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Abstract

Surface ozone pollution has attracted extensive attention with the decreasing of haze pollution, especially in China.
However, it is still difficult to efficiently control the pollution in time despite numbers of reports on mechanism of ozone
pollution. Here we report a method for implementing effective control of ozone pollution through power big data. Com-
bining the observation of surface ozone, NO,, meteorological parameters together with hourly electricity consumption
data from volatile organic compounds (VOCs) emitting companies, a generalized additive model (GAM) is established
for quantifying the influencing factors on the temporal and spatial distribution of surface ozone pollution from 2020 to
2021 in Anhui province, central China. The average R? value for the modelling results of 16 cities is 0.82, indicating that
the GAM model effectively captures the characteristics of ozone. The model quantifies the contribution of input variables
to ozone, with both NO, and industrial VOCs being the main contributors to ozone, contributing 33.72% and 21.12% to
ozone formation respectively. Further analysis suggested the negative correlation between ozone and NO,, revealing
VOCs primarily control the increase in ozone. Under scenarios controlling for a 10% and 20% reduction in electricity use
in VOC-electricity sensitive industries that can be identified by power big data, ozone concentrations decreased by 9.7%
and 19.1% during the pollution period. This study suggests a huge potential for controlling ozone pollution through
power big data and offers specific control pathways.
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1 Introduction

Ozone (0O3) pollution in the troposphere has been of
great concern over the past few decades. Tropospheric
O, is a strong oxidant that affects atmospheric oxida-
tion capacity [1]. It is harmful to human fitness [2, 3] and
affects vegetation [4, 5]. In addition to fine particulate
matter (PM2.5), tropospheric ozone is another serious air
pollution issue in China [6, 7]. Since the implementation
of the Clean Air Action Plan which was initiated in 2013,
there has been a significant decrease in fine particulate
matter (PM2.5) concentrations [8]. However, ground-
level ozone pollution in China remains severe. Surface
ozone pollution in China has been reported to increase
since 2013 [9, 10]. There is also a global trend towards
increased ozone pollution, especially in urban areas [11].

O is a typical secondary pollutant. The formation of
O, pollution depends on emissions of ozone precursors
and local meteorological conditions. Tropospheric ozone
pollution is mainly generated by atmospheric photo-
chemical reactions of precursors (NO, and VOCs) during
the exposure to daylight [12]. Meteorological conditions
affect ozone production by altering natural emissions
and chemical rates [13]. The mechanisms of ozone for-
mation are mainly divided into VOC-limited photochemi-
cal regime and NOy-limited photochemical regime [14].
Studies have shown that in China’s major urban and
industrial areas, ozone production is mainly limited by
VOCs due to high NOy levels [15, 16]. China now has a
well-established network of NOx observation sites and
is also promoting control measures for NOx (control of
emissions from coal-fired power plants). However, given
the complexity of the VOC species, observations of VOCs
are difficult to obtain, and there is a lack of correspond-
ing data to support the control pathways for VOCs.

Considering the complex non-linear response
between ozone and precursors and meteorological
factors, chemical tracer models (CTMs) are commonly
used to estimate tropospheric ozone [17-19]. These
models are often complex, require significant computa-
tional resources and are dependent on the updating of
emission inventories. In recent years, statistical models,
including machine learning models, have been used in
ozone pollution studies. As a common statistical model
in the environmental field, GAMs have no prior assump-
tions between variables and the results of GAMs are
more interpretable than machine learning models. GAMs
have been used to analyze the relationship between
ozone pollution and meteorological conditions [20, 21].
However, few studies have considered the effect of pre-
cursors in GAM modelling due to the lack of observa-
tional data on VOCs.
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Industrial sources of VOCs are the most important
source of non-methane VOCs in Chinese urban areas [22].
For VOC emitting enterprises, the electricity consumption
data directly reflects the production and operation status
of these enterprises and also contains information on the
pollutant emission status of these enterprises. Electricity
consumption is closely related to pollutant emissions and
carbon emissions [23-25], but few studies apply electric-
ity data to air pollution analysis. Therefore, high temporal
resolution electricity consumption data from VOC emitting
companies may be a valid indicator of VOC emissions from
industrial sources. At the same time, the electricity data is
more conducive to the government’s implementation of
precise control over the relevant key emission industries.

This study quantitatively investigated the influenc-
ing factors of ozone pollution based on GAMs in Anhui
Province, China together with high resolution electricity
consumption data. The result provides insight to under-
stand the change in ozone pollution and how to precisely
control ozone based on electricity data to reduce VOC
emissions. In the next section, we describe the sources of
the data, the methods used to implement the model and
the quality control. In Sect. 3, we first present the spatial
and temporal distribution characteristics of ozone in Anhui
Province. We then discuss the influencing factors of ozone
pollution based on the GAM model and propose a phe-
nomenological pathway to control ozone based on power
big data. The major findings are summarized in Sect. 4.

2 Data and methods
2.1 Data sources

This study provides an analysis of the characteristics and
driving factors of O; pollution in Anhui Province from
January 2020 to May 2021 (electricity consumption data
is only available as early as January 2020). The near-surface
pollutant data (O, NO,) at hourly resolution were obtained
from the Department of Ecology and Environment (http://
sthjt.ah.gov.cn/site/tpl/5371) [26]. It should be noted that
to analyze the historical trends in the spatial and temporal
distribution of ozone in Anhui Province, we also extracted
ozone data from state-controlled sites in Anhui Province
from 2018 to 2020. Meteorological data corresponding
to pollutant data, including temperature (T), relative
humidity (RH), wind speed (WS), and wind direction (WD),
were obtained from the NOAA website (http://www.cdc.
noaa.gov) [27]. A list of major VOC-emitting enterprises
and their electricity consumption data in Anhui Province
were provided by the State Grid Anhui Electric Power Cor-
poration. We selected major VOC-emitting enterprises
based on previous work and the actual situation in Anhui


http://sthjt.ah.gov.cn/site/tpl/5371
http://sthjt.ah.gov.cn/site/tpl/5371
http://www.cdc.noaa.gov
http://www.cdc.noaa.gov
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Province, and divided them into 14 categories [28, 29]. All
data were averaged hourly and subjected to strict quality
control to ensure integrity and representativeness. In this
time period 145,656 valid data were finally obtained.

2.2 Generalized additive model method

In this study, we used GAMs to analyze the main factors
affecting the variation in ozone concentration in the
Anhui Province. Generalized additive model is a non-
linear 1regression model, a semi-parametric extension
of the generalized linear model (GLM) that can directly
deal with the complex non-linear relationships between
response variables and multiple explanatory variables [30,
31]. The model construction is based on the gam function
with “mgcv” package in R software [32, 33].“mgcv”is an R
package for estimating GAMs. The equation is as follows:

g(w) = f, (Xg )+ (o) + ... +F () +e

where u represents the predicted value for the independ-
ent variables, that is, ozone concentration; x;(i = 1,2, ...,n)
are predictors (e.g., WS, WD, T, RH, ELE, etc.); f,() is smooth
functions of the predictors; g(y) is the link function; ¢ is
intercept. Gong, et al. [34] proposed that the distribution
of ozone is close to Gaussian distribution and identity link
is suitable for ozone in GAM. Therefore we used Gaussian
distributions and the identity link function in our research,
which means g(p) = p. Penalized cubic regression splines
(CRS) were used to smooth the function to ensure that the
model was not over-fitted or under-fitted [35].

2.3 Model parameter selection and quality control

To ensure the validity of the GAM model input predictors,
we determined the input predictors of the model based on
the Akaike information criterion (AIC) and R? [36]. When a
valid predictor is added to the model, the AIC value should
decrease while R? increases [34]. Based on the above cri-
teria, we tested the 20 variables selected by adding them
to the model one by one. The variables included one air
pollutant variable (NO,), five meteorological variables, and
14 electricity consumption variables. A description of the
variables used in our study is presented in Table ST (Online
Resource 1). Fig. S1 (Online Resource 1) shows how the AIC
and R? values change as the variables increase in the mod-
eling of Hefei. The AIC value decreased monotonically with
increasing variables, and R? increased monotonically with
increasing variables. This indicates that the model does
not appear to be over-fitted while improving the good-
ness of fit.

We evaluated the performance of the model using the
gam.check function in the mgcv package. Fig. S2 (Online
Resource 1) illustrates the model quality control results
for Hefei City. The residuals conform to a normal distribu-
tion and show a random distribution with no significant
trend. The fitted and observed values of ozone were well
matched after the fit.

3 Results and discussion

3.1 Spatial and temporal distribution
characteristics

Anhui Province, an important province in East China
in terms of population, economy, transportation, and
agriculture, has faced serious air pollution problems
in recent years. Figure 1 shows the spatial distribution
characteristics of the annual mean O; concentrations in
the Anhui Province in 2020. The overall spatial distribu-
tion of O5 concentrations in Anhui Province shows a clear
distribution trend of higher concentrations in the north
than in the south. The relatively dry climate in northern
Anhui (mainly north of the Huai River) is more conducive
to the formation and accumulation of Oj.

Exceedances of ozone concentrations in Anhui prov-
ince were shown in Fig. 2, based on the air quality refer-
ence standard issued by the World Health Organization
(ozone pollution is defined as a maximum daily 8-h O,
mass concentration of more than 160 ug/m?3[37]. All cit-
ies in Anhui Province face different levels of ozone pol-
lution. There was a notable decrease in the number of
ozone pollution days in 2020 (n=358) relative to 2019
(n=675)and 2018 (n=709) (Online Resource 1, Table S2).
Decrease in ozone concentrations in 2020 relative to the
previous two years is closely related to the nationwide
shutdown of production in China due to COVID-19. It was
reported that ozone concentrations increased in some
cities (17% in Europe, 36% in Wuhan) during the COVID-
19 lockdown in the presence of reduced precursor emis-
sions [38], which is contrary to the decline observed in
Anhui. The variation in ozone concentrations between
cities during the COVID-19 shutdown is controlled by the
severity of the shutdown measures, the city’s own emis-
sions and differences in meteorological conditions. In
VOC-limited cities, ozone concentrations may increase if
the emissions reduction from the shutdown only affects
NOy and VOC emissions are not reduced. Whereas, if
both precursors are reduced together, then ozone con-
centrations may fall. Therefore, ozone pollution needs to
be discussed in separate modelling for different cities.
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Fig. 1 Spatial distribution char-
acteristics of O; concentrations
in Anhui Province in 2020.The
colours represent the annual
average of ozone concentra-
tions
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Fig.2 Days of ozone pollution in 16 cities in Anhui Province, 2018-2020. Here ozone pollution is defined as a maximum daily 8-h O; mass

concentration of more than 160 pg/m3

3.2 Quantify the effect of variables on ozone based
upon GAM modeling

GAM modeling of the 20 variables listed in Table S1
(Online Resource 1) was used to fit the hourly resolution
ozone concentrations in Anhui. The spatial resolution of
our model predictions is for integrated city surface areas.
Table 1 shows the results of modeling 16 cities in Anhui
Province, characterizing the goodness of fit by adjusted
R? and root mean square error (RMSE). The R? value ranges
from 0.76 (Huangshan) to 0.90 (Chizhou), with an average
of 0.82. RMSE ranges from 18.63 (Bozhou) to 10.75 ug/m?3
(Bozhou), with an average of 16.19 pg/m?3. We also cal-
culated the normalized root mean square error (NRMSE,
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RMSE divided by the mean of the observations), with an
average of 0.25. Figure 3 shows the relationships between
the observed and the fitted ozone concentrations in four
cities in Anhui. In general, a GAM model is considered to
have a good interpretation of the response variable when
the adjusted value of R? exceeds 0.5 [39]. In comparison
with previous studies [21, 35, 39], we believe that GAM
models can capture the characteristics of ozone and the
results are reliable.

The results of F test for GAM reflect the variance con-
tribution of each predictor variable to the response vari-
able [40]. The F value of a single independent variable
divided by the sum of the F values of all the independent
variables can represent the contribution of this variable
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Table 1 Summary of the performance of GAMs in Anhui

City Adjusted R* Absolute RMSE (ug/m3) NRMSE

residuals (ug/

m3)
Bozhou 0.81 13.98 18.63 0.25
Luan 0.82 12.96 16.73 0.22
Hefei 0.84 12.43 16.03 0.29
Anging 0.83 11.83 15.12 0.22
Xuancheng 0.79 11.44 14.89 0.22
Suzhou 0.84 13.13 17.28 0.24
Chizhou 0.9 8.07 10.75 0.23
Huaibei 0.84 13.56 17.67 0.24
Huainan 0.83 13.14 16.92 0.23
Chuzhou 0.8 14.0 18.42 0.27
Wuhu 0.8 13.24 17.62 0.32
Bengbu 0.82 1241 15.88 0.23
Tongling 0.83 10.02 13.0 0.24
Fuyang 0.83 12.84 16.43 0.24
Maanshan  0.81 13.76 17.92 0.3
Huangshan 0.76 12.29 15.77 0.25
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to the change in the predictor variable [35]. We calculated
the relative contribution of each variable based on the F
test, and the results are listed in Table 2. NO, is one of the
most important O; precursors. Its contribution to ozone
change in Anhui Province was 33.72% in average, which
was the highest of all variables. The electricity consump-
tion parameter (sum of 14 industries) refers to industrial
sources of VOC emissions, accounting for 21.12% in aver-
age. The total contribution of NO, and electricity param-
eters amounted to 54.84%, which emphasizes the domi-
nance of precursors in the ozone generation process. As
emissions from other VOC sources (e.g. solvent use, natu-
ral sources) were not considered in this study, the actual
VOC contribution may be higher. Among the meteorologi-
cal parameters, temperature and humidity are the most
important parameters affecting ozone variability. In this
study, the two contributions of the most important mete-
orological parameters, relative humidity and temperature
to ozone were 12.23% and 9.00%, respectively. Hu et al.
[21] found that temperature and humidity may be the
most significant meteorological factors influencing ozone
concentrations in Chinese cities, which is consistent with

(b)

2004

[

174

>
1

Fitted O3 (ug/m°)
2 2
y

<
1

0 50 100 150 200 250
Observed O; (ug/m3)

(d)

200

y=9.06+0.838x R*=0.84

150

100 1

Fitted O3 (ug/m°)
n
T

<
1

0 100 200
Observed O3 (ug/m?)

Fig. 3 Relationships between the observed and the fitted ozone concentrations in Chizhou (a), Huaibei (b), Suzhou (c) and Hefei (d)
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Table2 Relative importance City S(HOD) (%) s(NO2) (%) s(RH) (%) s(T)(%) s(WD)(%) s(WS) (%) S(ELE) (%)
of variables in 16 cities,
including temperature (T), Anging 19.16 41.60 11.75 390 3.03 1.56 19.00
;‘sg;‘(‘j’e(vr\‘/‘;?ﬂ:ﬁ (gi';g'c ‘t"i’c')';‘d Bengbu 18.13 3547 1217 1014 430 0.73 19.07
(WD), hour of day (HOD), Bozhou 2233 26.52 10.94 14.78 2.13 0.70 22.60
concentration of NO, (NO,) Chizhou 17.26 39.43 12.51 8.00 2.87 0.89 19.04
and electricity consumption Chuzhou 18.68 36.86 12.25 644 3.9 0.93 21.55
(ELE) Fuyang 19.16 36.15 14.17 7.32 1.78 0.97 20.46
Hefei 19.84 26.98 8.23 15.96 3.83 1.15 24.01
Huaibei 17.34 35.22 10.49 13.88 2.59 0.63 19.85
Huainan 20.03 22.00 9.35 15.27 2.84 1.23 29.27
Huangshan  33.09 17.83 24.88 1.51 4.60 3.56 14.54
Luan 15.38 3875 10.09 6.02 1.94 0.64 27.18
Maanshan  21.88 37.88 11.33 10.70 2.63 0.85 14.73
Suzhou 21.30 41.40 6.42 10.40 1.22 0.86 18.41
Tongling 16.60 46.20 6.87 7.80 1.21 1.62 19.69
Wuhu 21.34 36.43 11.24 8.76 2.21 0.50 19.53
Xuancheng  21.53 20.80 2291 3.06 1.62 1.14 28.94
Mean 20.19 33.72 12.23 9.00 2.63 1.12 21.12
Std 3.87 8.04 485 425 0.98 0.70 423
(@ _ (b) log-normal distribution. For high NO, concentrations (NO,
a = a ] excess zone), O; concentrations increase with decreasing
§; ? §; : :m\_ NO, concentrations, while when NOx concentrations are
Z <7 ¢ i low (NO, sensitive zone), O; concentrations change in line
% 7 o with NO,. This indicates that Anhui Province is still in a NO,
2'0 4'0 6'0 8‘0 ' ];0 (') 2'0 4'0 6'0 8'0 excess zone, and O; pollution is mainly controlled by VOCs.
o o Thus, although the contribution of NO, was the high-

Fig.4 Impacts of NO, on O; in GAM in Tongling (a) and Huangshan
(b). The Y-axis in each subplot represents the smoothing function
term for each predictor, and the numbers in brackets represent
degrees of freedom. Black markers on the X-axis represent the dis-
tribution of the predictors (corresponding to the scatter points in
the plot)

our findings. Wind direction and speed, which indicate
ozone transport and removal, account for a relatively lower
contribution of 2.63% and 1.12%, respectively. This may
be because transport and removal effects are important
during specific ozone pollution events; therefore, they do
not contribute much on a year-round scale.

3.2.1 NO,

In our GAMs modeling results, O; was negatively corre-
lated with NO, in all 16 cities in Anhui. Figure 4 shows
the relationship between O3 and NO, in Tongling and
Huangshan, both showing an evident negative cor-
relation. Schroeder, et al. [41] proposed that when VOC
concentrations are stable, the relationship between O,
and NO, driven by nonlinear O;-NO, chemistry follows a
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est of all the variables, it was negatively correlated with
ozone. This means that the control of NO, may exacerbate
ozone pollution to some extent. This means that if VOC
control is neglected, control of NO2 may have exacerbated
ozone pollution to some extent. Sicard, et al. [38] reported
that the lockdown during COVID-19 caused a substantial
decrease in NO, (~56%) and an increase in O (~36%)
in Wuhan. Chen, et al. [42] compared ozone pollution in
China with ozone pollution in the USA in the 1990s and
concluded that stricter NOx controls can improve O; pollu-
tions over industrialized areas. In the abatement scenario
of COVID-19, the Anhui region has not reached a NOx sen-
sitive area. Our results may imply that a greater emphasis
on reducing anthropogenic VOCs may be a more effective
pathway for ozone control in most industrial areas until
there are greater improvements in NOx concentrations.

3.2.2 Electricity consumption

As the main VOC emitting industries vary from city to city,
the production and electricity consumption patterns of
each industry also vary considerably. After analyzing the
partial dependence diagrams (Fig. 5) between electricity
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and ozone for all industries, we divided these industries
into 2 categories.

The first category of industries we refer to as the VOC-
electricity sensitive category. The non-metallic mineral
products industry in Bozhou and the metal products
industry in Fuyang, illustrated in Fig. 5a and b, are repre-
sentative of this. The distinctive feature of these industries
is that the increase in electricity consumption contributes
to the increase in local ozone concentrations. The VOC
emissions from this type of industry may be closely related
to their production and electricity consumption processes.
For such enterprises, we can effectively control them by
limiting electricity use, as their increased electricity use
contributes to local ozone formation.

The second group of industries we call the VOC-electric-
ity insensitive category. Chemical raw material and chemi-
cal product manufacturing in Huaibei and chemical fibre
manufacturing in Chizhou, illustrated in Fig. 5c and d, fall
into this category. This category is characterised by the

fact that there is no tendency for ozone to increase with
electricity consumption. The VOC emissions from these
enterprises usually involve the use of solvents. Therefore,
the VOC emission phase in this category may be concen-
trated before or after the production activity, while during
the production activity there is less direct emission of VOC.
For this type of enterprises, the environmental authorities
have to control their emissions according to the actual sit-
uation and not simply through the use of electricity.

3.2.3 Meteorology

Many studies have been conducted on the relationship
between ozone and meteorological parameters. Accord-
ing to previous studies, ozone pollution is prone to occur
on days with strong sunlight and low wind speeds [14].
Our modeling results show that ozone concentrations in
Anhui Province increase with increasing T (Fig. 6a) and
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decrease with increasing RH (Fig. 6b), which is consistent
with previous research findings [20, 21].

Higher wind speeds tend to promote ozone removal,
but most of Anhui cities in the model do not exhibit this
feature, except for Huangshan. The relative contribution of
WD and WS in Huangshan was the highest of all cities, at
4.60% and 3.56%, respectively. As shown in Fig. 6¢c, Huang-
shan City shows a decreasing trend of ozone under high
wind speed conditions, which may be strongly related to
the topography of Huangshan City. The city of Huangshan
has a vast mountainous landscape, with the highest eleva-
tion of Huangshan reaching 1864 m. Valley winds have a
strong effect on pollutants. Highland winds transport O,
and other pollutants to the mountains during the day,
while valley winds send them back to plain areas at night
[43, 44]. Figure 6d illustrates the relationship between
ozone and wind direction in Bengbu City. As can be seen
from the figure, ozone concentrations in Bengbu City
reach their highest around a wind direction of 250°. This
could mean that Bengbu is more susceptible to other cities
in northern Anhui, such as Huainan and Bozhou.

The hour of day (HOD) predictor mainly indicates the
daily ozone variation characteristics. The daily ozone varia-
tion is primarily influenced by a combination of solar radia-
tion and meteorological parameters such as temperature
and wind speed. Huangshan City has the highest relative
contribution of HOD to ozone among all the cities. The
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pattern of daily ozone variation in 16 cities in Anhui Prov-
ince is very similar, with concentrations starting to rise
during the day from approximately 7 to 8 am, reaching
a cumulative maximum ozone concentration at approxi-
mately 6 pm, and then starting to fall. Because Huangshan
City is the least ozone-polluting city in Anhui Province,
ozone levels may be more controlled by natural sources
and meteorological conditions.

3.3 Potential controlling pathway of ozone
pollution

Based on the ozone control approach presented in
Sect. 3.2.2, we first selected individual industries for the
abatement sensitivity experiments. We selected an ozone
pollution event from 18 May 18, 2020, to 3 May 30, 2020.
As shown in Fig. 7, the ozone scenarios simulated by the
model for Anqing and Fuyang cities with a 50% reduction
in electricity consumption for ELE14 (non-metallic mineral
products industry electricity consumption) are shown.
Ozone concentrations decreased by 18.8% and 12.6% in
Anging City and Fuyang City, respectively, throughout the
pollution event period. It can be seen that targeted con-
trol of individual key industries can achieve considerable
results.

In addition to extreme reduction scenarios for indi-
vidual industries, a more general approach should be
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Fig.7 Actual observed and model-predicted concentrations of
ozone in Anging (a) and Fuyang (b) during pollution events. The
red dashed line represents the prediction using the original data.
The blue dashed line represents the prediction for the scenario
with a 50% decrease in the ELE14
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reducing emissions of all VOC-limited industries. There-
fore, we evaluated the effect of ozone pollution control
under the scenarios of 10% and 20% reduction in electric-
ity consumption for all VOC-electricity sensitive industries.
As shown in Fig. 8, the 10% abatement scenario resulted
in an average decrease in ozone concentrations of 9.7%
(4-17%) during the pollution period (ozone concentra-
tions above 160 pg/m3). In contrast, the 20% reduction
scenario resulted in an average decrease in ozone con-
centrations of 19.1% (8-36%). The sensitivity of different
cities to emissions reductions varies considerably. Cities
with a low industrial presence are relatively insensitive
to emissions reductions (Huangshan), while cities with a
high industrial presence are more sensitive to emissions
reductions (Hefei, Wuhu). It can be seen that there is a very
large potential to reduce ozone pollution by restricting
VOC emitting companies. Based on our model results, we
can implement more targeted controls on ozone pollution
in each municipality. During high ozone pollution seasons
and in cities where ozone pollution is severe, measures
to restrict electricity consumption of key local industries
can be more effective in controlling local ozone pollution.

4 Conclusion
This study analyzed the spatial and temporal distribution
characteristics of ozone concentrations in the Anhui Prov-

ince since 2018. Ozone concentrations in Anhui show a
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[¥1 20% reduction scenarios

0 2 4 6 8 10 12 14 16 18 20
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Fig. 8 The effect of ozone pollution control under the scenarios of 10% and 20% reduction in electricity consumption for all VOC-electricity

sensitive industries in Anhui
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spatial pattern of higher concentrations in the north than
in the south. Ozone concentrations show a significant
decrease in Anhui in 2020 relative to the previous two
years due to COVID-19. In contrast, ozone concentrations
increased in other cities with large production shutdowns
during the 2020 epidemic (e.g., Wuhan). As the industry
recovers, the ozone concentrations in Anhui rebound in
2021 relative to 2020. This suggests that in Anhui Province,
the control of anthropogenic precursors of ozone effec-
tively controls ozone pollution.

Therefore, we used the electricity consumption of key
emitters to represent the VOC emissions of enterprises,
and based on GAMs modelling, we analyzed the main
influencing factors of ozone in 16 cities in Anhui Province.
The results of the model R? (0.82), RMSE (16.19 ug/m3), and
NRMSE (0.25) showed that GAMs could capture the ozone
variability characteristics in Anhui Province. Among the
meteorological factors, temperature and humidity are the
most important factors affecting ozone variability.

The relative contribution of NO, concentration was the
highest of all factors. However, the relationship between
NO, concentration and ozone was negative. This implies
that Anhui Province may still be in the VOC control area
and that control measures for ozone should focus more on
reducing the levels of VOCs from anthropogenic sources.

We further analyze the relationship between enterprise
electricity consumption data and O; for 14 industries and
categorized them into VOC-electricity sensitive category
and VOC-electricity insensitive category. Emission reduc-
tions for just one VOC-electricity sensitive industry have
the potential to reduce ozone concentrations by more
than 10% during the pollution period. Under scenarios
controlling for a 10% and 20% reduction in electricity
use in VOC-sensitive industries, ozone concentrations
decreased by 9.7% and 19.1% during the pollution period.
Therefore, we believe that controlling VOC emissions from
industrial sources has great potential for ozone reduction.
GAM model based on power big data may be an effective
way to achieve phenomenological ozone control.

Acknowledgements This work was supported by Regional Ozone Pol-
lution Control Monitoring Analysis Project, the National Key Project
of MOST (2016YFC0203302). The authors would like to thank Xiawei
Yu, Hongwei Liu and Xudong Wu for helpful discussion.

Author Contributions XW: Writing - original draft, Data curation,
Project administration, Writing—review & editing. WG: Conceptu-
alization, Writing- Original draft, Writing—review & editing, Meth-
odology, Software. FW: Resources, Investigation. LL: Visualization,
Investigation. YW: Resources. XH: Data curation, Visualization. ZX:
Conceptualization, Project administration, Supervision, Writing—
review & editing.

Funding The authors declare that no funds, grants, or other support
were received during the preparation of this manuscript.

SN Applied Sciences

A SPRINGERNATURE journal

Data availability The datasets generated during and/or analyzed dur-
ing the current study are available from the corresponding author
on reasonable request.

Declarations

Conflict of interest The authors have no relevant financial or non-
financial interests to disclose.

Ethical approval This article does not contain any studies with human
participants or animals performed by any of the authors.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in
this article are included in the article’s Creative Commons licence,
unless indicated otherwise in a credit line to the material. If material
is not included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this licence, visit http://creativeco
mmons.org/licenses/by/4.0/

References

1. Monks PS et al (2015) Tropospheric ozone and its precursors
from the urban to the global scale from air quality to short-lived
climate forcer. Atmos Chem Phys 15(15):8889-8973. https://doi.
org/10.5194/acp-15-8889-2015

2. Goodman JE et al (2015) Ozone exposure and systemic biomark-
ers: evaluation of evidence for adverse cardiovascular health
impacts. Crit Rev Toxicol 45(5):412-452. https://doi.org/10.3109/
10408444.2015.1031371

3. LuXetal (2020) Rapid increases in warm-season surface ozone
and resulting health impact in China since 2013. Environ Sci
Technol Lett 7(4):240-247. https://doi.org/10.1021/acs.estlett.
0c00171

4. Feng Z et al (2019) Economic losses due to ozone impacts on
human health, forest productivity and crop yield across China.
Environ Int 131:104966. https://doi.org/10.1016/j.envint.2019.
104966

5. Felzer BS, Cronin T, Reilly JM, Melilloa JM, Wang XD (2007)
Impacts of ozone on trees and crops. CR Geosci 339(11-12):784—
798. https://doi.org/10.1016/j.crte.2007.08.008

6. ChenlL, ZhuJ, Liao H, Yang Y, Yue X (2020) Meteorological influ-
ences on PM2.5 and O3 trends and associated health burden
since China’s clean air actions. Sci Total Environ 744:140837.
https://doi.org/10.1016/j.scitotenv.2020.140837

7. LiKetal (2019) A two-pollutant strategy for improving ozone
and particulate air quality in China. Nat Geosci 12(11):906-910.
https://doi.org/10.1038/541561-019-0464-x

8. Zhai SX et al (2019) Fine particulate matter (PM2.5) trends in
China, 2013-2018: separating contributions from anthropogenic
emissions and meteorology. Atmos Chem Phys 19(16):11031-
11041. https://doi.org/10.5194/acp-19-11031-2019

9. LiK,JacobDJ, Liao H, Shen L, Zhang Q, Bates KH (2019) Anthro-
pogenic drivers of 2013-2017 trends in summer surface ozone


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.5194/acp-15-8889-2015
https://doi.org/10.5194/acp-15-8889-2015
https://doi.org/10.3109/10408444.2015.1031371
https://doi.org/10.3109/10408444.2015.1031371
https://doi.org/10.1021/acs.estlett.0c00171
https://doi.org/10.1021/acs.estlett.0c00171
https://doi.org/10.1016/j.envint.2019.104966
https://doi.org/10.1016/j.envint.2019.104966
https://doi.org/10.1016/j.crte.2007.08.008
https://doi.org/10.1016/j.scitotenv.2020.140837
https://doi.org/10.1038/s41561-019-0464-x
https://doi.org/10.5194/acp-19-11031-2019

SN Applied Sciences

(2022) 4:164 | https://doi.org/10.1007/542452-022-05045-5

Research Article

20.

21.

22.

23.

24,

in China. Proc Natl Acad Sci USA 116(2):422-427. https://doi.org/
10.1073/pnas.1812168116

Li K, Jacob DJ, Shen L, Lu X, De Smedt I, Liao H (2020)
Increases in surface ozone pollution in China from 2013 to
2019: anthropogenic and meteorological influences. Atmos
Chem Phys 20(19):11423-11433. https://doi.org/10.5194/
acp-20-11423-2020

. Sicard P (2021) Ground-level ozone over time: an observation-

based global overview. Curr Opin Environ Sci Health 19:100226.
https://doi.org/10.1016/j.coesh.2020.100226

. Xue LK et al (2016) Oxidative capacity and radical chemistry in

the polluted atmosphere of Hong Kong and Pearl River Delta
region: analysis of a severe photochemical smog episode.
Atmos Chem Phys 16(15):9891-9903. https://doi.org/10.5194/
acp-16-9891-2016

Lu X et al (2019) Exploring 2016-2017 surface ozone pollution
over China: source contributions and meteorological influences.
Atmos Chem Phys 19(12):8339-8361. https://doi.org/10.5194/
acp-19-8339-2019

. Wang T, Xue L, Brimblecombe P, Lam YF, Li L, Zhang L (2017)

Ozone pollution in China: a review of concentrations, meteoro-
logical influences, chemical precursors, and effects. Sci Total
Environ 575:1582-1596. https://doi.org/10.1016/j.scitotenv.
2016.10.081

Liu YM, Wang T (2020) Worsening urban ozone pollution in
China from 2013 to 2017-Part 2: the effects of emission changes
and implications for multi-pollutant control. Atmos Chem Phys
20(11):6323-6337. https://doi.org/10.5194/acp-20-6323-2020

. WangT etal (2010) Air quality during the 2008 Beijing Olympics:

secondary pollutants and regional impact. Atmos Chem Phys
10(16):7603-7615. https://doi.org/10.5194/acp-10-7603-2010

. Zhou LB, Akiyoshi H, Kawahira K (2003) Analysis of year-to-year

ozone variation over the subtropical western Pacific region
using EP_TOMS data and CCSR/NIES nudging CTM. J Geophys
Res-Atmos 108(D20):4627. https://doi.org/10.1029/2003jd0034
12

. XuY, Serre ML, Reyes J, Vizuete W (2016) Bayesian maximum

entropy integration of ozone observations and model predic-
tions: a national application. Environ Sci Technol 50(8):4393-
4400. https://doi.org/10.1021/acs.est.6b00096

Pope RJ et al (2020) Substantial increases in Eastern Amazon and
Cerrado biomass burning-sourced tropospheric ozone. Geophys
Res Lett 47(3):e2019GL084143. https://doi.org/10.1029/2019G
L084143

Gong X, Hong S, Jaffe DA (2018) Ozone in China: spatial distri-
bution and leading meteorological factors controlling O3 in 16
Chinese cities. Aerosol Air Qual Res 18(9):2287-2300. https://
doi.org/10.4209/aaqr.2017.10.0368

Hu CY et al (2021) Understanding the impact of meteorology on
ozone in 334 cities of China. Atmos Environ 248:118221. https://
doi.org/10.1016/j.atmosenv.2021.118221

Fu X et al (2013) Emission inventory of primary pollutants and
chemical speciation in 2010 for the Yangtze River Delta region,
China. Atmos Environ 70:39-50. https://doi.org/10.1016/j.atmos
env.2012.12.034

Saint Akadiri S, Adewale Alola A, Olasehinde-Williams G, Udom
Etokakpan M (2020) The role of electricity consumption, globali-
zation and economic growth in carbon dioxide emissions and its
implications for environmental sustainability targets. Sci Total
Environ 708:134653. https://doi.org/10.1016/j.scitotenv.2019.
134653

Cowan WN, Chang TY, Inglesi-Lotz R, Gupta R (2014) The nexus of
electricity consumption, economic growth and CO2 emissions

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

in the BRICS countries. Energy Policy 66:359-368. https://doi.
0rg/10.1016/j.enpol.2013.10.081

Asongu SA, Agboola MO, Alola AA, Bekun FV (2020) The critical-
ity of growth, urbanization, electricity and fossil fuel consump-
tion to environment sustainability in Africa. Sci Total Environ
712:136376. https://doi.org/10.1016/j.scitotenv.2019.136376
Department of Ecology and Environment. https://sthjt.ah.gov.
cn/site/tpl/5371

NOAA Physical Sciences Laboratory. http://www.cdc.noaa.gov
Liang XM et al (2017) Reactivity-based industrial volatile organic
compounds emission inventory and its implications for ozone
control strategies in China. Atmos Environ 162:115-126. https://
doi.org/10.1016/j.atmosenv.2017.04.036

Liang XM, Sun XB, Xu JT, Ye DQ, Chen LG (2020) Industrial Volatile
Organic Compounds (VOCs) emission inventory in China. Huan
Jing Ke Xue 41(11):4767-4775. https://doi.org/10.13227/j.hjkx.
202004163

Wood SN (2004) Stable and efficient multiple smoothing param-
eter estimation for generalized additive models. J Am Stat Assoc
99(467):673-686. https://doi.org/10.1198/016214504000000
980

Verbeke T (2007) Generalized additive models: an introduction
with R.J R Stat Soc Ser A 170:262-262. https://doi.org/10.1111/j.
1467-985X.2006.00455_15.x

Hastie TJ, Tibshirani RJ (2017) Generalized additive models. Rout-
ledge, London

Wood SN (2006) Generalized additive models: an introduction
with R. Chapman and hall/CRC, Boca Raton

Gong X, Kaulfus A, Nair U, Jaffe DA (2017) Quantifying O3
impacts in urban areas due to wildfires using a generalized addi-
tive model. Environ SciTechnol 51(22):13216-13223. https://doi.
org/10.1021/acs.est.7b03130

Zhang L et al (2021) Quantifying the impacts of anthropogenic
and natural perturbations on gaseous elemental mercury (GEM)
at a suburban site in eastern China using generalized additive
models. Atmos Environ 247:118181. https://doi.org/10.1016/].
atmosenv.2020.118181

Pearce JL, Beringer J, Nicholls N, Hyndman RJ, Tapper NJ (2011)
Quantifying the influence of local meteorology on air quality
using generalized additive models. Atmos Environ 45(6):1328-
1336. https://doi.org/10.1016/j.atmosenv.2010.11.051

W. H. Organization and W. E. C. f. Environment (2021) WHO
global air quality guidelines: particulate matter (PM2. 5 and
PM10), ozone, nitrogen dioxide, sulfur dioxide and carbon mon-
oxide. World Health Organization

Sicard P et al (2020) Amplified ozone pollution in cities during
the COVID-19 lockdown. Sci Total Environ 735:139542. https://
doi.org/10.1016/j.scitotenv.2020.139542

Wu Q et al (2021) Impact of emission reductions and meteorol-
ogy changes on atmospheric mercury concentrations during
the COVID-19 lockdown. Sci Total Environ 750:142323. https://
doi.org/10.1016/j.scitotenv.2020.142323

Camalier L, Cox W, Dolwick P (2007) The effects of meteorology
on ozone in urban areas and their use in assessing ozone trends.
Atmos Environ 41(33):7127-7137

Schroeder JR et al (2017) New insights into the column CH20/
NO2 ratio as an indicator of near-surface ozone sensitivity. J
Geophys Res 122(16):8885-8907. https://doi.org/10.1002/2017]
d026781

Chen X et al (2021) Chinese regulations are working—why is
surface ozone over industrialized areas still high? Applying les-
sons from Northeast US air quality evolution. Geophys Res Lett
48(14):22021GL092816. https://doi.org/10.1029/2021g1092816

SN Applied Sciences

A SPRINGERNATURE journal


https://doi.org/10.1073/pnas.1812168116
https://doi.org/10.1073/pnas.1812168116
https://doi.org/10.5194/acp-20-11423-2020
https://doi.org/10.5194/acp-20-11423-2020
https://doi.org/10.1016/j.coesh.2020.100226
https://doi.org/10.5194/acp-16-9891-2016
https://doi.org/10.5194/acp-16-9891-2016
https://doi.org/10.5194/acp-19-8339-2019
https://doi.org/10.5194/acp-19-8339-2019
https://doi.org/10.1016/j.scitotenv.2016.10.081
https://doi.org/10.1016/j.scitotenv.2016.10.081
https://doi.org/10.5194/acp-20-6323-2020
https://doi.org/10.5194/acp-10-7603-2010
https://doi.org/10.1029/2003jd003412
https://doi.org/10.1029/2003jd003412
https://doi.org/10.1021/acs.est.6b00096
https://doi.org/10.1029/2019GL084143
https://doi.org/10.1029/2019GL084143
https://doi.org/10.4209/aaqr.2017.10.0368
https://doi.org/10.4209/aaqr.2017.10.0368
https://doi.org/10.1016/j.atmosenv.2021.118221
https://doi.org/10.1016/j.atmosenv.2021.118221
https://doi.org/10.1016/j.atmosenv.2012.12.034
https://doi.org/10.1016/j.atmosenv.2012.12.034
https://doi.org/10.1016/j.scitotenv.2019.134653
https://doi.org/10.1016/j.scitotenv.2019.134653
https://doi.org/10.1016/j.enpol.2013.10.081
https://doi.org/10.1016/j.enpol.2013.10.081
https://doi.org/10.1016/j.scitotenv.2019.136376
https://sthjt.ah.gov.cn/site/tpl/5371
https://sthjt.ah.gov.cn/site/tpl/5371
http://www.cdc.noaa.gov
https://doi.org/10.1016/j.atmosenv.2017.04.036
https://doi.org/10.1016/j.atmosenv.2017.04.036
https://doi.org/10.13227/j.hjkx.202004163
https://doi.org/10.13227/j.hjkx.202004163
https://doi.org/10.1198/016214504000000980
https://doi.org/10.1198/016214504000000980
https://doi.org/10.1111/j.1467-985X.2006.00455_15.x
https://doi.org/10.1111/j.1467-985X.2006.00455_15.x
https://doi.org/10.1021/acs.est.7b03130
https://doi.org/10.1021/acs.est.7b03130
https://doi.org/10.1016/j.atmosenv.2020.118181
https://doi.org/10.1016/j.atmosenv.2020.118181
https://doi.org/10.1016/j.atmosenv.2010.11.051
https://doi.org/10.1016/j.scitotenv.2020.139542
https://doi.org/10.1016/j.scitotenv.2020.139542
https://doi.org/10.1016/j.scitotenv.2020.142323
https://doi.org/10.1016/j.scitotenv.2020.142323
https://doi.org/10.1002/2017jd026781
https://doi.org/10.1002/2017jd026781
https://doi.org/10.1029/2021gl092816

Research Article SN Applied Sciences (2022) 4:164 | https://doi.org/10.1007/542452-022-05045-5

43. Gao J, Wang T, Ding AJ, Liu CB (2005) Observational study of
ozone and carbon monoxide at the summit of mount Tai (1534m
a.s.l) in central-eastern China. Atmos Environ 39(26):4779-4791.
https://doi.org/10.1016/j.atmosenv.2005.04.030

44. GaoY, Zhang M (2012) Sensitivity analysis of surface ozone to
emission controls in Beijing and its neighboring area during the

SN Applied Sciences

A SPRINGERNATURE journal

2008 Olympic Games. J Environ Sci 24(1):50-61. https://doi.org/
10.1016/s1001-0742(11)60728-6

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1016/j.atmosenv.2005.04.030
https://doi.org/10.1016/s1001-0742(11)60728-6
https://doi.org/10.1016/s1001-0742(11)60728-6

	A potential controlling approach on surface ozone pollution based upon power big data
	Abstract
	Article Highlights
	1 Introduction
	2 Data and methods
	2.1 Data sources
	2.2 Generalized additive model method
	2.3 Model parameter selection and quality control

	3 Results and discussion
	3.1 Spatial and temporal distribution characteristics
	3.2 Quantify the effect of variables on ozone based upon GAM modeling
	3.2.1 NO2
	3.2.2 Electricity consumption
	3.2.3 Meteorology

	3.3 Potential controlling pathway of ozone pollution

	4 Conclusion
	Acknowledgements 
	References




