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Abstract: The emissions of nitrogen oxides (NOx) decreased under China’s air quality control
policies. However, concern remains regarding the response of ozone (O3) in the metropolitan areas.
The characteristics and trends of ambient O3 and NOx in Shenzhen were investigated during the
2011–2017 period. Both the human population and vegetation are exposed to higher O3 at suburban
and rural sites than at the urban site. The O3 weekend effect is significant (p = 0.062) at the urban
site, with O3 levels 1.19 ppb higher on Sunday than on weekdays. Solar radiation, precipitation,
and relative humidity are the most relevant meteorological factors that affect O3 daily variations.
Wind speed is the least relevant factor, but wind direction is related to the presence of high O3 air
concentrations. Both 1-h and 8-h O3 exhibit an increase, opposite to the trend of NOx. A slight decline
in O3 occurs in autumn at less urbanized sites. The increase in O3 is more prevalent and rapid in the
winter at more urbanized sites. This can be due to the transport of increased O3 from northern China,
as well as a lowered O3 titration effect with NOx reduction. O3 increases fastest at the urban site,
with an estimated rate of 4.3% (95% confidence intervals (CIs): 0.96, 8.25) per year (p < 0.05) for 8-h
O3 and 2.5% (95% CIs: −0.46, 6.12) per year (p > 0.1) for 1-h O3, posing greater human health risks to
areas with high population density.
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1. Introduction

China’s rapid economic growth and urbanization greatly increased energy consumption and air
pollutant emissions since economic reforms in 1978 [1]. Environmental monitoring campaigns carried
out in urban centers highlighted O3 values that are of concern for human health [2,3]. Elevated surface
ozone (O3) is a growing environmental concern in China [1–5]. Serious O3 episodes are frequent in
China’s most economically vibrant and densely populated regions, such as the Beijing–Tianjin–Hebei
(BTH) area and the Yangtze River Delta (YRD) and Pearl River Delta (PRD) regions [5]. Studies showed
substantial detrimental effects of elevated ground-level O3, including declining forest ecosystem
services, crop yield loss, and associated premature deaths [4,6,7].
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Tropospheric O3 is formed by a series of complex nonlinear photochemical reactions between O3

precursors, namely methane, carbon monoxide, volatile organic compounds (VOCs), and nitrogen
oxides (NOx = NO + NO2) [8]. Because NOx is mainly anthropogenic, control of O3 is usually through
NOx regulation [9]. In China’s 12th five-year plan (2011–2015), the goal was set to reduce national NOx

emissions by 10% relative to the 2010 level [10]. Both satellite retrievals and emission inventories show
success in reducing NOx emissions nationwide [11–15]. Compared with other large NOx emission
regions such as BTH and YRD, the decline in NOx emissions in the PRD region started earlier in
2005 [11,14].

Shenzhen is a major megacity in the PRD region and a twin megalopolis to Hong Kong. Shenzhen
was established as China’s first Special Economic Zone in 1980 and developed from a small village
into a large metropolitan area with a population over 10 million in three decades. Accompanied
by rapid economic growth, the air quality in Shenzhen deteriorated [16]. Epidemiologic studies
showed significant associations between O3 levels and increased mortality and respiratory diseases
in Shenzhen [17,18]. To tackle air pollution issues, the governments of Guangdong Province and
Hong Kong worked closely to reduce emissions of SO2, NOx, and VOCs throughout the region [19].
In addition to national and regional environmental control efforts, Shenzhen also implements energy
reforms for public transportation and private motor vehicles. It is the world’s first city that electrified
100% of public buses and will electrify all taxis by the end of 2020 [20]. The decline in NOx emissions
is fastest in Shenzhen compared with other megacities like Shanghai, Beijing, and Guangzhou [11].

NOx regulation showed effectiveness in reducing peak O3 levels over the long term and elevated
mean O3 levels at the same time [21–24]. However, due to the nonlinear relationship between NOx

and O3, NOx control might worsen the O3 problems in urban areas in the short term [19,25]. This is
mainly caused by the lessened titration effect of NO in urban areas, where the O3 photochemical
chemistry is mainly VOC-sensitive [21–24]. Simulation results showed that peak O3 levels could
be effectively reduced in the PRD region when cutting down NOx and VOC emissions [15,19,25].
Recent observations showed that annual mean O3 levels were increasing at both urban and suburban
sites in the PRD region [24]. However, the changes in peak O3, which is closely related to human
health, are rarely shown by observation data.

Apart from emissions of O3 precursors, meteorological factors are also important in affecting
O3 levels both directly and indirectly. Meteorological factors can directly impact the formation of O3

because the reactions are sensitive to the changes in sunlight and temperature [5,26,27]. Meteorological
factors such as wind speed, surface pressure, and precipitation also impact the accumulation, dilution,
and deposition of O3 [5,27–29]. The prevailing wind direction that changes with the season is closely
related to air pollutant transport from near and distant areas [5,27,28]. Actually, the relationship
between air pollutants and meteorological factors varies greatly by geographical location and season [5].
The investigation of the relationship between O3 and meteorological parameters in Shenzhen will help
understand the pollution situation in the PRD region, as well the large cities that are close to Shenzhen,
namely Hong Kong and Macau.

The characteristics of O3 at urban, suburban, and rural sites depend on the O3 photochemical
sensitivity of the region. One previous study reported higher 1-h and 8-h O3 in central areas of
Shenzhen, which is uncommon for most large cities [17]. Higher urban O3 is a possible pattern for
some cities, e.g., Atlanta and Houston, where large sources of VOCs originate from biological and
anthropogenic emissions [30,31]. For most populous areas in the PRD region, the photochemical regime
was indicated as VOC-sensitive, with a mixed or transitional regime in Shenzhen [32]. Studying the
spatial O3 pattern between urban and rural areas will help determine the controlling precursors related
to the O3 production rate, which is critical for O3 control and management.

The comprehensive monitoring of O3 and NOx by the Shenzhen Meteorological Bureau was
carried out at four air monitoring sites, starting in 2010. This is three years earlier than the introduction
of CAAQS GB 3095–2012 in Shenzhen in 2013, allowing us to analyze the spatial and interannual
variations of air pollutants. In this study, we investigate the characteristics and trends of O3 at urban,
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suburban, and rural sites of Shenzhen based on seven years of observations of O3 and NOx from 2011 to
2017. Our objectives were to (1) assess and compare O3 risks to human and plants at urban, suburban,
and rural sites; (2) investigate weekly and monthly O3 and NOx variations and their influences; and (3)
evaluate O3 and NOx trends during the 2011–2017 period.

2. Data and Methods

2.1. Sites

Shenzhen is the second largest populated city in the PRD region and located to the north of Hong
Kong. Figure 1 illustrates the location of Shenzhen and four O3 monitoring stations, Zhuzilin (ZZL),
Shiyan (SY), Longgang (LG), and Xichong (XC). The urban site ZZL (22◦32′28.94”N, 114◦0′17.15”E,
63 m elevation) is in the Futian District and had a population density of 19091/km2 in 2016 [33]. It is
within the original boundary of the Special Economic Zone (former SEZ), which is one of Shenzhen’s
earliest developed regions, with well-established high-density commercial and residential areas.
Two suburban sites, SY (22◦39′13′′N, 113◦53′37”E, 51 m) and LG (22◦43′27”N, 114◦14′32”E, 90 m) were
in the Bao’an and Longgang districts with moderate population densities of 7607/km2 and 5522/km2,
respectively. Rural coastal site XC (22◦28′52.95”N, 114◦31′35.16”E, 19 m) is on the Dapeng Peninsula,
far from the downtown area. It had a population density of 477/km2 and is greatly impacted by the
land−sea breeze circulation. In addition to O3, NOx concentrations are monitored at ZZL and XC.
Hourly O3 and NOx data were analyzed for the 2011 to 2017 period. Meteorological data at SY (solar
radiation, wind speed, air temperature, and precipitation, relative humidity, and surface air pressure)
from 2014 to 2017 were provided by the Shenzhen Meteorological Bureau.
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Figure 1. Location of ozone (O3) monitoring sites at the urban site Zhuzilin (ZZL), suburban sites
Shiyan (SY) and Longgang (LG), and the rural coastal site Xichong (XC) in Shenzhen. ZZL and XC also
monitor nitrogen oxides (NOx) concentrations. SY also monitors meteorological parameters.

2.2. Measurement of Air Pollutants

Commercial trace gas instruments (i-Series, Thermo Environmental Instruments Inc., Waltham,
MA, USA) were used to continuously measure concentrations of O3 (Model 49i) and NO/NO2/NOx

(Model 42i). The O3 analyzer uses ultraviolet (UV) photometry to detect the absorption of UV radiation
from O3 molecules at a wavelength of 254 nm via the Beer−Lambert law. The working principle of
the NOx analyzer is that NO and O3 react to produce characteristic luminescence, and its intensity is
linearly proportional to the NO concentration (www.thermoscientific.com). Both instruments output
ppb by default.

www.thermoscientific.com
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To ensure instrumental accuracy, quality assurance/quality control procedures were applied
in strict accordance with the national standard. Automatic zero/span checks of gas analyzers were
performed once per day. Manual checks were done bi-weekly, and multipoint calibrations were done
after equipment maintenance or at least every six months. The coefficient of determination (R2) of
the linear equation derived by multipoint calibration had to exceed 0.999 for the calibration to be
accepted. Calibrations of Model 49i were performed using a portable O3 transfer standard (Sabio
Environmental Model 2030) over the entire study period. The Model 42i was calibrated using a
dynamic gas calibrator (Model 146) and a zero air supplier (Model 111). More detailed descriptions
of the installation and maintenance procedures are given in the Chinese atmospheric composition
monitoring service specification [34].

The validity data rates for O3 and NOx at each monitoring site in each year from 2011 to 2017
are listed in Table 1. Except for a large amount of data missing from the LG monitoring station in
2011, the data coverage of all other monitoring stations generally exceeded 70% per year. LG’s data
missing in 2011 was due to data monitoring delays by external factors at the initial operational stage.
Data release did not begin until the end of July.

Table 1. Validity data rates for ozone (O3) and nitrogen oxides (NOx) at each monitoring site in each
year from 2011 to 2017 (%). ZZL—Zhuzilin; SY—Shiyan; LG—Longgang; XC—Xichong.

Year ZZL/O3 SY/O3 LG/O3 XC/O3 ZZL/NOx XC/NOx

2011 94 89 29 90 95 86
2012 100 98 97 99 100 99
2013 98 96 96 96 98 96
2014 99 98 98 97 99 97
2015 99 82 89 89 98 89
2016 87 70 89 90 87 90
2017 94 92 82 88 94 89

2.3. Methods

The Kolmogorov-Smirnov test, histogram, and quantile-quantile (Q-Q) charts were used to verify
the normality of air pollutant recording. The results show that both O3 and NOx data were not normally
distributed. Therefore, most of our analyses were based on nonparametric methods. Data for each
station were summarized as annual, seasonal, monthly, daily, and 8-h mean concentrations. The O3

index AOT40, which is commonly used to assess forest and ecosystem health protection, was calculated
as the sum of daylight (8:00 a.m. to 8:00 p.m.) O3 over the threshold of 40 ppb. Due to the long growing
season in southern China (280–320 days), AOT40 was calculated from April to September, which is the
season of main vegetation activity [35]. Because AOT40 is a sum and therefore, sensitive to missing
data, values for sites with at least 75% of data available were used to ensure the completeness of the
measurement series, and the index was corrected with the following equation (1):

AOT40 = AOT40measured ×
Ntotal
Navail

, (1)

where AOT40measured was calculated from the available hourly O3 data, and Ntotal/Navail is the ratio
of the total number of hours (the number of days × 12) divided by total possible hours.

The meteorological parameters were analyzed on a daily basis. Total solar radiation was calculated
as the sum of direct and scattered radiation between 7:00 a.m. and 6:00 p.m., the normal daytime hours
of local time. Hourly rainfall data were calculated as daily total precipitation. Because daily values
contained numerous zeroes, precipitation data were summed on a monthly basis to show the monthly
variations in precipitation. All the sum data were also corrected using Equation (1).

To minimize the O3 variations caused by different amount of O3 precursor emissions,
the relationship between air pollutants and meteorological factors was also analyzed in each season
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using Spearman’s rank correlation [36]. March, April, and May are considered spring. June, July,
and August are considered summer, while September, October, and November are considered autumn.
December, January, and February are considered winter. Statistical comparison was performed using
the nonparametric Wilcoxon rank-sum test, which is robust for non-normality and the presence of
serial correlation [37].

Conditional probability functions (CPF) were also used to plot the percentile wind pollution rose
figure [38]. This method is very useful for showing which wind directions are dominated by high
concentrations, and gives the probability. In this study, we used percentile values greater than the 90th
percentile to represent all the high values. The CPF is calculated as follows:

CPF =
mθ

nθ
, (2)

where mθ is the number of samples in the wind θ with mixing ratios greater than some “high”
concentration, and nθ is the total number of samples in the same wind sector. This analysis was
performed using the R package “openair” [38].

The Theil-Sen (T-S) estimator [39] was used to determine the magnitude and direction of the trend
for a given period (i.e., annual and seasonal). This method was chosen because it does not require
assumptions about the functional form or statistical distribution of the data and is resistant to outliers.
This analysis was also performed using the R package “openair” [38]. Slope estimates as a percentage
of change per year were chosen for comparing sites with different levels of air pollutant. The trend T is
calculated as follows:

T
[
%.yr−1

]
= 100

(
Cend
Cstart

− 1
)

/Nyears, (3)

where Cend and Cstart are the mean concentrations for the end and start dates, respectively. Nyears is the
number of years. R software was used to perform all statistical analyses and plot the figures [40,41].

3. Results

3.1. Comparison of O3 and NOx at urban, suburban and rural sites

Table 2 summarizes a statistical comparison of O3 and NOx at urban, suburban, and rural sites
from 2011 to 2017. Annual mean O3, maximum daily 8-h O3, maximum 1-h O3, and AOT40 were
generally lower at the urban site and higher at the rural site. The suburban sites had intermediate
values. Annual mean O3, maximum daily 8-h O3, maximum daily 1-h O3, and cumulative AOT40 at
the rural coastal site were 88%, 54%, 32%, and 67% higher, respectively, than those at the urban site.
There is no significant difference in the annual mean O3 between the urban site ZZL and the suburban
site SY (p > 0.05). The annual mean NOx levels were significantly higher at the urban site than at the
rural coastal site (p < 0.05). The median level differences reached as high as 22 ppb (see Table 2).

The AOT40 value from April to September is commonly used by the European Union to guide O3

control for forest protection [6]. Since there is currently no vegetation standard in China, this method
is often used to assess the risk of O3 pollution to plants [5,7]. Our results show AOT40 was highest
at the rural site with a median value of 19.4 ppm·h and lowest at the urban site with a median value
of 11.6 ppm·h (Table 2). The AOT40 values in Shenzhen are about 1−3 times higher than the critical
values for forest protection (5 ppm·h) based on an estimated production loss of 5% [6].

The latest Chinese O3 standard (GB 3095-2012) defines two classes for human health protection
from O3 pollution. Class 1 is more stringent and is mainly aimed at remote areas, with critical values
of 100 µg/m3 (~47 ppb, 8-h O3) and 160 µg/m3 (~75 ppb, 1-h O3). Class 2 is mainly targeted at
urban/industrial and surrounding rural areas, with critical values of 160 µg/m3 (~75 ppb, 8-h O3)
and 200 µg/m3 (~93 ppb, 1-h O3). The thresholds of Class 1 are comparable with the World Health
Organization (WHO) O3 guidelines, so it can better guide human health protection [42]. Shenzhen,
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Hong Kong, and other cities in the PRD region apply to Class 2 standards, but the exceedance rate of
Class 1 was also calculated for a more comprehensive evaluation of O3 impacts in this area.

Table 2. Statistical comparison of NOx and O3 at urban, suburban, and rural sites from 2011 to 2017.

Index U (ZZL) S (SY) S (LG) R (XC)

Annual mean O3 (ppb) 23.3 a 22.8 a 26.4 b 43.8 c

Daily maximum 8-h average O3 (ppb) 33.2 a 35.7 b 39.2 c 51.0 d

Daily maximum 1-h O3 (ppb) 42.9 a 47.3 b 49.1 b 56.7 c

AOT40 (ppm·h) 11.6 a 15.5 b 13.7 a 19.4 b

Annual mean NOx (ppb) 29.1 a - - 7.1 b

Note: U, S, and R indicate urban, suburban, and rural, respectively. Values inside the box represent medians.
Different lowercase letters within the same row indicate statistical difference at p < 0.05 according to the Wilcoxon
rank-sum test. Values with same superscript letters within the same row indicate no significant difference
between sites.

Table 3 shows the average percentage of days that exceeded the national ambient O3 standards.
The results show a relatively small exceedance rate (7–16%) of the national Class 2 standards of 1-h
and 8-h O3. The exceedance rate of 8-h O3 was highest at the rural site and lowest at the urban site.
By contrast, there was a much larger exceedance rate (16–59%) of the national Class 1 standards
of 1-h and 8-h O3. The national Class 1 8-h threshold has the same limit as the WHO O3 guideline,
and indicated that about 28% (103 days) of the year had alarm levels that could have adverse impacts
on human health at ZZL. The average numbers of over-limit days in a year were 124 days (34%) at SY,
139 days (38%) at LG, and 215 days (59%) at XC (see Table 3).

Table 3. Average exceedance rate over national ambient O3 standards (GB 3095-2012) at urban,
suburban, and rural sites for the 2011 to 2017 period.

Grade Type Limit (µg/m3) U (ZZL) S (SY) S (LG) R (XC)

Class 1
1-h 160 16% 23% 20% 24%
8-h 100 # 28% 34% 38% 59%

Class 2
1-h 200 9% 13% 8% 8%
8-h 160 7% 10% 9% 16%

Both regulatory levels are used for a more comprehensive evaluation of O3 impacts. # World Health Organization
(WHO) O3 standard [42].

3.2. Weekly and Diurnal Variations of O3 and NOx

No statistical difference in air concentrations O3 was found between weekdays and weekends
at any site, except for the NOx concentration, which was 2.39 ppb lower on the weekend than on
weekdays at the ZZL urban site (p < 0.1) (Figure 2a,b). By graphical comparison, the weekday–Saturday
O3 difference was found to be much smaller than the weekday–Sunday difference. Comparing
weekday and Sunday O3 levels, O3 was 1.19 ppb higher on Sunday than on weekdays at the urban
site (p = 0.062) (Figure 2c). The NOx concentration on weekdays was 3.87 ppb higher than on Sunday
(p < 0.01) (Figure 2d). At the rural site of XC, NOx concentration on Sunday showed an opposite
pattern, i.e., 1.41 ppb higher than on weekdays (p = 0.43) (Figure 2d).

As illustrated in Figure 3, NOx at the urban site ZZL shows typical diurnal variations that are
affected by the daily routine of human activities. NOx levels increase from about 20 ppb at 5:00 a.m. to
the initial daily peak of 35 ppb at 8:00 a.m. This period is coincident with the time of the morning rush
hour. The synchronous decrease of O3 from 19 ppb to 14 ppb is mainly caused by the titration effect
of NO, which is a dominant reaction when sunlight is limited for O3 production. Then, O3 increases
rapidly and reaches its daily maximum values of 40 ppb at 3:00 p.m. with an average rate of 3.7 ppb/h.
This process is very likely to be caused by local photochemical production. The second daily NOx peak
at the urban site is around 9:00 p.m., later than the evening rush hour (5:30–7:30 p.m.). This second
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peak is possibly caused by continuous emissions of NOx from the movement of heavy diesel-powered
trucks, which are only allowed to enter the city after 8:00 p.m. on weekdays if they do not have local
license plates.

The two suburban sites exhibit a more pronounced diurnal O3 pattern with larger diurnal range
and higher daily O3 peaks than the urban site. O3 at SY decreases slightly in the early morning
and reaches its minimum at 7:00 a.m. O3 increases rapidly before reaching its maximum of about
46.7 ppb at 2:00 p.m. The average increasing rate is 5.1 ppb/h, which is the highest compared with
the other three sites. Similarly, O3 at LG also decreases slightly in the early morning before reaching
its maximum of 45.7 ppb at 2:00 p.m. The average increasing rate is about 4.4 ppb/h at LG, which is
also higher than that at the urban site. The diurnal O3 pattern is slightly different at XC. XC has much
higher nighttime O3 levels and a much lower diurnal range of about 16 ppb. The increase in O3 during
the daytime occurs at a slower rate of about 2 ppb/h. The NOx levels at XC are much lower than those
at ZZL. The few diurnal variations in NOx suggest this site is less impacted by direct human influence.
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Figure 2. Boxplot of O3 and NOx air concentrations at all representative sites from 2011 to 2017.
(a) Weekday and weekend O3 comparison; (b) weekday and weekend NOx comparison; (c) weekday
and Sunday O3 comparison; and (d) weekday and Sunday NOx comparison. The horizontal solid
lines indicate the median and range, where the top and bottom of the box indicate the 75th and 25th
percentiles, respectively. The top and bottom whiskers indicate the 95th and 5th percentiles, respectively.
The p-values in figures refer to significance level by Wilcoxon rank−sum test. ZZL is an urban site,
LG and SY are suburban sites, and XC is a rural site.
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Figure 3. Diurnal variations of hourly mean O3 and NOx concentrations at ZZL, SY, LG, and XC from
2011 to 2017. NOx data are only valid at ZZL and XC. The gray horizontal dashed line is the reference of
40 ppb, and the gray area represents nighttime based on local sunrise and sunset averaged throughout
the whole year.

3.3. Monthly Variations and the Impacts of Meteorological Factors

The monthly variations of daily maximum 8-h average O3 and 24-h mean NOx are shown in
Figure 4. Due to the similarity of monthly variations of air pollutants between sites, O3 and NOx are
only shown at one site. The variations in O3 are shown at SY to match with meteorological variations
at this site. As can be seen from the figure, the monthly O3 variations show maximum values in the
autumn (October) and minimum values in the summer (June) (see Figure 4a). Because XC has very
low NOx levels, monthly NOx variations are shown at ZZL. The result shows maximum values in the
winter (January) and minimum in the summer (June) (see Figure 4b).
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Figure 4. Boxplot of (a) daily maximum 8-h average O3, and (b) daily 24-h mean NOx at the site SY for
the 2011 to 2017 period. The horizontal solid lines indicate the median and range, where the top and
bottom of the box indicate the 75th and 25th percentiles, respectively. The top and bottom whiskers
indicate the 95th and 5th percentiles, respectively.

Monthly variations in meteorological conditions are shown in Figure 5a–f. Wind speed is highest
in June and lowest in September (see Figure 5a). Solar radiation is generally higher in the summer
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months when the sun is directly overhead in the northern hemisphere (see Figure 5b). Similar to solar
radiation, the temperature is also higher in the summer and lower in the winter. The temperature is
generally warm in Shenzhen, with median values of daily maximum temperature >20 ◦C throughout
the year (see Figure 5c). The monthly variations in surface pressure show an opposite pattern to the
temperature (see Figure 5d). Monthly total precipitation is higher from May to August, which is the
main rainy season in Shenzhen (see Figure 5e). The monthly variations in relative humidity are small,
with the lowest value in December (see Figure 5f).
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Figure 5. Boxplot of (a) daily total solar radiation (103 W/m2), (b) daily mean wind speed (m/s),
(c) daily maximum temperature (◦C), (d) daily average surface pressure (hPa), (e) monthly total
precipitation (mm), and (f) daily average relative humidity (%) at the site SY in each month from 2014
to 2017. The horizontal solid lines indicate the median and range, where the top and bottom of the box
indicate the 75th and 25th percentiles, respectively. The top and bottom whiskers indicate the 95th and
5th percentiles, respectively.

The relationships between daily maximum 8-h O3 and meteorological parameters are shown
in Table 4. O3 is significantly positively correlated with both solar radiation and temperature.
The correlation between O3 and solar radiation is strongest in the winter and moderate in the summer.
The correlation between O3 and temperature is strong in the summer and winter. Wind speed is the
least relevant factor, and O3 and wind speed are negatively correlated only in the winter (p < 0.001).
O3 is negatively related to precipitation and relative humidity in all seasons. The relationship between
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O3 and surface pressure is inconsistent in different seasons with a negative relationship in the summer
but a positive one in other seasons.

Table 4. Analysis of the relationships between daily maximum 8-h O3 and meteorological parameters
based on Spearman’s rank correlation. SR is the daily total solar radiation (W/m2), WS is the
average daily wind speed (m/s), T is the daily maximum air temperature (◦C), Prep is the daily
total precipitation (mm), RH is the average daily relative humidity (%), and SP is the daily average
surface pressure (hPa).

Season SR WS T Prep RH SP

Spring 0.35 *** −0.04 0.11 * −0.25 *** −0.51 *** 0.13 *
Summer 0.32 *** −0.10 0.59 *** −0.42 *** −0.48 *** −0.42 ***
Autumn 0.50 *** −0.12 0.20 ** −0.38 *** −0.55 *** 0.13 *
Winter 0.70 *** −0.28 *** 0.46 *** −0.58 *** −0.59 *** 0.18 **
Overall 0.34 *** −0.17*** 0.10 *** −0.42 *** −0.57 *** 0.12 ***

The value is marked as bold when the absolute value is greater than 0.3. *, **, and *** represent significance levels of
p < 0.05, p < 0.01, and p < 0.001 respectively.

The relationship between high O3 air concentrations and wind speed/direction are shown in
Figure 6. As can be seen from the figure, the high concentrations of O3 (greater than the 90th percentile
for all observations) are controlled by a westerly wind direction with wind speeds of about 2–4 m/s
for all seasons. The pattern is most distinct in the summer, with a single source of pollution from the
northwest. In the autumn and winter seasons, there is obviously another pollution source from the
northeast wind direction. The pattern is distinctive during the wintertime, where the probability of
high O3 levels controlled by the northeast wind direction can reach as high as 0.7 with a wind speed
of 6–9 m/s. The conditional probability of high O3 levels experienced for the southerly-like wind
directions is very low in all seasons.
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3.4. Trends of O3 and NOx from 2011 to 2017

The percentage of changes per year and the 95% confidence intervals (CIs) of the daily maximum
8-h O3 and daily 24-h mean NOx from 2011 to 2017 are shown in Figure 7. The 8-h O3 shows an
increase at all sites (see Figure 7a). The overall O3 growth rate follows the order of the urbanization
rate across all sites (ZZL > SY > LG > XC). The increasing trends at ZZL and SY are significant with an
estimated rate of 4.3% (95% CIs: 0.96, 8.25) per year (p < 0.05) and 3.61% (95% CIs: 0.36, 7.6) per year
(p < 0.05), respectively. NOx decreased significantly at both sites (see Figure 7b). The decreasing rate is
faster at ZZL, with an estimated rate of −5.85% (95% CIs: −7.99, −2.72) per year (p < 0.001), compared
with −4.14% (95% CIs: −6.96, −0.26) per year at XC (p < 0.05).
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Figure 7. The trend of (a) daily maximum 8-hour average O3, and (b) daily 24-h mean NOx from 2011
to 2017. The solid red line shows the trend estimate, and dashed red lines show the 95% confidence
intervals for the trend based on resampling methods. The overall trend is shown at the top as the
percentage of changes per year and the 95% confidence intervals of the slope. * and *** represent to the
significance levels of p < 0.05 and p < 0.001, respectively.
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The Theil-Sen trends of the maximum daily 8-h O3 and daily 24-h mean NOx for all representative
sites during a specific period from 2011 to 2017 are shown in Table 5. The decline of NOx is fastest in
the winter, with an average decline rate of −7.87% (p < 0.001) at the urban site and −9.45% (p < 0.1)
at the rural site. The increase in O3 is fastest in the winter at more urbanized sites, with an average
growth rate of 6.02% (p < 0.1) at the urban site and 8.89% (p < 0.1) at the suburban site. A negative
trend (p > 0.1) is mainly found at less urbanized sites (LG and XC) in the autumn.

Table 5. Theil-Sen trend of daily maximum 8-h average O3 and 24-h mean NOx values for all
representative sites from 2011 to 2017 (%).

Sites/Variable ZZL/O3 SY/O3 LG/O3 XC/O3 ZZL/NOx XC/NOx

Spring 3.55 2.66 4.9 2.42 −5.36 * −3.51
Summer 6.09 1.77 6.43 4.32 −3.15 −4.77
Autumn 1.36 0.14 −1.94 −1.13 −3.89 2.45
Winter 6.02 + 8.89 + 6.03 3.98 −7.87 *** −9.45 +

Values are shown as percentage changes per year. +, *, and *** represent significance levels at p < 0.1, p < 0.05,
and p < 0.001, respectively.

The Theil-Sen trends of the daily maximum 1-h O3 from 2011 to 2017 are shown in Table 6.
The overall trends of daily maximum 1-h O3 are positive at all sites (p > 0.1). The overall O3 growth
rate follows the order of the urbanization rate at the urban and suburban sites (ZZL > SY > LG).
The slight decline in O3 occurs mainly at less urbanized sites in autumn, i.e., SY, LG, and XC. Only the
urban site ZZL increases in all seasons. O3 increases faster on the weekend than on weekdays at all
sites. In particular, the increasing trend of ZZL during the weekend is significant, with an estimated
rate of 3.13% (95% CIs: −0.35, 6.87) per year (p < 0.1).

Table 6. Theil-Sen trends of the daily maximum 1-h O3 for all representative sites from 2011 to 2017 (%).

Season ZZL SY LG XC

Spring 1.47 (−2.13, 8.57) 0.93 (−3.91, 11.68) 1.65 (−3.18, 9.33) 0.52 (−2.49, 5.11)
Summer 3.22 (−4.69, 14.23) 0.99 (−4.37, 13.9) 5.86 (−3.79, 24.35) 3.73 (−4.05, 11.49)
Autumn 0.59 (−5.76, 4.66) −0.75 (−6.44, 2.49) −1.8 (−6.65, 1.47) −1.46 (−7.54, 2.87)
Winter 3.65 (−4.27, 11.1) 4.95 (−3.22, 15.65) −0.47 (−8.58, 10.29) 2.75 (−2.52, 10.19)
Total 2.5 (−0.46, 6.12) 1.49 (−1.18, 4.62) 0.05 (−3.17, 3.45) 0.95 (−1.24, 3.91)

The overall trend is shown as the percentage of changes per year and the 95% confidence intervals.

4. Discussion

The common autumn (October) O3 maxima and summer (June) O3 minima at all representative
sites are consistent with seasonal characteristics of O3 air concentrations in subtropical Asia, including
western India [43], central and southwestern Taiwan [44,45], the PRD region [17,46], Hong Kong [28],
and the South China Sea area [47]. All those areas are geographically close to each other and have
similar atmospheric background conditions. Solar radiation, precipitation, and relative humidity are
the most significant impact meteorological factors that affect O3 daily variations. The formation of
O3 is favored by sunlight and high temperature [5,26,27,48]. The strong positive correlation in the
winter between O3 and both of these meteorological factors is likely due to the cold season, which
makes them limiting factors for O3 production. Surface pressure showed the opposite relationship
in the summer and other seasons. O3 production favors high-pressure systems with the subsidence
of air [28,47]. This explains the observed positive relationship between O3 and surface pressure in
all other seasons except summer. This negative relationship in the summer was probably controlled
by a synoptic-scale feature with the co-product of the negative correlation between temperature and
pressure [48]. The negative correlation between O3 and relative humidity and precipitation explains
the summer O3 trough. With an increase in relative humidity, the cloud abundance usually increases
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at the same time, and the photochemical processes of O3 production will decrease [27]. Rainy weather
is also not conducive for O3 production, and heavy rain will remove O3 from the air [46].

In contrast, wind speed is the least relevant factor and is only negatively related to O3 levels in
the winter. Higher wind speed will increase the turbulence of the air and cause dispersion of O3 [28].
The negative relationship between O3 and wind speed in winter might be influenced by the wind
direction in winter which is an important factor that affects O3 transport [5]. Wind direction is found
more important for influencing air pollutant levels. Shenzhen has at least two different sources of air
pollution. One is a more regional emission source from the west and is active throughout the year.
Emissions from the shipping business on the Pearl River Estuary and industrial activities in Guangzhou
and Foshan to the west of Shenzhen might contribute to the continuous regional sources [49]. The high
concentrations associated with the northeasterly wind in the winter confirms that the impact of air
pollutant transport from northern China [5]. Interestingly, there are no substantial air pollutants
associated with the southerly winds in all seasons, which means that contribution of air pollutants
from big cities to the south of Shenzhen (i.e., Hong Kong) are less important in impacting air pollutants
in Shenzhen.

The difference in NOx air concentrations is significant between weekdays and the weekend at
the urban site. This is probably caused by a weekly routine of human activities. Traffic volume is
increased in the city center during workdays. Similar to a previous study result for the PRD region,
we also found no statistically significant difference between weekdays and the weekend at all sites in
Shenzhen [46]. However, the O3 weekend effect was significant (p = 0.062) at the urban site, with O3

levels being 1.19 ppb higher on Sunday than on weekdays. O3 is elevated mainly by less on-road
vehicular emissions on the weekend with NOx reduction and a lowered O3 titration effect [24,46,50].
In our study, we found the difference in O3 and NOx air concentrations between weekday and Saturday
were less than those between Saturday and Sunday. A carryover of heavy Friday evening emissions is
likely explained the diminished weekday and Saturday O3 difference [50]. Overtime work on Saturday
might also be an important factor. Individual mobility studies show that a Saturday morning peak of
passengers is significant, indicating a large proportion of citizens working on that day [51]. Moreover,
heavy-duty trucks that contribute to strong emissions of NOx are more active on Saturday because of
fewer traffic restrictions [52].

Different from a previous study that showed that central areas of Shenzhen had higher 1-h and
8-h O3 [17], we showed results similar to most large cities whereby the urban site has lower O3

compared with other sites [18,23,26]. The reliability of the previous study is questionable because only
one-year observations were used and no statistical comparison was performed. Shenzhen had a lower
maximum 1-h, 8-h, and cumulative O3, as well as exceedances of O3, compared with suburban and
rural sites. The annual mean levels that are lower (p > 0.05) at SY than at ZZL may be caused by the low
nighttime O3 at SY, possibly related to continuous emissions of NOx from industrial activities [53–55].
The characteristics of the O3 relationship between urban, suburban, and rural sites can be explained
by O3 photochemical sensitivity as indicated by the O3 diurnal pattern. The sharp decline in O3 at
the urban site in the early morning is mainly caused by the strong titration effect resulting from high
levels of NO from traffic emissions when sunlight is limited for O3 production [53]. The slower O3

increasing rate at the urban site than at the suburban sites suggests O3 production might be limited by
VOC availability [21,27].

The faster daytime O3 increasing rates at the suburban sites suggest a more suitable photochemical
environment. The highest O3 daily peak and fastest O3 production rate at SY were possibly due to the
abundance of both precursors. We previously reported high levels of NO2 in the surrounding area of
SY, which were even higher than NO2 levels at the urban center [55]. Additionally, larger sources of
VOCs are from vegetation emissions [21,23,30]. Moreover, industrial and construction activities are
also active in suburban areas; both are major sources of anthropogenic VOC emissions [54]. According
to research on O3 at a coastal site in South China, the highest O3 levels at the rural coastal site are
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probably due to weaker NO titration and a high O3 production rate because of stronger oxidative
capacity in the air [56]. VOC data need to be measured as well to understand the O3 dynamics.

The overall NOx levels decreased significantly from 2011 to 2017. Winter has the highest NOx

levels and the fastest decline rate. NOx is high in winter because of more emissions and longer NOx

lifetime during the cold season [26]. In northern China, emissions from coal for heating are substantial;
however, as a southern city, Shenzhen does not have central heating in the winter. As can be seen
from the pollution rose map, the air pollutant levels in Shenzhen during the wintertime are greatly
impacted by prevailing northeast winds which bring polluted air masses from northern China [5,28,47].
The fastest decline in winter at both sites is possibly attributed to the effectiveness of NOx control in
northern China [15].

Different from previous simulation results, both daily maximum 1-h and 8-h O3 showed overall
increases from 2011 to 2017 at all sites [15,25]. There is a clear linkage between the degree of
urbanization and the direction of the O3 trends. The increases in O3 are profound in the winter at
more urbanized sites. This rise can be attributed to increases in O3 from the transport of continental air
masses by northeasterly wind and a lowered O3 titration effect by NO due to the NOx reduction [23,57].
A small decline in O3 occurred mainly at less urbanized sites in the autumn, the highest O3 season [22].
This implies that the photochemical sensitivity might shift from being VOC-sensitive to NOx-sensitive
in the autumn when photochemical reactions are the most active [19,57]. The increasing changes in 1-h
O3 at all sites indicate that the O3 sensitivity in the afternoon might not be limited by NOx availability
in Shenzhen [57].

Great challenges remain in controlling O3 in Shenzhen. Generally speaking, the O3 chemistry is
mainly VOC-sensitive. As NOx decreases, O3 levels increase at all sites, with a faster increasing rate
at more urbanized areas, posing greater human health risks in areas with high population density.
Our results showed a slight decline of O3 in autumn, which means that controlling NOx emissions
in this period would be the most effective way of lowering the O3 levels in the less urbanized areas.
For the more urbanized sites, emphasis should be placed on VOC reduction. The national VOC
reduction strategy is specified in the 13th five-year plan (2015–2020). The goal was set to reduce
major industrial VOC emissions by 10% compared with the 2015 level [58]. In Southern China,
VOC emissions are dominated by biogenic sources [32]. More work is needed for spatial variability
and the O3 formation potential of VOCs for more efficient O3 control management.

5. Conclusions

In this study, four stations, including one urban, one rural, and two suburban sites in Shenzhen,
were investigated for characteristics and trends of O3 air pollution from 2011 to 2017. O3 matched
seasonal O3 characteristics of subtropical Asia, i.e., a maximum in the autumn (October) and a
minimum in the summer (June). Solar radiation, precipitation, and relative humidity are the most
important meteorological factors that affect O3 daily variations.

Wind speed is the least relevant factor, but wind direction is important in impacting the presence
of high O3 air concentrations. Shenzhen has at least two different sources of air pollution. One is a
more regional emission source from the west and is active throughout the year. Another source is
active mainly in the winter, where the high concentrations are associated with the northeasterly wind
indicating the impact of air pollutant transport from northern China. The impact of the southerly wind
is minimal compared with other wind directions.

O3 pollution is serious in Shenzhen, with about 28–53% of days per year exceeding the WHO
ambient O3 guideline, and about 1-3 times above the limits for vegetation protection. Both the human
population and vegetation are exposed to high O3, and more exceedances occur at the suburban and
rural sites than at the urban site.

The O3 weekend effect is significant (p = 0.062) at the urban site with O3 levels of 1.19 ppb higher
on Sunday than on weekdays. A carryover of heavy Friday evening emissions and overtime work on
Saturday might be the primary reason for a diminishing weekday and Saturday O3 difference.
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Both 1-h and 8-h O3 are increasing at all sites, opposite to the trend of NOx levels. The rapid
decline in NOx in the winter might be related to the transport of cleaner air masses from northern
China. The increase in O3 is fastest in the winter at more urbanized sites. This can be attributed to the
transport of elevated O3 from northern China and a reduced O3 titration effect with NOx reduction.
A slight decline in O3 occurs at less urbanized sites in autumn. This might be caused by photochemical
sensitivity shifting from being VOC-sensitive to NOx-sensitive during this period.

Our results show faster O3 increases in more urbanized areas, which brings greater human health
risks to areas with high population density. Great challenges remain in controlling O3 in Shenzhen
with the reduction of NOx. VOC reduction should be emphasized in more urbanized areas, while NOx

reduction in the autumn would be the most effective way of controlling O3 levels. The characteristics
and trends of VOCs need to be studied as well to understand O3 dynamics for more efficient O3 control.
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