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• All of the pollutants except O3 mainly
come from terrestrial during observation.

• All of the pollutants exceptNO2 displayed
the highest effect for relative risk of asth-
ma in the spring.

• PM2.5 and CO are major pollutant affect-
ing the relative risk of asthma patient
visits in Shanghai.
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Background: Sources of air pollutants are significant factors for adverse health effect. Few current studies ex-
plored the linking of sources influence and ambient pollutants to asthma patient visits in Shanghai, China.
Objectives: This study explored the associations between short-term exposures to ambient pollutants and asthma
morbidity with terrestrial and marine source influence in Shanghai.
Methods: Generalized additive model (GAM) was used to explore the association of daily patient visits and am-
bient pollutants. These analyses were calculated in R statistical software in mgcv package. PSCF modeling was
used to locate potential source areas contributing to the concentrations of pollutants.
Results:We found that per IQR of PM2.5, PM10, NO2, SO2, O3 and CO in terrestrial source were associated with an
increase of 6.63% (95% CI:−0.27% to 14%), 6.48% (95%CI: 0.06% to 13.3%), 1.68% (95%CI:−2.68% to 6.24%), 2.81%
(95% CI:−1.42% to 7.22%),−0.60% (95% CI:−5.94% to 5.04%) and 16.6% (95% CI: 8.68% to 25.2%), respectively in
asthma patient visits. Per IQR of PM2.5, PM10, NO2, SO2, O3 and CO in marine source were associated with an in-
crease of 5.34% (95% CI: 0.42% to 10.5%), 3.84% (95% CI: 0.08% to 7.74%), 3.21% (95% CI:−0.92% to 7.52%), 2.58%
(95%CI:−1.02% to 6.30%), 1.42% (95% CI:−3.10% to 6.15%) and 8.81% (95%CI: 2.56% to 15.4%). The PSCF showall
of the pollutants except O3mainly come from terrestrial during observation.We also found that all of the pollut-
ants except NO2 displayed the highest effect in the spring for relative risk of asthma morbidity.
Conclusions: Ambient air pollutants that cause an increase in asthma patient visits, such as PM2.5, PM10, NO2, SO2

and CO are mainly produced from terrestrial sources, while O3 is primarily frommarine sources. The association
of ambient pollutants and asthma patient visits is closely related with seasons, especially with spring. PM2.5 and
CO are major air pollutants increasing the relative risk of asthma patient visits in Shanghai.
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1. Introduction

Exposure to ambient air pollution affects a range of clinical aspects of
asthma from2010 (Deng et al., 2016;Mirabelli et al., 2016). Acute expo-
sure to particulate matter with an aerodynamic diameter b 2.5 μm
(PM2.5) is linked to increase risk of asthma mortality, pneumothorax
and respiratory failure exacerbation (Jouneau et al., 2014; Ko et al.,
2007; Liu et al., 2016; Wang et al., 2016). Epidemiological studies also
suggest that exposure to nitrogen dioxide (NO2), sulphur dioxide
(SO2) and ozone (O3) may increase asthma morbidity (Bao et al.,
2014; Dijkema et al., 2016;Wigenstam et al., 2016). The children, elder-
ly and those with potential diseases, for example, asthma diseases, are
particularly susceptible to affect the health of PM and gaseous pollut-
ants (Cakmak et al., 2011; Ding et al., 2017). However, current evi-
dences for the hazards of PM and gaseous pollutants from different
sources on asthma patients are inconclusive (Guarnieri and Balmes,
2014).

Understanding the relative contributions to ambient air pollutants
from anthropogenic and natural sources, as well as terrestrial and ma-
rine sources, is imperative to make realistic decisions about reducing
their health impact on human health. Regarding terrestrial sources, re-
cent literatures have showed a possible effect of the traffic emission
on asthma morbidity (Delfino et al., 2014). For example,
348.19 million tons of coal equivalent was consumed by the transport
sector in China in 2013, which led to serious air pollution (Lu et al.,
2015). Specifically, the emissions of CO, NOx and PM frompassenger ve-
hicles were 18.95, 18.89 and 0.12 million tons, respectively. Such emis-
sion levels exceed the global and national standards (Vahlsing and
Smith, 2012). Empirical evidence suggests that transport-related air
pollutants have serious effects on human health, by increasing the risk
of lung cancer (Reungoat et al., 2003), respiratory (Ramos et al., 2016)
and cardiovascular disease (Bonyadi et al., 2016). Accordingly, air pollu-
tion generated from traffic-related source is responsible for a signifi-
cantly excessive number of deaths and hospital admissions. The
emissions from the combustion of biomass and coal in the houses
where people resides were also found to be caused high asthma mor-
bidity (Jie et al., 2014). Other studies have evaluated the sources of ex-
posure to air pollutants and found increase in asthma morbidity risk
with thermal power plants (Li et al., 2011), industrial (Morin et al.,
2012) and diffused biomass burning (Laumbach and Kipen, 2012). Re-
garding marine sources, they are also a major sources of air pollutants
that affect the health of people living in the neighborhood of the source
and also contribute to regional air pollution problems. Marine sources
include marine vessels, locomotives, trucks etc. (Bailey and Solomon,
2004).

China, is the largest developing country, and its economic expan-
sion has led to a dramatic increase in emissions of ambient air pollut-
ants. As a result, China is now facing the worst air pollution levels,
which cause public health problems (Tao et al., 2014). The inhabi-
tants of some of the most developed and largest cities, most notably
Beijing (Gao et al., 2015), Shenyang (Zhai et al., 2013), Shanghai
(Shan et al., 2016) and other developed cities (Wu et al., 2016) are
suffering from severe asthma. With the rapid industrialization and
urbanization in China, some environmental troubles are becoming
vital factors of asthma increase (Tan and Bernstein, 2014). Previous
studies investigated the association of ambient air pollutants with
hospital outpatient and emergency room visits (Pan et al., 2014),
but the impact of the source variation in the association between
asthma and air pollutants has not been studied in detail. To date,
to the best of our knowledge, few studies have investigated the asso-
ciation between asthma patient visits and levels of air pollutants
generated from both terrestrial sources and marine sources in
Shanghai.

The aim focus of the present studywas to investigate the correlation
between sources of air pollutants and asthma patient visits in Shanghai,
in particular terrestrial sources and marine sources.

2. Methods

2.1. Study area

Shanghai is themost famous city in China, and is located in the Yang-
tze River Delta in east China. The city has a moderate subtropical cli-
mate, with abundant rainfall and distinct seasons. The population of
Shanghai at the end of 2014 was 24.26 million inhabitants, with an
area of 6341 sq. km. The study areas comprise the eight urban districts
of Shanghai (259 km2). These urban districts are Putuo, Yangpu,
Luwan, Qingpu, Hongkou, Jing'an, Xuhui, and Pudong. The data of the
cases of asthma in this study were obtained from Shanghai Pulmonary
Hospital, the only a pulmonary hospital in Shanghai. These urban dis-
tricts were selected to be investigated because of their adequate air pol-
lutants monitoring data.

2.2. Asthma patient visits

The data of asthma patient visits were collected from Shanghai Pul-
monary Hospital, including 7200 asthma patient visits. Asthma patient
visits refer to all the clinic visits who related respiratory disease symp-
toms,which is suspected or confirmed in asthma. The caseswere select-
ed basing on the code in International Classification of Diseases (ICD).
The basic information, including sex, date of admission, diagnostic and
residential address was used in this study. According to the residential
address, the patients who lived in Shanghai were included.

2.3. Environmental data

According to relevant rules of the Chinese government, these sta-
tions should not be in the neighborhood of industrial or traffic source.
In addition, the local pollution should not affect the location and should
avoid waste-burning boilers, furnaces and buildings. If a station had
N25% of the values missing for the whole period of analysis, the whole
data should be excluded from the analysis. The meteorological data
were obtained from the Shanghai Meteorological Bureau, including
daily mean temperature and relative humidity. The data were collected
according to the World Meteorological Organization (WMO) standard.
We testify that the data were representative and authentic.

2.4. Statistical analysis

From January 22, 2014 to October 30, 2015 (500 d of daily patient
counts exceptweekend, around 647 d of air pollutants andmeteorolog-
ical data), a total of 7200 emergency room visits were recorded in the
study population, including a meanmale (~7) and female (~7) individ-
uals per day. The association between air pollution and asthma patient
visits were examined by GAMmethods. Participants who have asthma
are included. The data from the weekends and holidays were deleted
because the collecting stations were not open on those days. Air pollut-
ants data were obtained from the Shanghai Environmental Monitoring
Center (SEMC), which provides representative data. Daily mean tem-
perature and relative humidity were obtained from the Shanghai Mete-
orological Bureau in the study area.

In some developed countries, for example European countries and
the US, some patient visits are usually scheduled by appointment. How-
ever, patient visits records from a hospital may not reliably reflect the
real morbidity. In China, especially in Shanghai, hospital patient visits
usually are unscheduled, and patient visits are first-come first-serve
basis. Thus, it represents an advantageous approach for data collection.

The Pearson correlation coefficients were computed to study the as-
sociation between air pollutants and asthma because they may influ-
ence the asthma morbidity. The Pearson correlation coefficients were
used to assess the inter-relations between air pollutants. The daily asth-
ma patient visits are attributed to small probability event, and they fit a
Poisson distribution. In this study, GAM was used to explore the
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association between daily patient visits and air pollutants. In order to
better understand the association between asthma and air pollutants,
there are two models that need to be established. First, the influence
of air pollutants on asthma patient visits were studied based on the
data of the asthma admissions in each season. The degree of freedom
is 6 because of the data reduction. The correspondingmodel is described
by Eq. (1).

log xð Þ ¼ α þ s t; df ¼ 4ð Þ þ DOW þ s T; df ¼ 6ð Þ þ s H;df ¼ 3ð Þ ð1Þ

Where, α is patient visits ~ air pollution; s is smoothing parameter; t is
time (d); T is temperature (K); H is humidity (%); df is degree of free-
dom; DOW is the day of the week;

Second, the influence of air pollutants on asthma patient visits were
studied based on the data of asthma admissions and themarine and ter-
restrial sources, and the corresponding model is described by Eq. (2).

log xð Þ ¼ α þ s t; df ¼ 6ð Þ þ DOW þ s T; df ¼ 6ð Þ þ s H;df ¼ 3ð Þ ð2Þ

All analyses were calculated using the R statistical software in the
mgcv package. The corresponding equations were input into the R
software.

The PSCF modeling was used to assess the potential contribution
source of common air pollutants, which is given by following Eq. (3),

PSCFij ¼
mij

nij
ð3Þ

Where, nij is the sum of trajectory endpoints that fall in the ijth grid cell,
andmij is a subclass of nij. The PSCFij indicate regions of potential contri-
bution for the pollutant. Generally, PSCFij values are thought to be low
(b0.5) and high (N0.5).

The weighting functionWinave was applied to minimize the uncer-
tainties causing by small nij values, which is described as (4):

Wij ¼
1:0 3navebnij
0:7 1:5navebnijb3nave
0:42 0:75navebnijb1:5nave
01:7 nijb0:75nave

8>><
>>:

ð4Þ

A 36-h backward trajectory was calculated every 5-h period (at 23,
18, 13, 08 and 03 o'clock) to identify potential regional contributors of
common air pollutants. The analysis was initiated at an altitude of
500 m. the grid cells were split into 0.5° × 0.5°.

3. Results and discussions

3.1. Influence of air pollutants on asthma patient visits

The descriptive statistics for the number of asthma patients and en-
vironmental variables are summarized in Table 1. During the study pe-
riod, the daily mean temperature and relative humidity were 18 °C and
70%, respectively, reflecting the subtropical climate of Shanghai. The
daily mean concentration of PM10, O3, SO2, NO2 and CO were 68.3 μg/
m3, 106 μg/m3 (8-hour average value), 16.5 μg/m3, 43.7 μg/m3 and
0.78mg/m3, respectively. Additionally, the daily mean PM2.5 concentra-
tion is 50.5 μg/m3, which is around 5 times higher than the Global
Guideline (10 μg/m3) established by the World Health Organization
(WHO). The NO2 concentration was higher than the Grade II national
standard (40 μg/m3). Recently, there have beenmany studies on the po-
tential mechanisms linking air pollution and asthma (Poynter et al.,
2006). For example, PMwas found to cause lung damage and breathing
problems and trigger asthma when it is inhaled (Mazzarella et al.,
2012). Also, O3 was shown to cause airway inflammation and damages
lung tissues, which can lead to breathing problems including coughing,
wheezing, and chest pain (Yoda et al., 2014). O3 was also proven to in-
crease the immune response to allergens in some individuals (Tenland

et al., 2016). In addition, NO2 was found to irritate the lungs, causing
bronchitis and pneumonia (Gamon et al., 2014). Exposure to SO2 was
demonstrated to cause breathing problems and lung damage, especially
in those individuals with asthma, bronchitis, and emphysema (Yun
et al., 2015). These findings revealed possible pathways whereby air
pollutants can affect asthma patient visits.With increased industrializa-
tion and urbanization in Shanghai, the levels of ambient air pollutants
have been increasing in recent years (Xie et al., 2016). Importantly,
the highest rate of asthma in China was found in Shanghai at 7.6%. The
data from Shanghai shows that asthma morbidity has increased from
2.1% in 1990 to 10.2% in 2013. This finding indicates that high air pollut-
ants concentration (PM2.5, PM10, SO2, NO2, etc.) may induce an increase
in asthma patient visits.

Table 2 presented Pearson correlation coefficients between air pol-
lutants. PM2.5, PM10, SO2, NO2 and CO had obvious correlations with
each other; PM2.5 and PM10 with r = 0.90, P b 0.01; PM2.5 and SO2

with r = 0.73, P b 0.01; PM2.5 and NO2 with r = 0.69, P b 0.01; PM2.5

and CO with r = 0.86, P b 0.01; PM10 and SO2 with r = 0.79, P b 0.01;
PM10 and NO2 with r = 0.69, P b 0.01; PM10 and CO with r = 0.76, P b

0.01; NO2 and SO2 with r = 0.77, P b 0.01; CO and SO2 with r = 0.74,
P b 0.01; and CO and NO2with r=0.75, P b 0.01.Moreover, O3 present-
ed positive correlations with PM2.5 (r = 0.10, P b 0.01) and PM10 (r =
0.12, P b 0.01), but negative correlations with gaseous compounds
such as NO2 (r = −0.16, P b 0.01), SO2 (r = −0.15, P b 0.01), and CO
(r=−0.11, P b 0.01). There is evidence that O3 is involved in the forma-
tion of secondary particles, and elevates the number of aerosol particles
(Hinks et al., 2016). Accordingly, there is a positive correlation between
O3 and PM. For example, a study of 23 normotensive patients found sig-
nificant rises in diastolic blood pressure (6mmHg) after a two-hour ex-
posure to PM2.5 and O3 (Koulova and Frishman, 2014). Similar findings
have beenmade regarding a positive correlation between PM and O3 in
Hong Kong (r= 0.469 with P b 0.01) (Lin et al., 2010) and Beijing (r =
0.12 with P b 0.1) (Jonas et al., 2014). A possible explanation is that O3

oxidation may dominate the process of secondary particle formation,
which contributes significantly to the increase of PM (Meusinger et al.,
2017). However, O3 was strongly, negatively correlated with gaseous
pollution (NO2, SO2, etc.), due to the ability of O3 to oxidize NO2 and
SO2 to produce SO4

2− and NO3
− (Yoon et al., 2016). In fact, O3 can react

with NO2, SO2 and CO in the atmosphere to produce their oxidation
product. The reaction process is as follows:

NO2:

NO2 gð Þ↓þ O3 gð Þ↑→NO3 gð Þ þ O2 gð Þ ð5Þ

NO3 gð Þ þ NO2 gð Þ→N2O5 gð Þ ð6Þ

N2O5 gð Þ þH2O aqð Þ→HNO3 aqð Þ ð7Þ

Table 1
Summary statistics of asthma patient visits and air pollutants.

No. Mean Min P(25) Median P(75) Max

Daily patient counts
Total 500 14.4 1 8 13 21 40
Male 500 7.1 0 3 7 10 24
Female 500 7.3 0 4 7 10 24

Air pollutants
PM2.5 (μg/m3) 647 50.5 5 28 42 65.5 199
PM10 (μg/m3) 644 68.3 6 42 57 85.2 261
O3 (μg/m3) 647 106 14 76 101 131 265
SO2 (μg/m3) 647 16.5 6 11 13 19 75
NO2 (μg/m3) 647 43.7 6 30 40 53 139
CO (μg/m3) 647 780 360 600 700 900 2200

Meteorologic
Temperature (°C) 647 18 −1 12 20 24 34
Humidity (%) 647 70 28 60 72 80 99

24-hour average for PM2.5, PM10, SO2, NO2, CO; 8-hour average for O3.
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SO2:

SO2 gð Þ↓þ O3 gð Þ↑→SO3 gð Þ þ O2 gð Þ ð8Þ

CO:

CO gð Þ↓þ O3 gð Þ↑→CO2 gð Þ þ O2 gð Þ ð9Þ

Through these chemical reactions the amount of NO2, SO2 and CO,
would be decreased, especially in the condition of high O3 concentra-
tion, which directly lead to negative correlations between these pollut-
ants. Similar studies confirmed that O3 reacts with precursors (NO2, SO2

et al.) to produce secondary particles, such as sulfate and nitrate parti-
cles (Tursic et al., 2001). Previous study also demonstrated that there
existed negative correlation between O3 and CO (r = −0.23, P b

0.05), O3 and NO2 (r = −0.08, P b 0.05), O3 and SO2 (r = −0.05, P b

0.05) in metropolitan Toronto, Canada (Stieb et al., 1996). There is
also evidence that O3 was strongly negatively correlated with NO2

(r = −0.304, P b 0.05) and SO2 (r = −0.431, P b 0.05) in Valencia,
Spain (Alhanti et al., 2016).

The increase rate associated with higher concentration levels of air
pollutants varied by sex or age (Table S1). The estimated effect of O3

and PM among male were higher than those in female, although their
between-sex difference was insignificant. The estimated effect of NO2

on asthmamorbidity was 5.83% (female) and 6.56% (male). The overall
asthma morbidity for residents under 18 years of age was very low

and therefore these data were excluded from our analysis. We ob-
served significant effects of air pollution in residents 18–60 years of
age and N70 years of age. Among those 60–70 years of age, the esti-
mated effect of NO2 was 6.64% (95% CI: −2.21, 16.31), but it is
insignificant.

3.2. Influence of four seasons on asthma patient visits

The association of O3 with asthma patient visits did not show a sig-
nificant seasonal variation in the combined analysis nor in Shanghai
for any of the time exposures evaluated, as shown in Fig. 1. The associ-
ation of asthma patient visits with CO was higher during the warm sea-
sons (spring and summer). The seasonal variation in the levels of CO has
been found not to be consistent among cities. For example, in California
(Granados-Munoz and Leblanc, 2016), the effect on asthma patient
visits was stronger in the warm season, while in Guangzhou (Xiao
et al., 2014) and New York (Shmool et al., 2016), it was higher in the
cold season (autumn and winter), although none of these differences
were statistically significant (P N 0.1). NO2 and SO2 seasonal variation
were not observed in the combined analysis. However, other studies
found that the association between asthma patient visits and seasons
was significantly stronger and weaker during the warm season in
Delhi and Tirana, respectively (Pandey et al., 2015). Finally, in this
study, PM2.5 and PM10 levels were significantly associated with asth-
ma patient visits and seasons. This may be due to the location of
Shanghai in a transitional zone of the northern subtropical monsoon

Table 2
Correlation coefficients between daily air pollutant concentrations in Shanghai.

PM2.5 PM10 O3 SO2 NO2 CO Temperature Humidity

PM2.5 1 0.91 0.08 0.74 0.69 0.86 0.49 −0.14
PM10 1 0.11 0.81 0.70 0.77 0.43 −0.17
O3 1 −0.14 −0.15 −0.09 0.02 0.01
SO2 1 0.76 0.74 0.37 −0.17
NO2 1 0.75 0.40 −0.14
CO 1 0.53 −0.17
Temperature 1 0.36
Humidity 1

Significant Pearson correlation coefficients (r N 0.6) are marked bold.

Fig. 1. Relative risk in asthma patient visits of air pollutants at lag 0 in spring and autumn, summer and winter, adjusted for meteorological factors.
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system. In Shanghai, the northwesterly winter monsoon enters from
mainland China, bringing pollutants generated from industries and
other human activities in other places in China and increase the PM
levels in the cold seasons. On the other hand, the southeasterly

summer monsoon enters from the Western Pacific Oceans in the
warm seasons, which also may contribute to increase PM2.5 concen-
tration in Shanghai through long-range transport from southeastern
regions.

Fig. 2. Together with PSCF analysis for air mass backward trajectory of PM2.5 (A) and O3 (B) in four seasons during observation.
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As reported in previous studies (Guilleminault et al., 2016), there are
usually high asthmamorbidity in spring and autumn.We applied an al-
ternative approach called PSCF to investigate the likely regional sources
and transport routes of various PM2.5-associated and O3-associated spe-
ciation in these four seasons, as illustrated in Fig. 2. The seasonal analysis
of the PSCF calculation revealed low PSCF values (b0.4) in the autumn,
and high PSCF values (N0.6) in spring over Shanghai. All the pollutants,
except NO2 displayed the highest effect on asthma patient visits in the
spring. The regions contributing to increase the level of PM2.5 in Shanghai
weremostly on thewestern terrestrial side, includingmost of the Jiangsu
and Zhejiang provinces in spring, the Jiangsu province in autumn, except
the local pollution. These findings indicated that pollutants may be emit-
ted from local large stationary sources, such as fossil fuel fired power
plants, smelters, industrial boilers, oil refineries andmanufacturing facili-
ties, as well as from adjacent areas and mobile sources. The regions con-
tributing to increase level of O3 in Shanghai were mostly on the eastern

marine side. All the pollutants except O3mainly come from the terrestrial
sources during observation (Fig. 3). We can use the derived information
and results to effectively evaluate the asthma patient visits in Shanghai,
especially when the pollutant level exceeds the daily standard.

PM2.5, PM10, SO2, CO and NO2 which increase asthma patient visits
are mainly derived from terrestrial sources except O3 that is primarily
derived from marine source. The association for SO2, NO2 and O3 did
not show a significantly seasonal variation. Association with CO was
higher during the warm seasons. PM2.5 and PM10 had significant associ-
ation with seasons.

3.3. Influence of terrestrial sources and marine sources on asthma patient
visits

The rate of increase in asthma patients associated with air mass
routes is shown Table 3. Regarding the differences of marine and

Fig. 3. PSCF analysis for air mass backward trajectory of PM2.5, PM10, O3, CO, SO2 and NO2 during observation in Shanghai.
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terrestrial sources, we stratified the analyses for associations between
the variations in the air pollutant levels and the asthma patient visits.
For marine sources, per interquartile range (IQR) of PM2.5, PM10, O3,
NO2, SO2 and CO were associated with an increase of 5.34% (95% CI:
0.42% to 10.5%), 3.84% (95% CI: 0.08% to 7.74%), 3.21% (95% CI:
−0.92% to 7.52%), 2.58% (95% CI: −1.02% to 6.30%), 1.42% (95% CI:
−3.10% to 6.15%) and 8.81% (95% CI: 2.56% to 15.4%), respectively, in
asthma patient visits.We found remarkable increases in the risk of asth-
ma patient visits due to exposure to PM2.5, PM10, O3, NO2, SO2 and CO,
and the strongest positive associations were observed for CO. In con-
trast, no significant associations among NO2 and asthma patient visits
were found in terrestrial source (−0.60%, 95% CI: −5.94% to 5.04%).
These effects could be due to the simultaneous shutdown of multiple
pollutant sources, which made it difficult to differentiate effects of indi-
vidual pollutants or pollutant source. For terrestrial source, per IQR of
PM2.5, PM10, SO2, O3 and CO were associated with an increase of 6.63%
(95% CI: −0.27% to 14%), 6.48% (95% CI: 0.06% to 13.3%), 1.68% (95%
CI: −2.68% to 6.24%), 2.81% (95% CI: −1.42% to 7.22%) and 16.6%
(95% CI: 8.68% to 25.2%), respectively, in asthma patient visits. By com-
paring the change in asthma patient visits, we found that terrestrial
sources have a higher contribution than marine sources. This could be
attributed to special geographic and socioeconomic levels in Shanghai,
as determined by climate, economy, population and local or adjacent
pollution levels, which are reported to be a factor for asthma diseases
(D'Amato et al., 2013). Terrestrial sources usually have higher pollutant
contribution than marine sources because of local emission and long-
range transport, and result in increased asthma patient visits.

The PSCF trajectory statistical model coupled with the PM2.5, PM10,
CO, NO2, O3 and SO2 mass concentration data were adopted to identify
potential sources of air pollutants in Shanghai, China. During the obser-
vation period between January 22, 2014 and October 31, 2015, stronger
variations in air pollution loadings and concentrations at air quality
monitoring station were observed (Fig. 3). From PSCF calculation, re-
gions of high contribution to increase the air pollutant levels, except
that of O3 in Shanghai (PSCF N0.5), were mostly contribution from
the western terrestrial side including most of Jiangsu, part of
Zhejiang and Anhui provinces, which form part of the biggest eco-
nomic zone in China, namely the economic circle of the Yangtze
river delta. The high intensity of industrial and construction activi-
ties generate abundant fine PM. Other regions that contributed to
air pollutants in Shanghai, included the North China region and
part of the Southwest China region. Noticeable, area from nearly all
directions contributed to increase the air pollutants levels, despite
having identified the region of high contribution as the northerly.
At the same time, local emissions are prominent contributors as
well due to local industrial pollution, construction etc. Environmen-
tal authorities can use the derived models and results for effectively
reducing air pollution in Shanghai. Lastly, further work is still needed
to gain a thorough understanding of the effects of air pollutants on
asthma patients by using more sources and health outcomes.

4. Conclusions

In conclusions, exposure to common air pollutants derived from ter-
restrial sources (PM2.5, PM10, NO2, SO2) and marine sources (O3) were
closely associated with asthma patient visits in Shanghai from January
22, 2014 to October 31, 2015. Additionally, association of ambient pol-
lutants and asthma patient visits were closely related with the seasons,
especially with spring. Our findings showed that PM2.5, PM10, SO2, CO
and NO2 which increase the asthma patient visits are mainly derived
from terrestrial sources, but O3 is primarily derived from marine
sources. In addition, PM2.5 and CO are major pollutants that increase
the relative risk of asthma patient visits in Shanghai. Improving air qual-
ity to prevent the increase of asthma patient visits not only requires the
use of some prevention strategy by ourselves, but also strong govern-
mental efforts to move economies from combustion of fossil fuels for
energy production in regions where the terrestrial and marine sources
are located. These information and suggestions are of particular signifi-
cance for controlling the increase in asthma patient visits.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2017.12.298.
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Figure S1. Source distribution proportion of air pollutants during observation in
Shanghai.
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Figure. S2. Smoothing plots of pollutants against asthma patient visits. X-axis is pollutants

concentrations. The estimated mean percent change in asthma patient visits is shown by the solid

line, and the dotted lines represent twice the point-wise standard error. Current-day temperature

and relative humidity were used with a df of 6 and 3, respectively.



Table S1. Percent increase (95% CI) in total asthma morbidity of Shanghai residents associated
with per IQR increase in air pollutant concentrations by sex and age.

Pollutant
PM2.5 PM10 O3 CO SO2 NO2

Sex

Female (15.7%)
-2.04

(-21.45,17.21)
-2.15

(-6.71,2.63)
-0.81

(-5.94,4.59)
-0.85

(-5.15,3.64)
2.00

(-2.23,6.42)
*5.83

(0.80,11.11)

Male (84.3%)
0.73
(-9.83,12.53)

1.88
(-1.78,5.69 )

0.51
(-12.18,14.76)

1.71
(-8.60, 13.51)

2.78
(-6.71,13.47)

*6.56
(1.57,11.80)

Age (years)

18-60 (48.9%)
6.61

(-0.39,14.11)
4.93

(-1.87,12.22)
-6.03

(-13.74,2.34)
6.02

(-0.68,13.18)
2.20

(-3.89,8.68)
*11.88

(4.26,20.05)

60-70 (32.9%)
-4.30

(-12.28,4.41)
-3.34

(-11.14,5.14)
-6.27

(-15.60,4.09)
-1.70

(-9.32,6.55)
0.91

(-6.28,8.66)
6.64

(-2.21,16.31)

>70 (17.7%)
6.27

(-5.20,19.13)
5.13

(-6.09,17.71)
-5.02

(-16.99,8.67)
5.13

(-5.65,17.15)
7.13

(-2.94,18.26)
14.01

(1.51,28.04)
* P < 0.05
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