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Abstract
In recent years, ambient air has been severely contaminated by particulate matters (PMs) and some gas pollutants (nitrogen
dioxide (NO2) and sulfur dioxide (SO2)) in China, and many studies have demonstrated that exposure to these pollutants can
induce great adverse impacts on human health. The concentrations of the pollutants were much higher in winter than those
in summer, and the average concentrations in this studied area were lower than those in northern China. In the comparison
between high-resolution emission inventory and spatial distribution of PM2.5, significant positive linear correlation was
found. Though the pollutants had similar trends, NO2 and SO2 delayed with 1 h to PM2.5. Besides, PM2.5 had a lag time of
1 h to temperature and relative humidity. Significant linear correlation was found among pollutants and meteorological
conditions, suggesting the impact of meteorological conditions on ambient air pollution other than emission. For the 24-h
trend, lowest concentrations of PM2.5, NO2, and SO2 were found around 15:00–18:00. In 2015, the population attributable
fractions (PAFs) for ischemic heart disease (IHD), cerebrovascular disease (stroke), chronic obstructive pulmonary disease
(COPD), lung cancer (LC), and acute lower respiratory infection (ALRI) due to the exposure to PM2.5 in Zhejiang province
were 25.82, 38.94, 17.73, 22.32, and 31.14%, respectively. The population-weighted mortality due to PM2.5 exposure in
Zhejiang province was lower than the average level of the whole country—China.
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Introduction

With the rapid economic development in China, emissions of
particulate matters (PMs) and various gas pollutants including
nitrogen oxide (NOx), sulfur dioxide (SO2), and ozone (O3)
have been increasing in the last several decades. In recent
years, more and more haze incidences have been reported
and gained high public attention (Chan and Yao 2008;
Zhang et al. 2012; Meng et al. 2016). High concentration of
PMs in the air, also of nitrogen dioxide (NO2) and SO2, gen-
erates strong adverse health impacts (Miller et al. 2007; Pope
and Dockery 2006; Englert 2004; Khaniabadi et al. 2017;
Kampa and Castanas 2008; Bravo et al. 2016), except from
causing low visibility of the air. According to the latest report,
the population attributable fraction (PAF) of the total mortality
from ambient PM pollution in China was at the level of
16.2%, ranking fourth among the 67 risk factors (WHO 2015).
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Numbers of studies have been conducted in China, mea-
suring PMs, NOx, and SO2 in the ambient air (Lei et al.
2011Zhou et al. 2015a; Yang et al. 2017). It was noted that
severe ambient air pollution was attributable to emissions
from industrial activities, vehicles, solid fuel combustion,
power station, and so on. Especially, during winter, air pol-
lution is much severer in northern China owing to heating
activities, and due to large consumption of coal, it contrib-
utes to higher SO2 levels in ambient air in northern China
compared with southern China. Besides, the atmosphere in
southeast China/Yangtze River Delta (like Shanghai,
Jiangsu and Zhejiang) is also severely polluted now due
to increasing energy consumption and emissions from var-
ious sources (Huang et al. 2014b; Tang et al. 2016), while
seldom of them has been provided.

In addition to emission amounts, the concentrations of
particles, NO2, and SO2 in the air were influenced by many
other factors, such as meteorological conditions, including
wind speed, temperature, and relative humidity (Huang et
al. 2014a; He et al. 2017; Laña et al. 2016; Calkins et al.
2016). Investigating the relationship among contamination
levels, emission amounts, and meteorological parameters
can be used to predict ambient air pollution and the per-
sonal exposure concentrations for health risk assessments
(Dominici et al. 2006; Delfino et al. 2005). During a whole
day, air pollutants are also influenced by the meteorologi-
cal conditions and vary in a large range between daytime
and nighttime (Han et al. 2015). Thus, better understanding
on the real-time 24-h concentration trend could be utilized
for more accurate daily personal exposure prediction and
the corresponding health outcomes (Chen et al. 2016; Chen
et al. 2017a).

In this study, the hourly concentrations of PM2.5 (PM
with aerodynamic diameter lower than 2.5 μm), PM10

(PM with aerodynamic diameter lower than 10 μm),
NO2, and SO2, and the corresponding levels of several
meteorological parameters were simultaneously measured
in 13 sites of three typical cities of Zhejiang province,
China, during summer and winter time from 2015 to
2016. The objectives were as follows: (1) comparing the
contamination level of various pollutants in different sites
and relating concentrations of particles with emission in-
ventory, (2) analyzing the influence of meteorological
conditions on airborne pollutants in different sites, (3)
illustrating the trend of 24-h pollutant concentrations and
the influence from meteorological parameters, and (4) cal-
culating relative risks (RRs) and population attributable
fractions (PAFs) for the mortalities of diseases—ischemic
heart disease (IHD), cerebrovascular disease (stroke),
chronic obstructive pulmonary disease (COPD), lung can-
cer (LC), and acute lower respiratory infection (ALRI)
(for lower than 5 years old children).

Methodology

Studied areas

Thirteen sites were involved in this study, which were in three
typical cities in Zhejiang province. Zhejiang province was
located in the southeast of China (Yangtze River Delta), which
is a well economic-developed area in southeast China. The
three cities were Hangzhou, Shaoxing, and Taizhou, which
represent metropolis/capital city, industry city, and mountain
area/light industry city, respectively. Hangzhou held the G20
Summit in 2016, which was now considered one of the largest
cities in China. All the locations of the sites are marked in
Fig. 1 (regional maps) and listed in Table A1. Among the 13
sites, some of them are downtown areas (like Hangzhou-1),
some of them are industry areas (like Shaoxing-1), and some
of them are in mountain or natural reserve areas (like
Hangzhou-6 and Taizhou-6). The two natural reserve areas
(Hangzhou-6 and Taizhou-6) have no factory or other emis-
sion source nearby.

Equipment and measurement

The concentrations of PMs (including PM10 and PM2.5) were
measured continuously with synchronized hybrid ambient
real-time particulate monitor (Model 5030 SHARP monitor,
ThermoFisher Scientific Inc., USA) in different sites men-
tioned above. And, the concentrations of NO2 and SO2 were
measured by Model 42i-NO2 analyzer (ThermoFisher
Scientific Inc., USA) and Model 450i-SO2 analyzer
(ThermoFisher Scientific Inc., USA), respectively.
Meanwhile, meteorological parameters (including tempera-
ture, relative humidity, and wind speed) were also measured
(weather stations, called as Swarco-lufft WS500-UMB
(Sutron Corporation, Germany)). The time intervals for the
concentrations of PMs, NO2, SO2, and meteorological param-
eters were all 1 h. Daily and seasonal averages were derived
for various purposes. The data covered four periods: (1)
December 1, 2014–January 31, 2015; (2) June 1, 2015–
August 31, 2015; (3) December 1, 2015–January 31, 2016;
and (4) June 1, 2016–August 31, 2016, during winter and
summer, respectively.

Data analysis and uncertainties

Kolmogorov-Smirnov Z statistical test was used for the com-
parison between two samples, and one-factor variance analy-
sis was used to compare the concentrations of PMs in the air
under different sites and meteorological conditions. A
Bdelayed correlation^ method was used to determine the time
lag among temporal trends of pollutants and meteorological
conditions. Pearson test was used for the linear correlation
among various pollutants andmeteorological parameters, after
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log-transforming the PM, NO2, and SO2 data, because they
are under logarithmic normal distribution (Chen et al. 2017b).
The software of SPSS 13.0 (SPSS Inc., USA) was used for the
statistical analysis. 0.05 was set as the significant level during
all the analyzing processes. The energy consumption and the
amounts of PM2.5 emission for Zhejiang province were calcu-
lated, respectively. Four emission sources were considered
during the calculation, including power station, industry, res-
idential source, and vehicle emission. The calculating method
with data of emission factors and energy consumption was
derived from previous emission inventory studies (Huang et
al. 2014b; IEA 2012; Wang et al. 2012).

The risk from long-term exposure to particles was assessed
in this study according to the methods provided in a previous
study by Burnett et al. (2014). The method named as
Integrated Exposure-Response (IER) model was developed
for the Global Burden Disease (GBD) study on RRs and
PAFs by integrating various cohort studies on ambient air
pollution, second-hand smoke, active smoking, and

household air pollution from solid fuel use in the USA,
Europe, and some developing countries, such as China.
According to some previous studies, the assumption was
made that yearly concentration of PM2.5 can represent the
long-term exposure concentration when calculating the all-
cause mortality during a whole year (Burnett et al. 2014;
Lelieveld et al. 2015; Liu et al. 2016; Feng et al. 2017; Song
et al. 2017). Thus, in this study, annual average concentration
of PM2.5 derived from the 24-h data for different seasons and
various sites was used. Based on the IER model, the RRs for
the mortalities of all-aged population for IHD, stroke, COPD,
LC, and incidence of ALRI were calculated by the mass ex-
posed particles (PM2.5). The IER model has been found to be
the best method for calculating RR compared with several
other models. The predicting model can be described as:

RR zð Þ ¼
1 ; if z≤z0

1þ α 1−e−γ z−z0ð Þδ
h i

; if z > z0

( )

Fig. 1 The basic information of
the monitoring sites. BA,^ BB,^
and BC^ in the map represent
Hangzhou, Shaoxing, and
Taizhou, respectively
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where z represents exposure concentration to PM2.5 in the
unit ofμg/m3, and z0 presents the counterfactual concentration
below which no additional risk is assumed. The parameters—
α, γ, δ, and z0—were derived from the fitting process using
available RR information from previous studies (Burnett et al.
2014). One thousand sets of the joint parameter distributions
were used in the calculation for various diseases. Besides, the
mean levels of PM2.5 concentrations in different sites were
applied in the model. Furthermore, PAF for every outcome
due to exposure to PM2.5 can be qualified as 1–1/RR (Smith
et al. 2014). Furthermore, the premature mortality or excess
death (ED) for a specific disease attributable to PM2.5 inhala-
tion exposure can be calculated by multiplying its PAF value
with total mortality for corresponding disease (Anenberg et al.
2010; Evans et al. 2013; Lelieveld et al. 2015). MATLAB
software (MathWorks, USA) was used for the Monte Carlo
simulation method with about 100,000 times during every
calculation, resulting in energy consumption for various
sources, emission amounts of PM2.5.

Results and discussion

Contamination levels of various pollutants

Based on the results in a previous study, the concentrations of
PMs, NO2, and SO2 were all log-normally distributed (Chen et
al. 2017a). Thus, geometric means and geometric standard
deviations were used in the comparison for concentrations in
different sites and seasons. From the measurements (seasonal
average data), the geometric mean (geometric standard devi-
ation) concentrations of PM2.5 during winter were 71.79
(1.57), 78.32 (1.55), and 52.33 (1.62) μg/m3, and during sum-
mer were 30.29 (1.55), 31.30 (1.66), and 22.08 (1.59) μg/m3

for Hangzhou, Shaoxing, and Taizhou, respectively.
Apparently, relatively higher concentrations were found in
Shaoxing during winter (p < 0.05). The ambient air quality
standard of daily concentration of PM2.5 in China is 75 μg/
m3 (Ministry of Environmental Protection of P.R.C. 2012).
The comparing results showed that 56, 61, and 15% days for
Hangzhou, Shaoxing, and Taizhou exceeded the standard dur-
ing winter; none of the daily concentration exceeded the stan-
dard during summer. When compared with the national ambi-
ent air quality standards (NAAQS) for daily concentrations of
PM2.5 in ambient air (35 μg/m3) from the U.S. Environmental
Protection Agency (USEPA) (USEPA 2008), much more per-
cent days in these three cities exceeded the limits (97, 98, and
92% for Hangzhou, Shaoxing, and Taizhou during winter, and
42, 47, and 8.7% during summer, respectively). For PM10, the
concentration during winter were 105.70 (1.57), 108.12
(1.56), and 84.46 (1.57) μg/m3, and during summer were
48.99 (1.51), 45.70 (1.57), and 37.66 (1.44) μg/m3 for

Hangzhou, Shaoxing, and Taizhou, respectively. The contam-
ination level of PM10 during winter was highest in Shaoxing
and lowest in Taizhou (p < 0.05).

The concentrations of NO2 were 57.61 (1.36), 60.87 (1.30),
and 32.71 (1.41) μg/m3 during winter, and 27.87 (1.35), 24.58
(1.35), and 11.58 (1.58) μg/m3 during summer for Hangzhou,
Shaoxing, and Taizhou, respectively. Besides, the concentra-
tions of SO2 were 19.99 (1.49), 36.98 (1.48), and 11.65 (1.69)
μg/m3 during winter, and 7.99 (1.31), 13.20 (1.43), and 4.85
(1.52) μg/m3 during summer for Hangzhou, Shaoxing, and
Taizhou, respectively. According to the NAAQS for NO2

(80 μg/m3), 10, 11, and 0% days exceeded during winter in
Hangzhou, Shaoxing, and Taizhou, but none of the days
exceeded the l imi t dur ing summer (Minis t ry of
Environmental Protection of P.R.C. 2012). For SO2 (150 μg/
m3), during both seasons, none of the days were higher than
the limit (Ministry of Environmental Protection of P.R.C.
2012). Similarly, compared with the standard limits from
USEPA (NO2 69 μg/m3; SO2 97 μg/m3), which were lower
than the national standard in China, more percent days were
expected to exceed the limits (USEPA 2008).

Owing to substantially solid fuels using during winter time
for cooking and space heating activities (Zhang and Smith
2007), some studies reported severer air pollution in northern
China compared with that in southeast China. For example,
the daily concentration of PM2.5 during the wintertime in
Baoding, Hebei province, was at the average level of 119
and 110 μg/m3 in Xingtai which is also in Hebei province
(Zhang and Cao 2015); the concentrations were almost twice
as those in this study. In a previous study, the concentration of
SO2 during winter in Jing-jin-ji area was 161 μg/m3, which
was five to eight times higher than that in this study (Jiang et
al. 2015). And, for NO2, the concentration was found at the
level of 78 and 69 μg/m3 during winter in Jing-jin-ji area and
North China plain respectively, both of which were much
higher than that in Zhejiang province (Jiang et al. 2015).

For comparison of the ambient pollutant concentrations
among cities, regions, and seasons, the seasonal average data
were also employed. The means and standard deviations of
PM2.5, PM10, SO2, and NO2 for different seasons of different
sites were graphed in Fig. 2. For all the sites, concentrations of
PM2.5 and PM10 during winter were about two times higher
than summer, although not as high as those in northern cities
in China (Zhang and Cao 2015). The similar results were also
obviously found for NO2 and SO2. The concentrations of NO2

and SO2 were significantly higher during winter compared
with those during summer (p < 0.05). It is similar with previ-
ous reports due to more heating activities taken place (Li et al.
2013; Chafe et al. 2015), and also due to the meteorological
condition which can restrict the diffusion of ambient air pol-
lutants during winter (Ji et al. 2014).

In addition, Fig. 2 apparently illustrates that the two rural
areas (Hangzhou-6 and Taizhou-6), both of which were
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natural reserve areas, had the lowest concentrations of PM2.5

and PM10 (p < 0.05). In addition, for the gas pollutants (NO2

and SO2), the lowest concentrations were also found in
Hangzhou-6 in both seasons (p < 0.05). It was because there
is no industrial or seldom residential emissions in the areas of
Hangzhou-6 (Qiandao Lake) and Taizhou-6 (Lishimen
Reservoir). Most seasonal concentrations of PM2.5, NO2,
and SO2 from daily data of the sites in Hangzhou and
Shaoxing were statistically higher than those in Taizhou (p
< 0.05). As the results shown above, comparing the PM, NO2,
and SO2 concentrations among the three cities based on the
average concentration for a city, Shaoxing had the highest
levels, and Taizhou had the lowest concentrations levels of
various pollutants for each period (p < 0.05). The results sug-
gested that metropolis city (Hangzhou) and industry city
(Shaoxing) own large energy consumption would have sever-
er ambient air pollution compared with that in mountain areas
or light industry city (Taizhou).

Furthermore, it can be demonstrated by the PM2.5 emission
results from emission inventory for these three cities. For ex-
ample, based on a newly released global fuel data product
(PKU-FUEL-2014) and an emission factor database, the emis-
sion density of primary PM2.5 (ton/km

2/year) was calculated
and illustrated in Fig. 3 with the high resolution of 0.1° × 0.1°
(10 km × 10 km) for one grid. It reveals that in the area of
Hangzhou and Shaoxing except the site of Hangzhou-6, the
emission density was very high (dark red areas), and those

were relatively low in Taizhou. Apparently, the results of the
emission inventory were comparable to the concentrations of
PM2.5 in the air for the individual 13 sites. Moreover, the
relationship between emissions and concentrations was stud-
ied, also graphed in Fig. A1, suggesting significantly positive
linear correlation between them (p < 0.05). Therefore, it could
be concluded that the emission amount can dominate the air
PM pollution.

Sometimes, the ratio of PM2.5 to PM10 can indicate the
emission source. In the comparison between different seasons,
though most ratios of PM2.5 to PM10 for winter were higher
than those during summer, no significant difference was found
(p > 0.05) (Fig. 4). In addition, for the comparison of PM2.5/
PM10 among different sites during the same season, no signif-
icant difference has been found (p > 0.05). It indicated that the
emission sources of particles were similar among different
sites and seasons in the studied areas.

Temporal trends and influencing factors on ambient
air pollution

As discussed above, we found that owing to large fuel con-
sumption and emission, the ambient air was contaminated by
various ambient air pollutants in Zhejiang province, such as
particles, NOx, and SO2. In addition, large differences were
also found among different sites and seasons. Moreover, to
obtain and reveal the influencing factors on the concentrations

Fig. 2 Concentrations of PM2.5, NO2, and SO2 of different sites in winter and summer from 2014 to 2016. Means and standard deviation are also shown.
NO2 and SO2 were not measured in Taizhou-4, Taizhou-5, and Taizhou-6
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of ambient air pollutants, the temporal trends from hourly data
were employed in this section.

The relationship among the ambient air pollutants is
expected to help us to understand the characteristics of

various pollutants in ambient air in southeast of China,
and the influencing effects of one pollutant on the others.
The temporal trends of PM2.5, NO2, and SO2 are shown in
Fig. A2 with the hourly concentrations from 2015 to 2016.

Fig. 3 The emission density (ton/
km2/year) of PM2.5 in the
monitoring area. The letters BA,^
BB,^ and BC^ in the graph
represent Hangzhou, Shaoxing,
and Taizhou, respectively

Fig. 4 Ratios of PM2.5 to PM10

(PM2.5/PM10) of the 13
monitoring sites during winter
and summer from 2014 to 2016
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The shape of the curves is similar with each other, though
PM2.5 has the highest concentration and that of SO2 is the
lowest during the same time. However, from the similar
shape of the different temporal trends, lag time was found
among the three curves. Then, a delayed correlation meth-
od was used to verify and determine the lag time among the
temporal trends of the three kinds of pollutants. It was
found that the concentrations of NO2 and SO2 in ambient
air delayed with approximate 1 h after that of PM2.5, and
no lag was found between NO2 and SO2. It demonstrated
that though particle and gas pollutant pollution is mainly
derived from emissions from fuel combustion, there are
some underlying influencing factors on the ambient air
pollution from particles and gas pollutants. Therefore, the
temporal trends of some meteorological parameters (in-
cluding temperature, relative humidity, and wind speed)
are taken into account. On the contrary, the lag time of
temperature and wind speed was both − 1 h to PM2.5, and
no lag was found between PM2.5 and relative humidity.
That is, the trend of PM2.5 delayed 1 h after temperature
and wind speed, and the trends of NO2 and SO2 delayed
2 h after the meteorological parameters.

To further illustrate the influencing effect of different fac-
tors, the correlations among PM2.5, NO2, SO2, temperature,
relative humidity, and wind speed are plotted respectively for
winter and summer seasons in Fig. 5. Owing to the log-normal
distribution found for the concentrations of the pollutants,
they were all log-transferred for the correlation analysis.
Besides, the data were all replaced backward or forward with
1–2 h to eliminate the lag time among PM2.5, NO2, SO2,
temperature, and wind speed. For the relationship among the
pollutants, obviously, the concentrations of PM2.5, NO2, and
SO2 were positively linearly correlated with each other (p <
0.05), verifying the interacting effect among these typical air
pollutants.

It was previously found that ambient air pollution is affect-
ed by some meteorological conditions, such as temperature,
relative humidity, wind, and precipitation (Xu et al. 2011;
Zhou et al. 2015b). The association between the air pollutants
and meteorological conditions is also demonstrated here. For
temperature, significantly negative linear correlation was
found with all the air pollutants (PM2.5, NO2, and SO2) (p <
0.05), that is, under lower temperature, even during winter, the
concentrations of the pollutants were turned out to be higher. It
was because the thermal inversion layer is easy to be formed
during lower troposphere temperature, which would be a bar-
rier for the diffusion of the pollutants.

For relative humidity, the concentrations of PM2.5 and SO2

were found negatively correlated with it (p < 0.05). It is be-
cause somehow high relative humidity can indicate more wet
precipitation, which is conducive to particle removal in the
ambient air (Tai et al. 2010). In addition, the correlation be-
tween PM2.5/SO2 and wind speed is also illustrated in Fig. 5. It

could be clearly seen that the concentrations of PM2.5 and SO2

were significantly negatively linearly correlated with wind
speed (p < 0.05), suggesting higher wind speed can accelerate
their removal from ambient air. However, the correlation re-
sults for NO2 with relative humidity and wind speed were just
opposite to those for PM2.5 and SO2, because higher relative
humidity is beneficial for the oxidation from NO to NO2. The
opposite results for the association between NO2 and wind
speed (positive linear correlation) suggested some underlying
reasons which should be further studied in the near future.

For further study on the influence of meteorological condi-
tions on ambient air pollution, the daily trend (24 h) of the
concentrations of particles and gas pollutants and meteorolog-
ical conditions was studied through the hourly data. The con-
centrations can be divided into two groups—daytime (5:00–
18:00, roughly based on the sunrise and sunset times) and
nighttime (roughly from 18:00 to 5:00 in the next day)—dur-
ing both of the seasons—winter and summer. The daytime
concentrations of PM2.5, NO2, and SO2 were 74 ± 5.7, 49 ±
3.3, and 25 ± 2.4 μg/m3 during winter and 30 ± 1.1, 23 ± 4.8,
and 9.2 ± 1.4 μg/m3 during summer, and the nighttime con-
centrations of PM2.5, NO2, and SO2 were 75 ± 1.2, 58 ± 6.9,
and 23 ± 1.0 μg/m3 during winter and 31 ± 0.36, 29 ± 2.0, and
8.8 ± 0.88μg/m3 during summer, respectively. Obviously, sig-
nificantly higher concentration of SO2 was found during day-
time in both seasons (p < 0.05), which could be explained by
the reason of more emission amount during daytime. For
PM2.5 and NO2, there was no significant difference between
daytime and nighttime (p > 0.05) owing to large variations.
Some studies conducted in northern China found much higher
concentrations of ambient air pollutants during nighttime
(Han et al. 2015), which was not consistent with that in this
study. The little difference between day-night temperatures in
southeast of China (this studied areas) leads to the close con-
tamination levels of PM2.5 and NO2 between daytime and
nighttime.

For further discussion of the influence of meteorological
conditions on ambient air pollution, Fig. 6 illustrates the
daily trends (24 h) of concentrations of PM2.5, NO2, and
SO2, and meteorological conditions of temperature, wind
speed, and relative humidity. It clearly reveals that during
winter, the concentrations of PM2.5 dramatically decreased
from the noon (about 9:00–10:00) to the lowest level of
approximate 65 μg/m3 (15:00–16:00), and peak of the con-
centration happened before the noon due to the accumula-
tion of the particles from combustion processes and the
accumulation through the nighttime under the influence
of meteorological conditions. However, the trend of the
concentrations of PM2.5 was relatively stable during night-
time, since seldom human activities happen during this
period. During summer, the trend was more stable (coeffi-
cient of variation (CV) 2.8%) compared with that during
the winter time (CV 5.5%), although the shape was similar
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with each other (valley 15:00–16:00; peak 9:00–10:00). It
could further demonstrate the influencing impact of mete-
orological conditions on the PM pollution. It illustrates that
the trend of temperature was opposite to PM2.5 trend,
which was consistent with the results of the relationship
between PM concentration and temperature (negative line-
ar correlation). When the concentration of the PM2.5

reached the bottom level (15:00–16:00), the temperature
was highest during a day. The reason has been discussed
above that higher temperature is conducive to the disper-
sion of the particles in the air compared with lower tem-
perature. Similarly, the trend of the wind speed was com-
parable with that of temperature, though the levels for win-
ter and summer time were very close. Therefore, it also
indicated that stronger wind speed is conducive to the dis-
persion of particles in the air, which was also consistent
with the results discussed in the relationship between PM

pollution and wind speed. In addition, the similar trend was
also found for relative humidity (lowest during 15:00–
16:00). It also demonstrated the association between
PM2.5 and relative humidity discussed above.

For SO2, the temporal trend during winter was similar
with that of PM2.5, though it had a lag time (about 2 h) to the
trend of PM2.5. And the more stable trend during summer
was attributable to fewer emission. It also revealed that the
meteorological conditions along with emission have great
impacts on the temporal trend of SO2. Moreover, though the
trend of NO2 also reached the bottom in the afternoon, the
highest level was found during nighttime—around 18:00–
19:00 during winter and 21:00–22:00 during summer. It
could be explained by the high relative humidity level dur-
ing nighttime, because the relative humidity is positively
correlated with the NO2 pollution, which has been demon-
strated in the last section.

Fig. 5 The correlation among
concentrations of PM2.5, NO2,
and SO2, and meteorological
conditions (temperature, relative
humidity, and wind speed) during
winter and summer periods in
2015–2016. The hourly data are
used, and the concentrations of
PM2.5, NO2, and SO2 are log-
transferred
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Risk prediction on exposure to PM2.5 and its limitation

Since the exposure to PMs can induce adverse health impacts
on human health, in this study, the RRs and PAFs for various
diseases (including IHD, stroke, COPD, LC, and ALRI) in
these three cities and 13 sites were calculated based on IER
model with 1000 times simulation from the variation of the
model parameters (Burnett et al. 2014). The RRs of IHD,
stroke, COPD, LC, and ALRI due to inhalation exposure to
PM2.5 in Hangzhou, Shaoxing, and Taizhou are illustrated in
Fig. 7. Apparently, for each of the diseases, the RR was found
statistically highest in Shaoxing (an industry city), and lowest
in Taizhou (a mountain area or light industry city) (p < 0.05).
For the comparison of the RRs of different diseases in the
same city, it was noted that the RR of stroke induced by the
exposure to PM2.5 was significantly highest among these five
diseases, followed byALRI, IHD, and LC, and the statistically
lowest level was found for COPD (p < 0.05). Besides, RRs of
the five diseases in the 13 sites are listed in Table A2, sepa-
rately. It was found that the residents in Hangzhou-6 (Qiandao
Lake) and Taizhou (Lishimen Reservoir) had the lowest risks

due to the inhalation exposure to PM2.5 (p < 0.05), because
these two sites are both natural reserve areas owning lower
ambient air PM2.5 pollution levels as discussed above.

In addition, based on the equation—PAF = 1–1/RR—PAFs
for different diseases in Hangzhou, Shaoxing, and Taizhou
were calculated and graphed in Fig. 7. Similarly, the compar-
ison results among different sites were comparable to those of
RRs, illustrating statistically highest levels in Shaoxing and
lowest levels in Taizhou (p < 0.05). Besides, for the compari-
son of PAFs among various diseases in the same site, stroke
(cardiovascular disease) ranked as the highest one, followed
by ALRI, IHD, and LC, and COPD was the lowest one (p <
0.05), indicating strongest association between ambient air
PM2.5 exposure and ED of stroke. In addition, the PAFs of
the five diseases in the 13 sites were also separately listed in
Table A3. Like the RR comparison results, the PAF of various
diseases in Qiandao Lake and Lishimen Reservoir (p < 0.05)
indicates that the air in the natural reserve city is healthier
compared with industry city which has higher emissions.

Combining the data for three cities together (typical cities
in Zhejiang province), the mean levels of PAFs for IHD,
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stroke, COPD, LC, and ALRI due to the exposure to PM2.5

were 25.82, 38.94, 17.73, 22.32, and 31.14%, respectively.
Obviously, for the whole PAFs due to the inhalation exposure
to PM2.5, the stroke (cardiovascular disease) contributed to
29% among the various diseases. According to the mortalities
for different diseases from the report of Global Burden of
Disease (GBD) (GBD Mortality Causes of Death
Collaborators 2015), the total mortalities for IHD, stroke,
COPD, LC, and ALRI in 2015 were 24,359, 53,921, 37,610,
2961, and 9997, respectively. Thus, in Zhejiang province, the
premature mortalities/EDs in 2015 for IHD, stroke, COPD,
LC, and ALRI due to the exposure to PM2.5 were 6289,
20,995, 6668, 5125, and 3113, respectively, and the total ED
due to ambient PM2.5 pollution was 42,191, only contributing
3% of the total ED for exposure to PM2.5 in China (1367000)
(Liu et al. 2016). Considering the population in Zhejiang
province (accounting for about 4% of the total population in
China), it can be seen that the risk from exposure to PM2.5 for
Zhejiang residents was lower than the average level for the
whole country—China.

Though most studies used this method to assess to PM2.5

exposure risks (Lelieveld et al. 2015; Liu et al. 2016; Feng et
al. 2017; Song et al. 2017), it still should be considered a

rough prediction for the health outcomes from the long-term
exposure to PM2.5, seeing large variations or uncertainties
owing to the distributions of the parameters in this function.
In addition, the limited epidemiological studies that were in-
volved in China are expected to induce some bias when cal-
culating the risk. Therefore, the future work based on local
epidemiological studies, such as some cohort studies, would
be more helpful for the accurate prediction or understanding
for the adverse health impact of PM2.5 and supporting the
principle of making air quality guidelines. Moreover, not like
PM2.5, the health outcomes from the long-term exposure to
NO2 and SO2 were not taken into account in this study, be-
cause no acceptable dose-response model has been developed
for these two kinds of gas pollutants. It is expected to be
studied in the near future to obtain a comprehensive under-
standing on the health risks from different ambient air
pollutants.

Conclusions

In this study, hourly concentrations of PM2.5, PM10, NO2, and
SO2 were measured in 13 sites in Zhejiang province, located

Fig. 7 Box plots of the relative
risks (RRs) and population attrib-
utable fractions (PAFs) for the
five diseases (IHD, stroke,
COPD, LC, and ALRI) in
Hangzhou, Shaoxing, and
Taizhou of Zhejiang province
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in three typical cities (Hangzhou, Shaoxing, and Taizhou) of
southeast China lasting for 2 years. In addition, the meteoro-
logical conditions, including temperature, wind speed, and
relative humidity, were also measured hourly simultaneously.
Significantly higher contamination levels were found during
winter compared with summer. It was found that the concen-
trations of particles and gas pollutants in Zhejiang province
were much lower than those in northern China, and the ambi-
ent air pollution in industry city was much severer than moun-
tain city or natural reserve areas, which is consistent with the
emission inventory results.

Based on the hourly data, though the trends of the pollut-
ants were close with each other, gas pollutants SO2 and NO2

had a lag time of 1 h to PM2.5. Furthermore, compared with
meteorological conditions, it was found that the concentration
of PM2.5 delayed for 1 h after the influence from temperature
and relative humidity. There was no lag time was found be-
tween PM2.5 and wind speed. Significantly positive linear
correlation was verified among the different pollutants, and
temperature was negatively linearly correlated with all the
pollutants. The concentrations of SO2 and PM2.5 were nega-
tively correlated with both relative humidity and wind speed.
However, positive linear correlation was found between NO2

and wind speed. Thus, it was noted that ambient air pollution
was affected by meteorological conditions other than emis-
sion. From the 24-h temporal trends, it revealed that the con-
centrations of PM2.5, NO2, and SO2 were lowest in the after-
noon (from 15:00–18:00) during winter, and much more sta-
ble during summer. For PM2.5 and SO2, the highest levels
were found before noon. However, for NO2, the concentration
reached the peak during nighttime, which was attributable to
the influence of relative humidity.

In addition, according to the concentrations of PM2.5 and
IER model, RRs, PAFs, and EDs were calculated for the eval-
uation on health impact (diseases including IHD, stroke,
COPD, LC, and ALRI) from inhalation exposure to PM2.5.
The health risks for the residents in Shaoxing (industry city)
were highest and lowest for the residents in Taizhou (moun-
tain area or light industry city). Stroke (cardiovascular) dom-
inated the total PAFs/EDs of the different health outcomes. It
was found that the health risks in Zhejiang province were
lower than average level for the whole country, which was
consistent with the results revealed from contamination levels
of PMs.
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