.598) *
Linyi 0.476 (0.017, 0.938) * 0.351 (0.051, 0.652) * 2.365 (1.222, 3.520) * 0.930 (−0.536, 2.417)

Qingdao 0.655 (−0.078, 1.393) 0.504 (−0.008, 1.018) 3.186 (1.065, 5.352) * 3.218 (1.150, 5.330) *
Rizhao −0.532 (−1.490, 0.435) 0.449 (−0.196, 1.098) 2.163 (−0.845, 5.262) −1.107 (−3.428, 1.270)
Taian 0.785 (0.148, 1.426) * 0.431 (0.002, 0.865) * 1.805 (0.325, 3.307) * 1.498 (−0.448, 3.482)

Weifang 0.463 (−0.105, 1.035) 0.388 (0.043, 0.734) * 0.559 (−0.325, 1.451) −1.100 (−2.478, 0.299)
Weihai −0.565 (−1.997, 0.887) 0.218 (−0.493, 0.933) −2.280 (−6.180, 1.782) −1.765 (−4.492, 1.040)
Yantai 0.573 (−0.304, 1.456) 0.669 (0.050, 1.291) * 1.995 (−0.389, 4.436) −1.428 (−3.290, 0.470)

Zaozhuang 0.847 (0.148, 1.55) * 0.484 (0.009, 0.961) * 1.766 (0.181, 3.377) * 3.761 (1.148, 6.442) *
Zibo 0.583 (−0.097, 1.267) 0.346 (−0.092, 0.787) 1.044 (0.126, 1.971) * 1.137 (−0.543, 2.845)

Table A11. Percentage changes of the relative risk of COPD hospitalizations for patients aged under 65
years and their 95% confidence interval (CI) per 10-µg/m3 increase in air pollutants in the 17 cities of
the Shandong province, where * indicates statistically significant estimates (p < 0.05).

Caption PM2.5 PM10 SO2 NO2

Binzhou −0.988 (−2.092, 0.128) −0.635 (−1.369, 0.104) 2.391 (0.395, 4.347) * 3.063 (−0.921, 7.207)
Dezhou 1.395 (0.320, 2.458) * 1.103 (0.390, 1.810) * 2.134 (−0.595, 4.938) 5.770 (2.022, 9.374) *

Dongying −1.874 (−4.052, 0.352) −0.785 (−2.115, 0.562) −2.630 (−6.456, 1.352) −4.267 (−9.071, 0.791)
Heze 0.465 (−0.496, 1.434) 0.425 (−0.178, 1.032) 1.804 (−0.725, 4.397) −3.105 (−6.244, 0.140)
Jinan 0.671 (−0.216, 1.566) 0.460 (−0.102, 1.025) 1.400 (−0.683, 3.527) −1.546 (−3.882, 0.847)
Jining 1.227 (0.419, 2.041) * 0.641 (0.117, 1.167) * 2.033 (0.429, 3.661) * −1.926 (−4.304, 0.512)
Laiwu 1.492 (−0.193, 3.205) 1.011 (−0.222, 2.259) 3.206 (0.461, 6.027) * 7.241 (1.718, 13.064) *

Liaocheng 0.602 (−0.028, 1.236) 0.400 (−0.105, 0.908) 1.790 (−0.442, 4.071) −0.933 (−3.473, 1.674)
Linyi 0.934 (0.340, 1.532) * 0.476 (0.061, 0.893) * 2.054 (0.468, 3.666) * 1.806 (0.140, 3.501) *

Qingdao −0.924 (−1.994, 0.157) −0.316 (−1.030, 0.403) 2.965 (−0.340, 6.380) 2.849 (0.144, 5.480) *
Rizhao 0.854 (−0.850, 2.587) 0.754 (−0.216, 1.733) 2.222 (−2.557, 7.235) 2.463 (−1.233, 6.297)
Taian 0.852 (−0.181, 1.896) −0.413 (−1.034, 0.212) 1.710 (−0.516, 3.985) −1.951 (−4.626, 0.800)

Weifang 0.915 (0.226, 1.608) * 0.711 (0.244, 1.181) * −1.502 (−3.008, 0.027) 2.676 (0.610, 4.785) *
Weihai −0.718 (−2.688, 1.291) 0.703 (−0.297, 1.713) 1.144 (−3.569, 6.087) −2.033 (−5.888, 1.980)
Yantai 2.192 (0.843, 3.558) * 1.584 (0.656, 2.521) * 5.282 (1.384, 9.330) * 2.677 (−0.473, 5.926)

Zaozhuang 1.073 (0.006, 2.151) * 0.750 (0.034, 1.471) * 1.681 (−0.791, 4.213) 2.202 (−1.837, 6.406)
Zibo −0.994 (−2.180, 0.207) −0.780 (−1.591, 0.037) 1.606 (−0.108, 3.348) −2.753 (−5.729, 0.318)
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