
sustainability

Article

An Empirical Mode Decomposition for Establishing
Spatiotemporal Air Quality Trends in Shandong
Province, China

Huisheng Wu 1 , Maogui Hu 2,*, Yaping Zhang 1 and Yuan Han 1

����������
�������

Citation: Wu, H.; Hu, M.; Zhang, Y.;

Han, Y. An Empirical Mode

Decomposition for Establishing

Spatiotemporal Air Quality Trends in

Shandong Province, China.

Sustainability 2021, 13, 12901.

https://doi.org/10.3390/su132212901

Academic Editors: Joana Ferreira

and José Carlos Magalhães Pires

Received: 2 September 2021

Accepted: 17 November 2021

Published: 22 November 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 College of Oceanography and Space Informatics, China University of Petroleum, Qingdao 266580, China;
wuhuisheng@upc.edu.cn (H.W.); 1601050128@s.upc.edu.cn (Y.Z.); hanyuan19@mails.ucas.ac.cn (Y.H.)

2 State Key Laboratory of Resources and Environmental Information System, Institute of Geographic Sciences
and Natural Resources Research, Chinese Academy of Sciences, Beijing 100101, China

* Correspondence: humg@lreis.ac.cn

Abstract: Air pollution is a serious problem in China, and the government has taken a series
of steps to solve it. However, it is still u2nclear how the situation has improved after years of
atmospheric pollution control. Shandong Province, which has the second largest population and the
highest coal consumption in China, was chosen to analyze the spatiotemporal air quality trends. We
obtained daily air quality index (AQI) values from 91 stations in the province from 1 January 2014,
to 31 December 2019, based on an adaptive data analysis method, empirical mode decomposition
(EMD). The distribution of AQI in Shandong Province was heterogeneous at both spatial and temporal
scales. All the stations could be divided into four clusters whose AQI trends decreased from 75 to 53,
95 to 68, 128 to 82, and 148 to 82, respectively. The overall trend of pollution became more serious
from east to west in the province. The AQI is the largest in winter, followed by spring and autumn,
and the smallest index occurs in summer. There are four types of annual trends of the AQI of each
city. The overall downward trend indicates that the air quality of each city was improving annually.

Keywords: air pollution; spatial pattern; temporal trend; decomposition

1. Introduction

Frequent air pollution episodes have attracted the attention of the whole of China in
recent years. Air pollution has severe impacts on human health, causing acute and chronic
respiratory diseases and even leading to death [1–4]. Problems related to air pollution
are increasing in many developing countries due to urbanization, industrial development,
increasing use of cars, etc. [5]. The Chinese government has made great efforts to reduce air
pollution, such as the Heavy Air Pollution Contingency Plan, 2017 Air Pollution Prevention
and Management Plan for the Beijing–Tian–Hebei region and its Surrounding Areas [6,7].
Several studies analyzed the change in separate pollutants in China in recent years [8,9].
However, after years of air pollution control, concern remains regarding how much the
general air pollution situation has improved in the country. Air quality can be evaluated
both by using air quality models [10,11] and by ground-based monitoring data at different
scales. The air quality index (AQI) is an important comprehensive indicator used to
measure air quality. The main pollutants involved in air quality assessment include fine
particles (PM2.5), coarse particulate matter (PM10), sulfur dioxide (SO2), nitrogen dioxide
(NO2), ozone (O3), and carbon monoxide (CO). By discovering the spatial and temporal
distributions of AQI values, effective measures can be implemented to reduce air pollution.
Spatial characteristics are helpful in finding the spatial distribution patterns of the AQI,
while time series features can be used to find the period and trend of the AQI. Therefore,
in this study, we aim to evaluate the general air pollution trend and spatial difference in
China with dozens of stations’ daily AQI data in Shandong, the second largest province.
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Shandong is the province with the highest coal consumption in China. In the past
30 years, it has produced the highest sulfur dioxide emissions in China. Since 2010, Shan-
dong has been committed to the management of air pollution. In 2013, it issued and started
the “Shandong Province 2013–2020 Air Pollution Prevention and Control Plan” and put
forward the idea of “one goal, three articles and six measures” for air pollution prevention
and control. Shandong has a clear road map and timetable for “the dream of spanning eight
years in the blue sky”. At the same time, Shandong issued and implemented the “Shandong
Regional Comprehensive Emission Standards for Atmospheric Pollutants”, and control was
gradually tightened for five key industries, including thermal power, iron and steel, boilers,
building materials, and industrial furnaces and kilns, in four periods over eight years.
However, air pollution in Shandong Province is still relatively serious and is restricting the
sustainable and healthy development of Shandong’s economy. Therefore, in this study, we
provide a scientific basis for air pollution control decision making and pollution prevention
by analyzing the status quo of the seasonal and annual variation characteristics of air
quality in Shandong Province and exploring the main influencing factors of air pollution,
which is also helpful for the environmental protection administrative departments.

2. Methods
2.1. Data Source

There are 16 prefecture-level cities in Shandong Province. We obtained the daily air pol-
lution index (AQI) and major contaminant types from 1 January 2014, to
31 December 2019, from the online air quality data website maintained by the China
National Environmental Monitoring Center. The monitored pollutants included PM2.5,
PM10, SO2, NO2, O3 and CO. For each station, the daily AQI of each pollutant was cal-
culated on the basis of a 24-h average. The AQI was the daily maximum value of the air
quality sub-index of each pollutant. The AQI value characterized the degree of overall
pollution, but not the concentrations of specific contaminants. The six pollutants used to
calculate the AQI usually had different concentration limits. During the calculation, each
pollutant was converted into an air quality sub-index of the AQI according to the different
target concentration limits. The AQI was divided into the six levels of 0–50, 51–100, 101–150,
151–200, 201–300 and greater than 300, corresponding to six levels of air quality [12]. The
higher the index was, the higher the level, indicating that the pollution was more severe.
There were 91 survey stations distributed in 16 cities of Shandong Province (Figure 1).
In Shandong, spring includes March, April, and May; summer is June, July, and August;
autumn is September, October, and November; and winter includes December, January
and February (the following year).
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We calculated the daily index of each pollutant by the measured concentrations of the
six pollutants according to the concentration limit of each pollutant as follows (GB3095-2012,
GB3095-1996):

IAQIi =
Ihigh − Ilow

Chigh − Clow
(C− Clow) + Ilow (1)

where IAQIi is the individual air quality index of the ith pollutant; C is the mass concentra-
tion of the pollutant; Chigh is the concentration breakpoint that is >C; Clow is the breakpoint
that is ≤C; and Ihigh and Ilow are the individual air quality indexes corresponding to Chigh
and Clow, respectively. The AQI is the maximum value of IAQIi:

AQI = max{IAQI1, IAQI2, IAQI3, · · · , IAQIn} (2)

2.2. Temporal Period and Trend Decomposition

For the daily AQI, there are 2191 days recorded at each station from 1 January 2014, to
31 December 2019. We divided the 2191 days into 312 weeks to obtain the weekly average
value. We clustered the 91 sites by a K-means algorithm based on the time series of the
AQI. Then, the empirical mode decomposition (EMD) method was used to decompose the
time series of each cluster and analyze its time periodicity and trend.

For the air pollution dataset
{

x(1), · · · , x(91)
}

, x(i) ∈ Rn, the stations are classified
into K classes based on the similarity of daily AQIs measured by the Euclidean distance
in high-dimension spaces [13]. After determining the K value based on the often-adopted
elbow method [14], we used the statistical software R 4.0 [15] and the package kernlab [16]
to run the clustering method.

The empirical mode decomposition (EMD) method proposed by Huang et al. is
based on the time scale for signal decomposition, which is different from the Fourier
decomposition and wavelet decomposition methods [17,18]. The latter two methods are
based on a priori basis functions, while the EMD method does not need to preset any basis
function. So, the EMD method can be used to decompose both stationary and nonstationary
signals. This decomposition is adaptively based on the local characteristics of the time
scale of the signal sequence [19]. It decomposes the fluctuation of a time series on different
scales and generates a series of data with different characteristic scales, called an intrinsic
mode function (IMF). Then, a signal can be decomposed into several IMFs and a trend
item. An IMF satisfies two conditions. First, the difference of the number of local maxima
(or minima) and the number of zero-crossing points in an IMF is zero or one. Second, the
mean of the envelope defined by the local maxima emax(t) and the envelope defined by the
local minima emin(t) is zero at any local point.

For the time series AQI data x(t), the EMD steps are as follows:
First, we find all extreme points of x(t), which is the weekly AQI series.
Second, for x(t), a cubic point function is used to fit the maximum point to the upper

envelope emax(t), and then the minimum point is fitted to the lower envelope emin(t). The
mean m1 is calculated by Formula (3).

m1 =
emax(t) + emin(t)

2
(3)

Third, by subtracting the above mean from the time series data x(t), a new time series
data point c1(t) = x(t) − m1(t) can be obtained. The process is repeated until c1(t) meets
the definition of the IMF. Then, the first IMF component c1(t) is obtained, which is the
highest frequency component of the signal x(t).

Fourth, by separating c1(t) from x(t), we can obtain a difference signal r1(t) with the
high-frequency component removed, as shown in Formula (4).

r1(t) = x(t) − c1(t) (4)
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Let x(t) = r1(t) and repeat the above steps to obtain the next IMF component. The
process stops when no IMF can be found. Generally, this procedure is repeated n times to
obtain n IMF components, as shown in Formula (5).

r1(t) − c2(t) = r2(t)
. . . . . .

rn−1(t) − cn(t) = rn(t)
(5)

The last item, rn(t), is the residual term, indicating the overall trend of the signal.
The IMF components, ci(t), contain the components of signals at different time scales,
with periodic oscillations from fast to slow. The relationship between the original time-
series data point x(t), decomposed IMF ci(t) and the overall trend rn(t) can be expressed
as Equation (6):

x(t) =
n

∑
i=1

ci(t) + rn(t) (6)

We used the code written by Rilling to run the EMD method and used a cubic spline
interpolation method for envelope fitting [20].

3. Results
3.1. Overview of the Data Set

The weekly average AQI values of the 91 stations from 2014 to 2019 varied greatly,
ranging from less than 20 to more than 300 (Table S1 in Supplementary Material). A
comparison of the median and mean AQI values showed that the data were slightly right-
skewed for the 312 weeks. As shown in Table S1, in the column of the minimum AQI
average value, 35 stations had AQI average values less than 25, and 27 of them belonged to
three cities, i.e., Weihai, Qingdao, and Yantai. These three cities are located on the eastern
coast and have well-developed economies. There were seven stations with weekly average
AQI values greater than 350. These were mainly located in the northwest of Shandong
Province. A total of 38.46% of the stations have an average AQI greater than 100.

The proportions of stations meeting the national level I (0–50), II (51–100), III (101–150),
IV (151–200), V (201–300), and VI (greater than 300) standards were 15.08%, 53.44%, 21.95%,
6.76%, 2.65%, and 0.12%, respectively. The percentages of different standards varied greatly
among the stations, and there was a large gap among the stations. Laishan EPA in Yantai
had reached 95.83% of the excellent standards (level I and II standards). However, only
39.42% of the Provincial Seed Warehouse stations in Jinan met the excellent standards.

3.2. Spatial Distribution of Station Clustering

By K-means clustering, 91 stations were divided into four clusters (Figure 2). The first
group includes 21 stations distributed in the eastern coastal cities of Shandong Province.
The second group includes 21 stations located in the eastern and central cities of Shandong
Province. The third group includes 29 stations mainly located in the central region of
Shandong Province. The fourth group consists of 20 stations mainly located in western
cities of Shandong Province. The pollution of the first cluster was the lowest, and the
pollution of the fourth cluster was the most serious. The overall change trend was that the
pollution becomes more serious when moving to the west.
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3.3. Temporal Trend of the AQI

The four cluster centers were decomposed by the EMD method to extract different
temporal scale variations and global trends (Figure 3 and Figure S1 in the Supplementary
Material). The first and second clusters generated six and seven IMFs, respectively. The
remaining two clusters generated five IMFs. The decomposition results looked similar
but differ in frequency and amplitude. IMF1 had the highest frequency and maximum
amplitude among the several IMFs, while the last IMF had the lowest frequency and
minimum amplitude. The four cluster centers trended downward, indicating that the
AQI value is decreasing. The trend ranges of the four cluster centers were 75 to 53, 95
to 68, 128 to 82 and 148 to 82, respectively. The trend of the fourth cluster center has
a maximum decrease of 45%. Next is the third cluster center, which decreases by 36%.
Another difference among the trends for the four cluster centers is the shape of the trend
lines. For the first cluster, the trend remained stable from the first week to the 10th week
(January 2014–March 2014), decreased uniformly from the 10th week to the 300th week
(March 2014–October 2019), and remained stable from the 300th to 312th weeks (October
2019–December 2019). In contrast to that of the first cluster, the trend for the second cluster
remained stable from the first week to the 20th week (January 2014–May 2014). For the
third cluster, there was a rapid decrease from the first week to the 50th week (January
2014–December 2014), the trend rapidly increased from the 50th week to the 100th week
(December 2014–December 2015), and it greatly decreased from the 100th week to the 312th
week (December 2014–December 2019). For the fourth cluster, the rate of decrease was
slow from the first week to the 50th week (January 2014–December 2014), with a uniform
decline from the 50th week to the 300th week (December 2014–October 2019); the rate of
decrease slowed down from the 300th to 312th weeks (October 2019–December 2019) and
finally stabilized.

The AQI values vary greatly in different seasons. In the decomposition results, the
period of IMF5 is approximately one year. From IMF1 to IMF4, the period is less than one
year, while IMF6 and IMF7 show inter-annual variation. We reconstructed the original
series by summing the residuals and the IMFs without IMF6 and IMF7 to explore the
seasonal variation in AQI values in the four clusters. On the basis of the four reconstructed
datasets, the seasonal variation in the AQI is found by calculating the average AQI of each
season in a cluster.
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Among the four seasons, the AQI values in winter are the largest, much higher than
those in other seasons, followed by spring, autumn, and summer. In spring, the change in
the AQI index is slower and tends to decrease gradually. In summer, the AQI index was
the largest in 2014, then decreased to 2016, when then there was an increasing trend, and it
gradually decreased after 2017. In autumn, the AQI index continued to decrease gradually
after 2016. In winter, the AQI index increased slowly from 2014 to 2015, decreased slowly
after 2015, and gradually increased from 2017 to 2018.

3.4. Spatial Pattern of the Temporal Trend of Mass Concentration at Stations

We calculated the average AQI values of each city and extracted the annual trend
of the AQI values of each city using the EMD method (Figure 4). A statistical test of
nonlinear trends shows that all 16 trends obtained by decomposition showed nonlinear
characteristics. Among all the cities, the three cities with the largest changes in index values
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were Dezhou (61.09), Jining (56.26) and Liaocheng (55.04). Tai’an (17.39) had the smallest
change in index value, followed by Qingdao city (17.51).
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According to the change types of the trend lines, four main types were decomposed
in the 16 trends. The first type (I, decline) was monotonically decreasing and includes
nine cities: Binzhou, Dongying, Jining, Liaocheng, Linyi, Taian, Weihai, Zaozhuang and
Zibo. The second type was starting to increase and then decreased and includes five cities:
Dezhou, Heze, Jinan, Rizhao, and Yantai (II, rise–decline). The third type was monotonically
decreasing, then slightly rising, and then decreasing again (III, decline–rise–decline). The
fourth type was monotonically decreasing and finally saw a small increase (IV, decline–rise).
Qingdao belongs to this category. In Shandong Province, type I was the dominant type,
accounting for 56.3% of all cities. The final trends of I, II, and III were similar, all decreasing,
accounting for 93.8%.

4. Discussion

Based on the daily records of 91 stations in a typical province, we evaluated the general
status of air pollution in China by analyzing the spatial and temporal characteristics of AQI.
The average AQI value of the 91 stations for the 6 years was 95.36, which corresponds to
national air quality standard II. While the air quality in Shandong Province was gradually
improving, air pollution was still serious.

The spatial clustering of the 91 stations revealed the spatial heterogeneity of AQI
values in Shandong Province. Air pollution was distributed with a gradient from east to
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west. The AQI values of the eastern coastal cities are the smallest, and the AQI values
increase when moving westward. The cities of Heze, Liaocheng, and Dezhou in the
northwest of Shandong Province are close to Kaifeng city in Henan Province and Handan
and Xingtai in Hebei Province, whose air quality was not very good during the research
periods. In autumn and winter, pollutants are easily transferred to those areas from nearby
cities because northwest winds prevail at that time [21]. The central area of Shandong
Province, including Linyi, Jinan, Zibo, and Tai’an, is mountainous, with high altitude. The
diffusion of air pollutants is hindered in the western cities, and pollutants easily accumulate.
As a result, the air pollution in Heze, Liaocheng, Dezhou, and the mountainous areas in
central China is serious, with a high AQI index. However, the eastern coastal cities are
more developed and invest more in environmental governance. Additionally, the wind
speed is larger in the coastal cities, which is conducive to the diffusion of pollutants in the
air, so the average AQI index is smaller.

Results showed that the time-series data decomposition method, EMD, is effective
in air quality trend analysis. It is becoming a popular model in long-term air quality
evaluation. Luo et al. researched the trends and seasonality of PM2.5 concentrations by
EMD in the US and evaluated the simulation results of the air quality model [22]. The
method was also used to predict particulate matter concentration by Fu et al. and achieved
a prediction accuracy of approximately 80% [23]. The spatial and temporal patterns and
trends show that the AQI values have gradually been decreasing in recent years. With
the management and control of pollution emission sources over the years, the level of air
pollution in the province has been reduced simultaneously. This might indicate that these
protective measures of reducing the number of pollution sources are effective in reducing
air pollution [24]. In 2014, Shandong Province launched a “heavy punch” for air pollution.
First, the progress of a denitration project in the thermal power and cement industry
was significantly accelerated. Rare earth denitrification catalysts have been industrialized
through a large number of experiments. Additionally, standards for denitrification catalysts
have been issued and implemented. In 2014, 24,528 MW of coal-fired power units in
Shandong Province completed the denitrification transformation. Second, progress has
been made in coal-fired desulfurization and dust removal. In 2014, coal-fired power
units in Shandong Province achieved desulfurization for 3379 MW and dust removal for
18,873 MW. Except for long-term shutdowns, all 8370 square meters of iron and steel
sintering machines that should be treated have achieved a desulfurization transformation.
Third, the backward production capacity that affects environmental quality has been
eliminated. In 2014, Qingdao closed 157 illegal sand washing plants and stone factories
and Zibo shut down eight small thermal power units and regulated 655 enterprises, which
involved power, steel, coking, cement, pottery, refractory, and other industries. A total of
810 sets of equipment for environmental management were newly built and renovated.
Fourth, the task of eliminating small coal-fired boilers and changing coal into gas has been
completed. In 2014, 5149 small coal-fired boilers, including earth-fired heating furnaces
(5479.28 tons of steam), were eliminated in Shandong Province, and the task of eliminating
small coal-fired boilers was over-fulfilled. Fifth, positive progress has been made in the
prevention and control of dust pollution in industrial enterprises. Municipalities have
strengthened the management of industrial stockyards. Most coal yards and stockyards
have installed wind and dust suppression devices or regular sprinkler facilities, which has
brought the unorganized emissions of dust from large industrial enterprises under obvious
control. Sixth, the work of banning straw burning has achieved good results. The burning
levels in the summer and autumn of 2014 decreased by 252 and 151, respectively, compared
with the same period in 2013, with decreases of 52.39% and 60.4%, respectively. Seventh,
the progress of technology has played an important role in environmental governance. In
2014, ultra-low emission technology in Shandong Province reached the national leading
level, with the largest unit reaching 1 million kilowatts. Additionally, technical regulations
and monitoring methods have been formulated for ultra-low emission monitoring, and
relevant technical specifications have been promulgated, which is a first in China.
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5. Conclusions

Using the EMD method, we effectively deconstructed the air quality trends in Shan-
dong Province in recent years. The results showed that the air pollution control measures
in the province in recent years have had significant effects in improving the air quality.
Although the improvement is more pronounced in the western region of the province than
that in the eastern region, air pollution is still high in the western region. On the one hand,
the government sector needs to continue to impose strict restrictions on high pollution
emission sources in the western region, including industrial sources, mobile sources, dust
sources, biomass incineration, and agricultural and livestock sources. On the other hand,
the restrictions should be strengthened in the western cities to formulate joint emission con-
trol measures at the regional level. A potential shortcoming of this paper is that we failed to
collect time-series data on the variation of pollution emissions. Quantitatively establishing
the relationship between pollution emissions and air quality requires further research.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/su132212901/s1, Table S1: Statistical summary and proportions of the weekly average AQI
values at the 91 stations. Figure S1. All IMFs and trends of four cluster centers (a, b, c and d)
decomposed by EMD.
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