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Preface to “Urban Atmospheric Aerosols”

Atmospheric fine particulate matter (PM2.5, diameter less than 2.5 μm) has profound effects on

radiative climate forcing, atmospheric chemistry, air quality, visibility, and human health. PM2.5 can

be directly emitted into the atmosphere (primary aerosols) or formed in the atmosphere (secondary

aerosols) through gas-to-particle conversion processes of gaseous species. Furthermore, primary and

secondary aerosols may also undergo chemical and physical transformations as they are subjected

to transport, atmospheric aging, and removal from the atmosphere. The physical and chemical

characterization of PM2.5, its source apportionment, and the assessment of the magnitude and

distribution of its emissions are crucial for establishing effective fine air particle regulations and

assessing the associated risks to human health.

Urban locations are a very special case as far as PM2.5 concentrations, compositions, sources, and

health effects are concerned. Understanding the physical and chemical properties of urban PM2.5

(e.g., atmospheric concentration, size distribution, surface area, chemical composition, and water

solubility) is essential for better predicting the tight connection between PM2.5 and its contribution

to atmospheric chemistry and the health of both human populations and environmentally sensitive

ecosystems. Therefore, it is highly beneficial to conduct studies on the physico-chemical

characteristics and toxicological effects of urban PM2.5 in order to establish efficient control strategies.

Furthermore, understanding how urban aerosols affect the air quality of indoor environments in

urban buildings is also essential for assessing the potential health effects.

This book emerged from the Special Issue “Urban Atmospheric Aerosols: Sources, Analysis,

and Effects”, published in Atmosphere. The papers presented in this book highlight some important

aspects concerning the chemical characteristics, optical properties, size distribution, sources, and

potential health effects of urban air particles. These studies will be of interest to the atmospheric

research community, including those interested in outdoor and indoor air quality, air particle toxicity,

and atmospheric chemistry, as well as global climate modelers.

The Editors would like to thank the authors who generously contributed their time and

knowledge to ensure the high quality of this work. The Editors also express their gratitude

to the Atmosphere journal editors, reviewers, and the production team for their invaluable

support and cooperation in the publication of the book. The Editors are also deeply grateful

to FCT/MCTES for the financial support to CESAM (UIDP/50017/2020+UIDB/50017/2020),

AMBIEnCE project (PTDC/CTA-AMB/28582/2017), and the Exploratory Research Project

(IF/00798/2015/CP1302/CT0015). The Surface Ocean-Lower Atmosphere Study (SOLAS) is also

acknowledged for endorsing the AMBIEnCE project. We sincerely hope that this work will stimulate

further development to improve the current understanding of the sources, composition, fate, and

impact of urban air particles.

Regina M. B. O. Duarte, Armando da Costa Duarte

Editors
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Atmospheric fine particulate matter (PM2.5, aerodynamic diameter less than 2.5 μm) has profound
effects on radiative climate forcing, atmospheric chemistry, air quality and visibility, and human
health [1,2]. PM2.5 can be directly emitted into the atmosphere (primary aerosols) from a diversity of
natural and anthropogenic sources, including biomass burning, the incomplete combustion of fossil
fuels, volcanic eruptions, and wind-driven or traffic-related suspension of road, soil, and mineral
dust, sea salt, and biological materials [1]. Nonetheless, PM2.5 can be also formed in the atmosphere
(secondary aerosols) through gas-to-particle conversion processes of gaseous species (i.e., nucleation,
condensation, and heterogeneous and multiphase chemical reactions) [1,3]. Furthermore, primary
and secondary aerosols may undergo chemical and physical transformations, being subjected to
transport, cloud processing, and removal from the atmosphere [4]. This multitude of emission
sources and formation/processing mechanisms contribute to the diversity and complexity of the
chemical composition and physical properties (i.e., concentration, size distribution, and surface area)
of atmospheric aerosols, which in turn influences the climate and health effects of atmospheric fine
air particle, further adding a layer of complexity. Indeed, the physical and chemical characterization
of PM2.5, its source apportionment, and the assessment of the magnitude and distribution of PM2.5

emissions is crucial for establishing effective fine particulate matter regulations and assessing the
associated risks to human health.

Due to ever increasing urbanization, urban areas are a very special case as far as PM2.5

concentrations, composition, sources, and health effects are concerned. A recent study conducted
in five major cities (Athens and Paris in Europe, Pittsburgh and Los Angeles in the United States,
and Mexico City in Central America) showed that most of the fine particulate matter (PM1 or PM2.5)
is secondary (between 50% and 75% of aerosol mass load) [5]. The secondary components include
sulfates and ammonium nitrate, but also oxidized organic compounds, whereas the major primary
components are elemental (or black) carbon, metal oxides and crustal material, and fresh organic
particulate matter. According to Pandis et al. [5], the importance of local sources is also quite different
depending on the studied aerosol chemical component. For primary components such as elemental
carbon, the local sources dominate; however, the situation is very different for secondary components,
with most of the secondary material being due to either medium- or long-range sources [5]. Under this
intricate scenario, knowledge of the detailed chemical composition, physical properties, and sources
of fine particulate matter is crucial for assessing and managing the air quality surrounding large
urban centers of both developed and developing countries. Nowadays, it is also well established that
biological responses to PM2.5 go beyond the particulate matter mass [6], and that additional air quality
metrics (e.g., black carbon, secondary organic and inorganic aerosols) may be valuable in evaluating

Atmosphere 2020, 11, 1221; doi:10.3390/atmos11111221 www.mdpi.com/journal/atmosphere1
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the health risks of PM2.5 at urban locations (e.g., [7]). Furthermore, understanding how outdoor PM2.5

in urban areas affects the air quality of indoor environments in urban buildings and houses is also
essential for assessing the potential health effects on residents [8,9]. Hence, much work is still needed
to enhance our understanding of the chemical composition, size distribution, source apportionment,
and indoor–outdoor relationships of PM2.5 in urban areas and their health consequences upon exposure.
Additional studies are also necessary to establish a more comprehensive understanding of how emission
reduction measures will affect the levels and characteristics of PM2.5 at urban locations.

The Special Issue “Urban Atmospheric Aerosols: Sources, Analysis, and Effects” is motivated by
the need to address some important aspects concerning the chemical characteristics, optical properties,
size-distribution, sources, and potential health effects of urban air particles. It comprises seven
peer-reviewed, open access articles spanning the main topics of the field. For example, Hussein et al. [10]
explore the temporal variability (diurnal, weekly, and seasonal) of particle number size distribution
in the city of Amman (Jordan), as an example of an urban Middle Eastern environment. This study
shows different seasonal variations for the submicron and coarse mode particle number concentrations.
The authors also suggest the contribution of new particle formation for the submicron aerosols fraction,
whereas sand and dust storms are the most important sources of coarse mode aerosols. These data
highlight that the urban Middle Eastern region under investigation is exposed to the impacts of aerosols
from various sources, which could become a serious health hazard if persistent for long periods of time.
In another study, Li et al. [11] address the impacts of emission reduction measures on the characteristics
and sources of trace elements in PM2.5 at urban and suburban areas of Beijing, both before and after the
2014 Asia-Pacific Economic Cooperation (APEC) summit, which was held in Beijing. According to the
authors, the air quality improved during APEC, with toxic elements, such as vanadium (V), chromium
(Cr), manganese (Mn), arsenic (As), cadmium (Cd), and lead (Pb), decreasing more than 40% due to the
emission regulations. Li et al. [11] highlight that future control efforts for toxic elements in megacities,
such as Beijing, should focus on coal and oil combustion as well as on traffic emissions. Nevertheless,
assessing the potential environmental exposure effects to atmospheric pollution (outdoor and indoor) is
also important at locations other than megacities. In the study of Moreda-Piñeiro et al. [12], the authors
assess the levels of particle-bound mercury (PHg) in PM10 (particulate matter with aerodynamic
diameter less than 10 μm) at several sites (industrial, urban, and suburban) of an Atlantic coastal
European region (i.e., the northwest of Spain) over 13 months. This study shows that the levels of
PHg varied between 1.5–30.8, 1.5–75.3, and 2.27–33.7 pg m−3 at urban, suburban, and industrial sites,
respectively. Data analysis also suggested an anthropogenic origin of PHg at the urban site, whereas
biomass burning was likely to be the main source of PHg at the suburban site [12]. A sea salt and
crustal/anthropogenic origin of PHg is suggested at the industrial site [12]. A toxicity estimate of PHg,
using hazard quotient, suggested no non-carcinogenic risk for adults at the studied sites [12]. On the
other hand, the preliminary study of Vicente et al. [13] provides a first insight into the occurrence of
plasticizers and polycyclic aromatic hydrocarbons (PAHs) in PM10 from resuspended dust samples in
Spanish households. The authors suggest that exposure to plasticizers and PAHs through the ingestion
route poses much higher risks as compared to inhalation and dermal contact, which is of particular
concern for infants due to their higher dust intake via hand-to-mouth activities. For the sake of easier
comparison between different locations/houses, the authors also recommend the development of
standard operational procedures for household dust sampling and analysis [13].

In the context of atmospheric pollution and global climate change, another important aspect is the
need to unravel the chemical characteristics of atmospheric air particulate matter. Among the various
PM2.5 components, the water-soluble organic nitrogen (WSON) is the least studied aerosol component,
although its role in secondary organic aerosol formation and its toxicity (e.g., [14] and references
therein) has long been recognized. In this regard, the concentration of the WSON, with a particular
focus on its seasonal variations and potential sources, is highlighted in the study of Chen et al. [15],
which was carried out in urban Yangzhou (eastern China). This study shows that the annual mean
WSON concentration (1.71 ± 1.08 μg m−3) in Yangzhou was much higher than those in Japan, Greece,
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and Florida (USA). It is also shown that the WSON concentrations had no significant seasonal and
monthly variation; however, the WSON-to-total nitrogen mass ratios were much higher in summer and
autumn than in winter and spring. The authors concluded that secondary formation is an important
source of aerosol WSON in Yangzhou.

An additional approach to monitoring air pollution in urban and heavily industrialized areas
is the consideration of aerosol optical depth (AOD), which measures the light extinction by aerosol
scattering and absorption in the atmospheric column. Xue et al. [16] applied AOD data acquired from
Moderate Resolution Imaging Spectroradiometer (MODIS) to assess whether correlations could be
established between AOD and urban development, construction factors, and geographical environment
factors in the Shandong Province over a 10-year timeframe (2007 to 2017). It was concluded that the
introduction of targeted environmental protection policies was effective in alleviating pollution-related
problems in the process of urbanization. Nonetheless, proper sampling of satellite AOD data is
extremely important for a correct characterization of aerosol properties and air pollution over the
areas of interest. Tian and Gao [17] address this challenge by assessing the accuracy of Terra-MODIS
AOD retrieval products using the ground observations from twenty-three AErosol RObotic NETwork
(AERONET) sites in heavy aerosol loading areas of Asia (including China, India, and Pakistan),
the Middle East (including the United Arab Emirates, Bahrain, and Kuwait), and Northern Africa
(including Egypt, Niger, Benin, Mali, and Nigeria). This study highlights the impact of land cover type
and seasonal variation in the accuracy of the MODIS aerosol products and emphasizes the need for a
suitable choice of the MODIS aerosol algorithms and products to assure a proper prediction of the air
particles—AOD relationship.

In summary, the studies and the results discussed in this Special Issue will be of interest to the
atmospheric research community, including those interested in air quality outdoors and indoors,
visibility, the toxicity, composition, and sources of air particles, atmospheric chemistry, as well as global
climate modelers. Finally, it is expected that the research presented here will inspire new research
questions and hypotheses, which will help to untangle the strong connections between air particles
and their impact on atmospheric chemistry, climate, and human health.
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Abstract: Characterization of urban particle number size distribution (PNSD) has been rarely
reported/performed in the Middle East. Therefore, we aimed at characterizing the PNSD (0.01–10
μm) in Amman as an example for an urban Middle Eastern environment. The daily mean submicron
particle number concentration (PNSub) was 6.5 × 103–7.7 × 104 cm−3 and the monthly mean coarse
mode particle number concentration (PNCoarse) was 0.9–3.8 cm−3 and both had distinguished seasonal
variation. The PNSub also had a clear diurnal and weekly cycle with higher concentrations on
workdays (Sunday–Thursday; over 3.3 × 104 cm−3) than on weekends (below 2.7 × 104 cm−3). The
PNSub constitute of 93% ultrafine fraction (diameter < 100 nm). The mean particle number size
distributions was characterized with four well-separated submicron modes (Dpg,I, Ni): nucleation
(22 nm, 9.4 × 103 cm−3), Aitken (62 nm, 3.9 × 103 cm−3), accumulation (225 nm, 158 cm−3), and
coarse (2.23 μm, 1.2 cm−3) in addition to a mode with small geometric mean diameter (GMD) that
represented the early stage of new particle formation (NPF) events. The wind speed and temperature
had major impacts on the concentrations. The PNCoarse had a U-shape with respect to wind speed and
PNSub decreased with wind speed. The effect of temperature and relative humidity was complex and
require further investigations.

Keywords: submicron; coarse; modal structure; meteorological effect; particle number size
distribution; seasonal; diurnal

1. Introduction

Atmospheric aerosol particles have gained increased attention during recent years due to their
effects on the climate and human health [1,2]. While most health studies related to air pollution focus
on the mass accumulation of particulate matter (PM), advanced studies have shown the importance
of the number size distribution on health. For instance, it has been evident that fine particles are
capable of penetrating through the respiratory system and circulating in the bloodstream causing
serious health effects in different organs in the human body [3]. While the smallest particles do not
contribute significantly to the total measured mass concentration, they constitute the highest fraction of
the number concentration of measured particles in various locations, which can be more than 100,000
particles/cm3. Besides that, governmental policies tend to enforce strategies that eradicate the total
mass in an attempt of improving visibility and saving human health; at the same time ignoring the
effects of the ultrafine particles (UFP, diameter < 0.1 μm), which have rather complex sources and
atmospheric processes. For example, fine and UFP are capable of growing to reach sizes where they
constitute a fraction of cloud condensation nuclei (CCN); and thus, indirectly affecting the climate [4,5].

Atmosphere 2019, 10, 710; doi:10.3390/atmos10110710 www.mdpi.com/journal/atmosphere5
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The drivers behind aerosol particles vary between natural and anthropogenic as well as primary
and secondary. Primary particles are emitted to the atmosphere as particles while secondary particles
form in the atmosphere via gas-to-particle transformation, which has been known as new particle
formation (NPF) observed in various environments and contributing to a major fraction of the total
particle number budget [6–8]. Indeed, the complexity of urban aerosols lies in the fact that several
sources can contribute in the same particle size range, making it difficult to entangle [9,10]. Although,
some studies focusing on the particle number size distribution have been conducted around the East
Mediterranean region at both urban and remote sites [11–14], very few studies can be found regarding
the Middle East [15–21]. In fact, the Middle East and North Africa (MENA) is of extreme interest as it
serves as a compilation of aerosol particle sources including natural dust, anthropogenic pollution
from petrochemical industry and urbanization, as well as new particle formation.

The aim of this paper is to characterize the aerosol particle number size distribution and explore
the drivers behind diurnal and seasonal variability of the number concentrations in Amman, which is
an example of Middle Eastern urban conditions. Here we utilized a long-term measurement of particle
number size distributions over a wide particle diameter range (0.01–10 μm). We also applied modal
structure analysis for the population of aerosols by using the multi-lognormal distribution function.
We additionally investigated the effect of local meteorology on the aerosol concentrations.

2. Materials and Methods

2.1. Aerosol Measurements

The long-term aerosol measurement was performed during 1 August 2016–31 July 2017 at the
Aerosol Laboratory, which was located on the third floor of the Department of Physics, University
of Jordan. The University of Jordan campus was located at an urban background in the north part
of Amman, Jordan (Supplementary Material Figure S1). The aerosol measurement consisted of
total number concentration and particle number size distribution, described in more detail in the
following section.

The particle number size distribution was measured with a scanning mobility particle sizer
(NanoScan SMPS 3910, TSI, Minnesota, U.S.) and an optical particle sizer (OPS 3330, TSI, Minnesota,
U.S.). Using the NanoScan SMPS (electrical equivalent mobility diameter: 0.01–0.42 μm, 13 channels
at dry conditions) and the OPS (optical diameter: 0.3–10 μm, 13 channels at dry conditions) can
provide a useful setup to monitor a wide particle diameter range 0.01–10 μm. However, combining the
measurement results of these two instruments is challenging as will be pointed out in the next section.

The NanoScan SMPS consists of four main built-in components: (1) a cyclone inlet to remove
large particles, (2) unipolar particle charger, (3) a radial differential mobility analyzer (RDMA), and (4)
an isopropanol-based condensation particle counter (CPC). The particle number size distribution scan
was 60 s (45 s upscan and 15 s downscan). The inlet flow rate was 0.75 lpm (±20%) whereas the sample
flow rate was 0.25 lpm (±10%).

The OPS measured the particle number size distribution using the TSI default particle size bins,
which consisted of 13 equally sized bins based on a lognormal scale. The dead-time correction was
applied in the OPS operation. Sampling time-resolution was 5 min with a flow rate ~1 lpm.

The total number concentration of submicron aerosols was measured with a portable condensation
particle counter (CPC 3007-2, TSI, Minnesota, U.S.). The cutoff size of this CPC was 10 nm and it was
capable of measuring submicron particle number concentration of aerosols with diameters up to 2 μm.
According to the specifications provided by the manufacturer, the maximum detectable concentration
was 105 cm−3 with 20% accuracy. The sampling flow rate was 0.1 lpm (inlet flow rate 0.7 lpm).

Each instrument had its own aerosol sampling inlet (~1-m-long and 8 mm inner diameter) which
was led through the wall to sample the outdoor aerosols. Each inlet consisted of short Tygon tubes (4
mm inner diameter) connected to a diffusion drier (TSI model 3062-NC). The diffusion drier was used
to remove the excess moisture from the aerosol sample.
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The aerosol transport efficiency through the aerosol inlet assembly was determined experimentally:
ambient aerosol sampling alternatively with and without inlet. The aerosol data was corrected
accordingly (Figure S2). The penetration efficiency was ~47% for 10 nm, ~93% for 0.3 μm, and ~40%
for 10 μm particles. Accordingly, the particle number size distributions were corrected for losses in the
tubing and the diffusion drier.

Based on the hourly mean total number concentrations, the ratio between SMPS (10–420 nm)
and the CPC was approximately 0.86 and the relationship between them was linear with an R2 =

0.78 (Figure S3a). The differences can arise from the fact that the CPC measured the full range of the
submicron particles (from 10 nm up to a couple of micrometers) whereas the SMPS measurement
range was nominally within the diameter range 10–420 nm. In practice, the NanoScan was not able
to measure aerosols with diameters larger than 250 nm, which makes it an ultrafine (Dp < 0.1 μm)
particle sizer. On the other hand, considering the number concentration within the diameter range
10–1000 nm, which can be obtained by the combined distributions measured with the SMPS and the
OPS, revealed that its mean ratio compared to that measured with the CPC was about 1.14 and the
relationship between them was linear with an R2 = 0.78 (Figure S3b). This is expected because the CPC
data was not corrected for sampling line losses.

2.2. Data Handling

The measurement time-resolution of the SMPS and the CPC was 1 min and of the OPS was 5 min.
In order to construct a wide range of the measured particle number size distribution, we performed the
following steps: (1) calculated the 5-min average of the SMPS data, (2) omitted the last two channels in
the SMPS (i.e., remaining diameter range was 0.01–0.25 μm), (3) omitted the first channel in the OPS
(i.e., remaining diameter range was 0.32–10 μm), and (4) merged the two distributions. As such, we
obtained a combined particle number size distribution covering the diameter range 0.01–10 μm.

We calculated the particle number concentration (cm−3) within four particle diameter ranges
(size-fractionated number concentration): 0.01–0.025 μm (nucleation), 0.025–0.1 μm (Aitken), 0.1–1 μm
(accumulation), and 1–10 μm (coarse). Consequently, the total number concentration was obtained
as the sum of all these fractions. The size-fractionated number concentrations were obtained by
integrating (practically summation) the measured particle number size distribution over the specified
particle diameter range

PNDP2−DP1 =

DP2∫
DP1

n0
Nd log10(Dp), (1)

where nN
0 = dN/dlog10(Dp) is the measured particle number size distribution and Dp is the particle

diameter.
The processed aerosol data (including all size-fractionated data) was then converted to hourly

statistical analysis. This hourly averaged data was then used to calculate the daily and monthly
statistical values. The statistical analysis included average, standard deviation, median, minimum,
maximum, and percentiles (5%, 25%, 75%, and 95%) of valid number of data points, and percentage of
valid data points.

2.3. Multi-Lognormal Distribution

A particle number size distribution can be characterized with a multi-lognormal distribution
function [22]

n∑
i=1

Ni√
2π log(σg,i)

exp

⎡⎢⎢⎢⎢⎢⎢⎢⎣−
(
log(Dp) − log(Dpg,i)

)2
2 log2(σg,i)

⎤⎥⎥⎥⎥⎥⎥⎥⎦, (2)
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where n is the number of individual log-normal modes and Dp is the aerosol particle diameter, and the
three log-normal parameters that characterize an individual log-normal mode i are the mode number
concentration Ni, the geometric variance σ2

g,i, and the geometric mean diameter Dpg,i.
Here we used the DO-FIT algorithm to fit the particle number size distribution. The original

DO-FIT algorithm was developed for the submicron particle size fraction [22]; here it was modified
to include the coarse mode fraction. We ran the DO-FIT algorithm to fit the particle number size
distributions (0.01–10 μm, 5-min resolution) by using a fixed number of modes, which was four.

2.4. Weather Conditions

The weather conditions were obtained from the continuous measurement performed on the
rooftop of the Department of Physics. In this study, we selected weather data for the same time period
as the aerosol measurement (i.e., 1 August 2016–31 July 2017; Figure 1).

 

Figure 1. Time series of weather conditions during the measurement period (1 August 2016–31 July
2017) presented as hourly, daily, and monthly means for (a) ambient temperature, (b) relative humidity,
(c) absolute pressure, and (d) wind speed. (e) The rainfall is presented as hourly cumulative precipitation.

The weather measurement was performed with a weather station (WH-1080, Clas Ohlson: Art.no.
36-3242). The time resolution of the measurement was 5 min. The weather data consisted of ambient
temperature (−40–65 ◦C, resolution 0.1 ◦C), absolute pressure (918.7–1079.9 hPa, resolution 0.3 hPa),
relative humidity (10%–99%, resolution 1%), wind speed (1–160 km/h) and direction (divided into
16 wind sectors), and precipitation (0–9999 mm, resolution 0.3 mm below 1000 mm and 1 mm over
1000 mm).

According to the daily mean (Figure 1), the temperature was 1–32 ◦C (overall mean 18 ± 8 ◦C)
and the absolute pressure was 670–682 mmHg (overall mean 675 ± 3 mmHg). The overall average
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relative humidity was 53 ± 21% and the mean wind speed was 5 ± 3 km/h. The cumulative rain was
about 550 mm.

3. Results and Discussion

3.1. Temporal Variation of the Particle Number Concentrations

The submicron particle number concentration (PNSub) was higher during the winter than during the
summer (Figure 2a), suggesting a seasonal variation of fine aerosol number concentrations. Based on the
monthly means, PNSub was in the range 3.3× 104–3.7× 104 cm−3 during the winter (December–February)
and 1.2 × 104–1.6 × 104 cm−3 during the summer and early autumn (June–September) (Table S1).
According to the 24-h mean number concentrations, PNSub was as high as 6.5 × 104 cm−3 and as low
as 7.7 × 103 cm−3. According to the hourly means, it was in the range 2.2 × 103–2.1 × 105 cm−3. This
seasonal variation was also confirmed by the CPC observations (Figure 2b).

 

Figure 2. Time series of the (a) submicron particle number concentration, (b) comparison between the
condensation particle counter (CPC) and scanning mobility particle sizer (SMPS) + optical particle
sizer (OPS) particle number concentrations, and (c,d) the main particle size fraction concentrations of
ultrafine particles (Dp < 0.1 μm) and accumulation mode particles (Dp 0.1–1 μm).

Looking closely at the hourly mean PNSub concentrations, we can clearly see a diurnal pattern
that was more pronounced during the winter than during the summer (Figure 3). Basically, during
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the wintertime, the boundary layer is typically shallower and the aerosol emissions will be more
concentrated in the lower atmosphere and their diurnal pattern becomes more pronounced. The main
differences between the winter and summer diurnal patterns of the PNSub concentration were observed
in the morning and late night, where the concentrations were high due to increased emissions from
traffic during commuting hours. Similar to many other urban environments, the diurnal pattern
observed in this study reflects the combustion emissions from traffic activity, which is more during
the workdays [23,24]. These two peaks are relevant for the morning and afternoon traffic rush hours,
which are similar to those noticed in most cities in the other countries [24–27].

Figure 3. (a) Diurnal pattern of the submicron particle number concentration (0.01–1 μm) and
(b) date-time spectrum showing the day-to-day and hour-to-hour variation of the number concentration;
the color bar scales the number concentration (cm−3).

Further analysis on the hourly mean PNSub concentration revealed a clear weekly cycle in the
diurnal patterns with higher concentrations during the workdays (Sunday–Thursday) and lower
concentrations during the weekend (Friday–Saturday); see Figure 3a. For example, during the
weekends, the peak hourly mean PNSub concentration was below 2.7 × 104 cm−3 while during the
workdays it was higher than 3.3 × 104 cm−3. On workdays, PNSub diurnal pattern was characterized
by a high concentration peak (as high as 4.1 × 104 cm−3) during the morning traffic rush hours and
another peak (as high as 2.9 × 104 cm−3) during the afternoon. Regardless of the weekday, the lowest
PNSub was below 1.5 × 104 cm−3 (on average as low as 1 × 104 cm−3) and it was observed before the
morning, when the traffic activity was at minimum in the city.

3.2. Concentrations of Different Particle Size-Fractions

The ultrafine particle number concentration (PNUFP, diameter < 0.1 μm) fraction was about 93%
of PNSub concentration. The accumulation mode particle number concentration (PNACCU, diameter
0.1–1 μm) was about 7% of PNSub. Table S1 lists the monthly statistical values for the main particle
size fractions. Typically, the urban/suburban number concentration of fine particles is dominated by
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ultrafine particles [22,24]. This fact has been confirmed in several studies, both experimentally and
theoretically [24–35].

In general, the temporal variation of PNUFP concentration (Figures 2c, 4a and 5a) was very close to
that of PNSub concentration; this is true for the seasonal variation, diurnal pattern, and the weekly cycle
(Figures 2a and 3a,b). As for the PNACCU concentrations, the weekly cycle also showed distinguished
diurnal patterns (Figures 2d and 4b). On workdays, the diurnal pattern was characterized by two
main peaks, which had rather similar concentrations as high as 1.8 × 104 cm−3. During the weekends
(Friday–Saturday) and Thursday, the PNACCU concentration was exceptionally high during the late
evening, possibly due to increased traffic activities during leisure time in the city.

Figure 4. Diurnal pattern of the (a) ultrafine particle number concentration (UFP, diameter <0.1 μm),
(b) accumulation mode particle number concentration (diameter 0.1–1 μm), (c) an indicator for the
temporal variation of black carbon fraction (diameter 0.03–0.25 nm), and (d) number concentration in
the first channel (diameter 10–15 nm) measured with SMPS; the vertical dashed lines are aligned with
the noon time.
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Figure 5. Date-time spectra showing the day-to-day and hour-to-hour variation of (a) ultrafine particle
number concentration (UFP, diameter <0.1 μm), (b) accumulation mode particle number concentration
(diameter 0.1–1 μm), (c) an indicator for the temporal variation of black carbon fraction (diameter
0.03–0.25 nm), (d) number concentration in the first channel (diameter 10–15 nm) measured with SMPS.
The color bar scales the number concentration (cm−3).

The coarse mode particle number (PNCoarse) concentration had a different seasonal pattern than
that of PNSub (Figure 6). According to the monthly average, the PNCoarse was the highest during
the autumn and spring (Table S1). For instance, the monthly PNCoarse was about 2.5 and 3.8 cm−3,
respectively, in October and November. During March and April, the monthly PNCoarse was about 3.3
cm−3. As previously reported about this particle size fraction in Amman [19], it had a clear seasonal
pattern linked to the sand and dust storms, which are often occurring in the spring season, and local
dust resuspension, which are usually dominant in the autumn season. In general, the dust episodes
lasted from a few hours to several days. Based on the daily average PNCoarse, it was noticed that dust
episodes occurred with concentrations that often exceeded 2 cm−3 and concentrations as high as 14.5
cm−3. Based on the hourly average, the dust episodes increased PNCoarse to values as high as 46 cm−3.
It is already well known that the black carbon has a well-defined size distribution in the submicron
fraction. For instance, the distribution of black carbon in the ambient atmosphere, at road side, and
from diesel emissions was found to span over the particle diameter range from around 30 nm up to
a couple of hundred nanometers [36,37]. Here, we calculated the number concentrations within the
particle diameter range 30–250 nm, which is an indicator of temporal variation of atmospheric black
carbon (PNBC). As expected, this size fraction had temporal variations (Figure 4c) very close to those of
the total number concentrations but with lower concentrations (Figure 3a). It is important to mention
here that what we presented here as PNBC should not be understood as the concentration of black
carbon; we only wanted to have an insight into the temporal variation of the black carbon fraction.
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Figure 6. (a) Time series of the coarse mode (diameter 1–10 μm) particle number concentration and (b)
date-time spectrum showing the day-to-day and hour-to-hour variation of the number concentration;
the color bar scales the number concentration (cm−3).

Except for Amman [17–21,38–40], particle number concentrations and size distributions has never
been reported before in urban areas in the Middle East. The previous studies were mainly about
some gaseous pollutants; PM mass concentrations, and chemical composition [41–56]. However, the
submicron particle number concentrations in Amman are less than what was reported in megacities
but still higher (sometimes comparable) than what was reported in Europe, US, and other parts in the
world as will be shown in the next paragraph.

Comparison to observations in other urban locations is not straightforward. However, we can
summarize the concentrations levels reported worldwide. Many studies reported number concentration
in many urban and suburban environments in the EU, America, Asia, and Oceania [34,57–73]. The
concentrations varied between cities, locations within the city, and time of observation reflecting the
complex behavior of urban aerosols. The observed concentrations in this study (range 6.5 × 103–7.7 ×
104 cm−3) were comparable to other urban locations in the EU, the US, and Oceania where the reported
concentrations were in the range 1 × 103–6 × 104 cm−3 [34,57–59,67–78]. We should keep in in mind
that concentrations on roads are expected to be significantly higher than what can be observed in the
ambient conditions [60–66]. Megacities exhibit the highest concentrations of air pollution. Here, we
recall the results reported for Indian, Chinese, and Colombian cities [79–83]. Apte et al. [80] reported
mean UFP concentrations in New Delhi (India) of 2.8 × 105 cm−3, which was about eight times higher
than that observed in ambient conditions in India. In Beijing and Xi’an (China), the concentrations
are comparable to what can be observed in Delhi [81,82]. In Bogota (Colombia), Betancourt et al. [83]
showed that the average fine particle number concentrations was about 2 × 105 cm−3.
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Secondary particle formation, which is often referred to as new particle formation (NPF),
is an important process affecting particle number concentrations in both remote and urban
environments [6–8,84]. The secondary particles can have a role in haze formation and influence
the urban boundary layer and heat island. The NPF process starts from oxidation of precursor vapors
and their clustering in sub-3 nm size range [84], which is outside the size range of the instrumentation
used in this study. Therefore, it was not possible to make a constructive conclusion about the
characteristics of these secondary aerosols in Amman. However, the first particle channel (diameter
10–15 nm) in the SMPS can be used as an indicator for the concentrations during NPF events, here
denoted as PNNPF.

The average diurnal pattern of PNNPF was characterized by high concentrations (0.7 × 103–1.1 ×
103 cm−3) during the daytime and a sharp peak around midday (Figure 4d). The lowest concentration
of this particle size fraction was ~320 cm−3 and it was observed between midnight and morning;
specifically, between 3 a.m. and 4 a.m.

The most interesting part of the diurnal pattern in this size fraction is the sharp peak around
midday. This peak was observed on ~34% of the measurement days (in total 110 days out of 326 days
of valid data) and its alternating occurrence can be seen in Figure 5d. The peak was often observed
around 11 a.m. with a concentration in the range 1.5 × 103–1.8 × 103 cm−3 on workdays and ~1.1 ×
103 cm−3 on weekend days. The concentration at the edge of the size distribution started to increase
around 8 a.m. and the increase was over around 1 p.m. New particle formation characterization
requires deep analysis, which is beyond the scope of this study; therefore, we will not explain this
phenomenon any further here.

3.3. Modal Structure of the Particle Number Size Distribution

For the purposes of investigating the temporal variation of the particle number concentrations, we
focused on two periods representing cold (December–February) and warm (May–August) conditions
separately (Figures S4 and S5). During the cold period, the weekly cycle of the diurnal pattern was
very distinguished with high mean concentrations on workdays and low mean concentrations on
weekends (Figure S4 and Figure 7a–f). On all weekdays, the diurnal pattern was characterized by two
peaks: morning and afternoon. The afternoon peak (highest concentration was in the range 3 × 104–3.5
× 104 cm−3) was rather similar on all weekdays; however, the first peak was higher on workdays than
on weekend days. Furthermore, the first peak tended to have higher concentrations from Monday
(~4.5 × 104 cm−3) through Thursday (~6.5 × 104 cm−3). During this cold period and on all weekdays,
the mean particle number size distributions during daytime hours had their peak diameter below 40
nm whereas during the evening it was over 40 nm (Figure S6a,b).

During the warm period, the diurnal pattern was rather similar on all weekdays (Figure S5). The
daytime mean total concentration (1 × 104–2 × 104 cm−3) during this warm period was lower than that
during the cold period (often higher than 3 × 104 cm−3). The differences are possibly explained by the
ambient conditions such as enhanced wind speed, higher temperature, and higher boundary layer
during the warm period. The secondary particle formation (i.e., NPF events) was very pronounced
during the warm period. NPF events were observed almost every day and, consequently, they can be
seen to dominate the mean particle number size distribution (Figure 7g–l). The newly formed aerosols
were clearly observed with their distinguished nucleation mode with high concentrations before the
noon (specifically between 9 a.m. and noon; Figure 7i,j). These newly formed aerosols displayed
growth until 6 p.m., when their geometric mean diameter (GMD) reached ~40 nm.
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Figure 7. Mean diurnal patterns during (a–f) a cold period (i.e., December–February) and (g–l) warm
period (i.e., May–August). Here the color subfigures (a,b,g,h) show the mean particle number size
distribution spectra (color bar represents dN/dlog(Dp) (cm−3)) and below them are plots for different
particle size fractions.

Contrary to the case during the cold period, the mean particle number size distributions at different
times of the day during the warm period had three well-separated submicron modes: nucleation,
Aitken, and accumulation, in addition to a mode with small GMD that represented the early stage of
NPF events (Figure S6c,d).
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Further analysis of the particle number size distributions with respect to the lognormal fitting
(i.e., modal structure) revealed that the mode geometric mean diameter (Dpg,i) was about 22 nm, 62
nm, 225 nm, and 2.23 μm for the nucleation mode, Aitken mode, accumulation mode, and coarse
mode, respectively (Figure 8a,b). The corresponding geometric mean values of the mode number
concentrations (Ni) were about 9.4 × 103, 3.9 × 103, 158, and 1.2 cm−3, respectively (Figure 8c–f).
The mode number concentrations of the nucleation, Aitken, and coarse modes were lognormally
distributed around their geometric mean values: 22 nm, 62 nm, and 2.3 μm; respectively. However,
the accumulation mode number concentration had two distinguished modes with concentrations
centered around 50 cm−3 (centered around Dpg = 390 nm) and 790 cm−3 (centered around Dpg = 165
nm); see also Figure 8a. As for the mode geometric variance (σpg,i), the geometric mean value was
about 1.73, 1.67, 1.54, and 1.62, respectively for the nucleation mode, Aitken mode, accumulation mode,
and coarse mode (Figure 8g–j). Interestingly, and as can be seen from Figure 8a, Dpg of the nucleation
mode reached values close to 2 nm, which is well below the cut-off diameter of the SMPS (10 nm). That
was basically due to the occurrence of NPF events when a part of the nucleation mode was below the
cut-off diameter of the SMPS, which was 10 nm. Furthermore, the smaller the Dpg, the higher the Ni
was for the nucleation mode when it occurred below 10 nm.

Figure 8. Cont.
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Figure 8. Modal structure of the particle number size distribution derived from the multi-lognormal
fitting (5-min average). (a) Modal structure spectrum showing the dominant modes (nucleation, Aitken,
accumulation, and coarse modes). Distributions of (b) mode geometric mean diameter (Dpg), (c–f)
mode number concentration (N), and (g–j) mode geometric variance (σpg).

3.4. Effect of Local Weather Conditions

The meteorological conditions affected the aerosol concentrations in different ways. For example,
the submicron particles were affected in a different way than coarse mode particles. Understanding
the relationship between urban aerosol concentrations and local meteorological conditions makes it
possible to develop predictive models for air pollution [85–88].

In general, the wind speed had a major influence on the particle number concentration (Figure 9).
The PNSub had a decreasing trend with respect to the wind speed (Figure 9a). For instance, the mean
PNSub was about 2.8 × 104 cm−3 at stagnant conditions and it reached below 1.2 × 104 cm−3 when the
wind speed was above 20 km/h. This indicates that most of the submicron fraction originated from
local sources such as combustion processes (e.g., traffic tailpipe emissions). However, during wind
speed 10–15 km/h, the PNSub slightly increased to about 1.2 × 104 cm−3 and then decreased again with
increasing wind speed.

The PNCoarse concentrations had a U-shaped (centered around 7.5 km/h at about 1.5 cm−3) with
respect the wind speed (Figure 9b). Below 7.5 km/h, the PNCoarse concentrations were increasing
(reaching about 2.1 cm−3 at stagnant conditions) with decreasing wind speed and above that wind
speed the PNCoarse were increasing (reaching about 5.5 cm−3 at wind speed 20 km/h) with increasing
wind speed. The left-hand side of the U-shape curve is related to local sources of dust not induced by
the wind; i.e., road dust resuspension due to traffic activities. The right-hand side of the U-shape curve
is related to local dust resuspension induced by the wind. Another reason for the increased PNCoarse
concentration at high wind speed is the sand and dust storm (SDS) via long-range transport. The
observed influence of wind speed on PNSub and PNCoarse concentrations in this study is consistent with
previous observations in other urban environments [26,87–95].

The investigation of the effect of temperature on the aerosol concentrations is very complex as
illustrated in Figure 9c,d. The mean PNSub had the highest concentrations (~3 × 104 cm−3) during
cold conditions (T < 10 ◦C) and the lowest concentrations (~1.5 × 104 cm−3) during moderate
temperature conditions (T in the range 15–25 ◦C). The mean PNSub concentrations was proportional to
the temperature, when it increased from 25 to 40 ◦C. The PNCoarse concentrations were proportional to
the temperature in the range −5–10 ◦C and it was rather constant (1–2 cm−3) when the temperature
was higher than 10 ◦C. Our results seem to be in consistent with [96], who found that aerosol
concentrations increased with relative humidity during the winter season and decreased with
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temperature. Additionally, Olivares et al. [26] reported that the increase in particle number concentration
with decreasing temperature is different for different particle size, and they also showed a distinct
correlation between number concentration and (temperature and relative humidity) with higher
concentrations during periods with low temperatures or high relative humidity.

Figure 9. Particle number concentration dependence on the local weather conditions: (a) submicron
particles (diameter < 1 μm) with respect to wind speed, (b) coarse mode particles (1–10 μm) with respect
to wind speed, (c) submicron particles with respect to temperature, and (d) coarse mode particles with
respect to temperature. The red squares are the median concentrations with respect to temperature
intervals on the x-axis and the error bars are the 25% and 75%. In (c,d), the color codes the relative
humidity and the circle size is proportional to the wind speed.

4. Conclusions

In this study we aimed at characterizing the aerosol particle number size distribution. We explored
the temporal variability (diurnal, weekly, and seasonal) of the number concentrations in Amman,
Jordan. Amman can be considered as an example for Middle Eastern urban conditions. Here we
utilized a long-term measurement of particle number size distributions over a wide particle diameter
range (0.01–10 μm), which was combined from a Nano-Scanning Mobility Particle Sizer (Nano SMPS)
and an Optical Particle Sizer (OPS). We also investigated the modal structure of the aerosol population
by using the multi-lognormal distribution function (DO-FIT).

The submicron particle number concentrations (PNSub) and the coarse mode particle number
concentration (PNCoarse) had distinguished seasonal variations. Based on the monthly average, PNSub
was higher in the winter (3.3 × 104–3.7 × 104 cm−3, December–February) than in the summer and early
autumn (1.2 × 104–1.6 × 104 cm−3, June–September). The 24-h mean PNSub was in the range 6.5 ×
103–7.7 × 104 cm−3 and the hourly means was in the range 2.2 × 103–2.1 × 105 cm−3. According to the
monthly average, the PNCoarse was the highest during the autumn (3.8 cm−3, November) and spring
(3.3 cm−3, April). The PNCoarse seasonal pattern is most likely linked to the sand and dust storms (often
occurring in spring) and local dust resuspension (dominant autumn). It was clear within this study
that there is a clear influence of new particle formation (NPF) on the submicron aerosols and Sand
and Dust Storm (SDS) on coarse mode aerosols. However, these phenomena require further detailed
analysis that will be made in upcoming studies.
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The PNSub concentrations was characterized by a diurnal pattern, which was more pronounced
during the winter than during the summer. The diurnal pattern was also different between
workdays and weekends reflecting a clear weekly cycle: higher concentrations during the
workdays (Sunday–Thursday; over 3.3 × 104 cm−3) and lower concentrations during the weekend
(Friday–Saturday; below 2.7 × 104 cm−3). On workdays, PNSub diurnal pattern was characterized with
a high concentration peak (as high as 4.1 × 104 cm−3) during the morning traffic rush hours and another
peak (as high as 2.9 × 104 cm−3) during the afternoon. In general, the seasonal, weekly, and diurnal
variation of PNSub is clearly depicting the traffic activities suggesting that traffic emissions are a major
contributor to submicron aerosols. The ultrafine particle number concentration (PNUFP, diameter < 0.1
μm) fraction was about 93% of PNSub concentration whereas that of the accumulation mode particle
number concentration (PNACCU, diameter 0.1–1 μm) was about 7% of PNSub. The temporal variation of
PNUFP and PNACCU concentration was very close to that of PNSub concentration.

We investigated the modal structure of the measured aerosols (0.01–10 mm). During cold
conditions (December–February), the mean particle number size distributions during daytime hours
had peak diameters smaller than 40 nm whereas during the evening it was larger than 40 nm. During
warm conditions (May–August), the mean particle number size distributions at different times of the
day had three well-separated submicron modes: nucleation, Aitken, and accumulation in addition to a
mode with small GMD that represented the early stage of NPF events. The mode geometric mean
diameter (Dpg,i) was about 22 nm, 62 nm, 225 nm, and 2.23 μm for the nucleation mode, Aitken mode,
accumulation mode, and coarse mode, respectively. The corresponding mode number concentrations
(Ni) were about 9.4 × 103, 3.9 × 103, 158, and 1.2 cm−3, respectively. In fact, the accumulation mode
number concentration had two distinguished groups with concentrations centered around 50 cm−3

(centered around Dpg = 165 nm) and 790 cm−3 (centered around Dpg = 390 nm). Interestingly, Dpg of
the nucleation mode reached values close to 2 nm, which is well below the cut-off diameter of the
SMPS (10 nm) but still can be depicted by the DO-FIT algorithm of the multi-lognormal fitting. That
was basically due to the occurrence of NPF events.

The local meteorological conditions affected the aerosol concentrations in different ways. The
wind speed and temperature had a major impact on the aerosol concentrations. During stagnant
conditions, the mean PNSub concentration was ~2.8 × 104 cm−3 and PNCoarse concentration was ~2.1
cm−3. In general, the PNCoarse concentration had a U-shape with respect to wind speed whereas the
PNSub concentrations decreased with wind speed. The mean PNSub had the highest concentrations (~3
× 104 cm−3) during cold conditions and the lowest concentrations (~1.5 × 104 cm−3) during moderate
temperature conditions. The PNCoarse concentrations were proportional to the temperature in the range
−5–10 ◦C and they were rather constant (1–2 cm−3) when the temperature was higher than 10 ◦C.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4433/10/11/710/s1,
Figure S1: (a) A Map of Jordan showing the geographical location of Amman. (b) A Map of Amman showing the
campus of the University of Jordan (shaded area) and (c) a detailed map of the campus of the University of Jordan,
showing the sampling location (shaded area) in the middle of the campus., Figure S2: Experimental penetration
efficiency through the sampling lines (tubing and diffusion drier), Figure S3: Regression between the number
concentrations measured with the CPC versus (a) number concentration measured with the SMPS (Dp 0.01–0.42
μm) and (b) number concentration derived from the combined particle number size distribution measurements
(SMPS and OPS, Dp 0.01–1 μm), Figure S4: Weekly cycle and the diurnal pattern during a cold period (i.e., winter:
December–February): (a) mean particle number size distribution spectra and (b–c) concentrations of different
particle size fractions. The color bar represents dN/dlog (Dp) (cm−3), Figure S5: Weekly cycle and the diurnal
pattern during a cold period (i.e., summer: May–August): (a) mean particle number size distribution spectra and
(b–c) concentrations of different particle size fractions. The color bar represents dN/dlog (Dp) (cm−3), Figure S6:
Mean particle number size distributions during (a,b) cold period (i.e., winter: December–February) and (c,d) warm
period (i.e., summer: May–August). The mean distributions are shown for different times of the day on workdays
(a,c) and weekend days (b,d), Table S1: Monthly statistics for the main particle size fractions (concentrations in
units of cm−3).
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Abstract: To gain insights into the impacts of emission reduction measures on the characteristics
and sources of trace elements during the 2014 Asia-Pacific Economic Cooperation (APEC) summit,
PM2.5 samples were simultaneously collected from an urban site and a suburban site in Beijing
from September 15th to November 12th, and fifteen metallic elements were analyzed, including five
crustal elements (Mg, Al, K, Ca and Fe), nine trace metals (V, Cr, Mn, Co, Cu, Zn, Ag, Cd and Pb)
and As. Most of the trace metals (V, Cr, Mn, As, Cd and Pb) decreased more than 40% due to
the emission regulations during APEC, while the crustal elements decreased considerably (4–45%).
Relative to the daytime, trace metals increased during the nighttime at both sites before the APEC
summit, but no significant difference was observed during the APEC summit, suggesting suppressed
emissions from anthropogenic activities. Five sources (dust, traffic exhaust, industrial sources,
coal and oil combustion and biomass burning) were resolved using positive matrix factorization
(PMF), which were collectively decreased by 30.7% at the urban site and 14.4% at the suburban site
during the APEC summit. Coal and oil combustion regulations were the most effective for reducing
the trace elements concentrations (urban site: 63.1%; suburban site: 52.0%), followed by measures
to reduce traffic exhaust (52.8%) at the urban site and measures to reduce biomass burning (37.7%)
at the suburban site. Our results signify that future control efforts of metallic elements in megacities
like Beijing should prioritize coal and oil combustion, as well as traffic emissions.

Keywords: Asia-Pacific Economic Cooperation summit; PM2.5; trace elements; source apportionment

1. Introduction

PM2.5, also known as atmospheric fine particles, refers to particulate matter with an aerodynamic
diameter of less than or equal to 2.5 μm. These particles not only endanger human health but also
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impact regional atmospheric visibility and environmental climate [1–3]. Because PM2.5 particles are
small in size and have large specific surface areas, they easily adsorb large quantities of organic
compounds, such as mutagens, pathogens and heavy metals. Trace elements are some of the most
important components in PM2.5, as they are non-biodegradable, highly enriched and highly toxic.
Previous studies have found that Mn, Ni, Cu, Zn, Se and Pb are potentially toxic to the human
body, and that As, Cr and Ni are potent carcinogens that can seriously threaten human health [4–7].
Besides the effects on human health, trace metals could also damage ecological environments through
dry and wet deposition to terrestrial and aquatic ecosystems [8].

The Asia-Pacific Economic Cooperation (APEC) summit that convened in November 2014,
which is the transition period between autumn and winter, was held in Beijing. During this period,
the air was dry, the wind speed was low, and the static inversion temperature was relatively stable.
Beijing is surrounded by mountains on three sides (to the north, south and west), and thus the southerly
airflow near the ground is weak and is consequently not conducive for the horizontal diffusion of
pollutants. In addition, the strong sea level pressure and uniform pressure field that collectively result
in the vertical stability of the atmospheric stratification over Beijing are not conducive for the vertical
diffusion of pollutants. Moreover, the Beijing-Tianjin-Hebei region contains numerous highly polluting
industries, including the steel, cement, oil refining, and petrochemical industries, which emit enormous
quantities of air pollutants that are carried along southerly currents from Hebei, Tianjin, and Shandong
toward Beijing. To ensure a desirable level of air quality during the APEC conference, Beijing, Tianjin,
Hebei, Shanxi, and Shandong Provinces in addition to Inner Mongolia and other provinces and cities
have adopted emission reduction measures of unprecedented intensity and scope, thereby generating
the characteristic “APEC blue” sky over Beijing during the summit. These control measures include
regulations permitting only even or odd license plate number vehicle use, air pollution supervision
for air quality, vacation days off for the public, construction site restrictions to mitigate road dust,
polluting company and industry restrictions, and regional controls by several provinces.

Several studies were performed within the Beijing-Tianjin-Hebei region regarding the air quality
and impacts of emission regulations on PM2.5 during the APEC summit [9–12]. A previous study also
examined the characteristics of PM2.5, including the concentrations, size distributions and sources
of PM2.5, during the APEC summit in Beijing [13]. The relative impacts of emission regulations
and meteorological properties on the mitigation of air pollution over Beijing during the APEC summit
were also studied [14], as were the source apportionment of atmospheric ammonia before, during,
and after the conference [15]. However, these previous studies have rarely considered the effects of
control measures on the trace elements in fine particles, which was more associated with the human
health. In addition, although the characteristics and sources of trace elements in PM2.5 have been
studied at length [16–18], previous studies regarding the properties of trace elements had not been
conducted under different emission scenarios, especially for the emission reduction scenario in the near
future. The APEC summit provided a unique city-wide experiment to examine the response of various
trace element sources to such comprehensive and intensive mitigation efforts.

In the present study, the pollution characteristics of metallic elements in PM2.5 before
and after the 2014 APEC summit were analyzed by simultaneously measuring the mass concentrations
of metallic elements in the urban and suburban areas of Beijing. An analysis of the enrichment factor
(EF) and a positive matrix factorization (PMF) model were used to compare the sources of metal
elements due to emissions reduction. The results of these analyses could be used to understand
the effects of emission reduction measures on pollution levels and the pollution characteristics of metal
elements and to provide suggestions for future air pollution regulations.
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2. Materials and Methods

2.1. Sites and Sampling

The PM2.5 sampling was conducted simultaneously at the urban and suburban sites in
Beijing, with two PM2.5 samplers (TH-150C, Tianhong, Wuhan) at an airflow rate of 100 L min−1

from 15 September to 12 November 2014. The urban site (JDM) was established in the Institute of
Atmospheric Physics (IAP), Chinese Academy of Sciences (39.97◦ N, 116.38◦ E), which is located
between the North Third Ring Road and Fourth Ring Road in Beijing. This site is approximately
1 km from the Third Ring Road, 200 m away from the north-south highway, and 50 m north of
East-West Beitucheng West Road. The sampler was situated on the rooftop of a two-floor building,
approximately 10 m above the ground. The suburban site (HR) was established on the campus of
the University of Chinese Academy of Sciences (40.41◦ N, 116.68◦ E), approximately 55 km northeast of
the urban site (JDM). This site is located at the foot of the Great Wall adjacent to Yanqi Lake. The sampler
was placed on rooftop of a four- floor building approximately 15 m above the ground. Two PM2.5

samples were collected each day at both sites, one from 08:00 to 19:30 (daytime measurement) and one
from 20:00 to 07:30 the next day (nighttime measurement). In total, 116 samples were acquired
at each site. After sampling, all the filters were sealed and stored in a refrigerator (−20 ◦C) until
subsequent analysis. An automatic meteorological observation instrument (Vaisala Company, Finland)
was used to observe various meteorological factors at the same site, including the sea level pressure,
ambient temperature, relative humidity, wind speed and wind direction.

2.2. Chemical Analysis

The quartz fiber filters packaged with aluminum foil were pre-fired in a Muffle furnace at 500 ◦C
for 4 h to remove a small amount of organic matter. To reduce the influences of volatilization and water
vapor during the weighing process, the filters were balanced within a chamber at constant temperature
and constant humidity (temperature: 20 ◦C ± 1 ◦C; humidity: 40% ± 5%) for more than 48 h both
before and after sampling. Then, these filters were weighed using a microelectronic balance with
a reading precision of 10 μg. To guarantee the accuracy of the weights, the weighing was repeated until
a difference of less than 0.10 mg between the two measured weights was achieved. The net increase in
the quality of the filter from before sampling to after sampling was used to represent the quality of
the particulate matter. The mass of the particles was divided by the volume of the sample to obtain
the atmospheric PM2.5 masses.

In this study, microwave acid digestion was used to digest the filter samples into a liquid solution
for elemental analysis. One-quarter of each filter sample was placed in the digestion vessel with
a mixture of 6mL HNO3, 2mL H2O2, and 0.6mL HF and was then exposed to a three-stage microwave
digestion procedure from a microwave-accelerated reaction system (MARS; CEM Corporation, USA).
After that, the digestion solution was transferred to polyethylene terephthalate (PET) bottles
and diluted to 50 mL with deionized water (with a conductivity: 18.2 MΩ/cm). Inductively coupled
plasma mass spectrometry (ICP-MS 7500a; Agilent Technologies, Japan subsidiary) was used to
determine the concentrations of 15 trace elements in the digestion solution, including Mg, Al, K,
Ca, V, Cr, Mn, Fe, Co, Cu, Zn, As, Ag, Cd and Pb. The concentrations of the trace elements were
quantified using a multi-element external standard, and the external standard liquid was diluted
into four concentration gradients with 5% HNO3. The correlation coefficient of the standard curve
exceeded 0.9999. The internal standard elements solutions (45Sc, 72Ge, 103Rh, 115In, 159Tb, 175Lu
and 209Bi) were simultaneously placed into the instrument with the samples during the analyses.
Each sample was determined 3 times. The relative standard deviation (RSD) of the internal standard
element was less than 3%, indicating that the instrument was stable. When the RSD was greater
than 3%, the sample was analyzed again. The concentrations of the elements in PM2.5 were calculated
by measuring the concentrations of the elements and the sampling volume. More detailed information,
such as instrument optimization, calibration, and quality control, is given in [19].
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2.3. Data Analysis

2.3.1. Enrichment Factor (EF)

The EF is often used to measure the enrichment of elements in atmospheric particulate matter
and to determine and estimate the natural and anthropogenic sources of those metallic elements.
The EF is calculated as follows:

EF =
(Cα/Cβ)aerosol
(Cα/Cβ)crust

(1)

where Cα is the mass concentration of the investigated element α, Cβ is the mass concentration of
a comparable element β, (Cα/Cβ)aerosol is the ratio of comparable elements to reference elements in
the aerosol, and (Cα/Cβ)crust is the ratio of research elements to comparable elements in the crust.
Usually, the elements that are relatively more stable, more volatile, less anthropogenic and ubiquitous
throughout the crust are selected as comparable elements (Al, Fe, Ti, Sc, and Si are commonly chosen).
In this study, Al was chosen as the comparable element. In addition, the concentrations of the crustal
elements were derived from a previous investigation [20]. When the EF is less than 10, the element is
mainly derived from the crust, while EF values between 10 and 100 indicate that the element originated
from both natural and anthropogenic sources. When the EF is greater than 100, the element mainly
originated from anthropogenic sources [21].

2.3.2. Positive Matrix Factorization (PMF)

The PMF model, which is based on the factor analysis method, was first developed in 1993
by Paatero [22], after which it was quickly popularized and broadly applied. Compared with chemical
mass balance (CMB) models, PMF models do not need to analyze information regarding the pollution
source. In addition, it is not necessary to establish the pollution source composition spectrum; rather,
the various factors can be obtained by using the standard deviation of the data [23]. The basic principle
of this model is to assume that X is an n × m matrix, where n is the number of samples and m is
the number of chemical components.

xij =
p

∑
k=1

gik fkj + eij (i = 1, 2 . . . n; j = 1, 2 . . . m; k = 1, 2 . . . p) (2)

The goal of the optimization is that the objective function Q will tend toward the value of the degrees
of freedom.

Q(E) =
n

∑
i=1

m

∑
j=1

(eij/uij)
2 (3)

where xij is the concentration of a substance j in the receptor on day i, gik is the contribution of a factor
k to the receptor on day i, fkj is the fraction of the chemical composition of a substance j of the factor k,
eij is the residual of the chemical composition of a substance j on day i, and uij is the uncertainty of X.

Missing data values were substituted with median concentrations. The uncertainty (Unc)
is calculated according to the method recommended by the U.S. Environmental Protection Agency
(EPA) PMF Fundamentals [24–27].

When the concentration of the chemical composition is lower than the method detection limit
(MDL) of the instrument, the uncertainty is as follows:

Unc =
5
6

MDL (4)

When the concentration of the chemical composition is higher than the MDL of the instrument,
the uncertainty is as follows:

Unc =
√
(ErrorFraction + Concentration)2 + (MDL)2 (5)
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In this study, we uses the multivariate EPA PMF 5.0 model to resolve the sources of metallic
elements. The daily PM2.5 elemental composition datasets obtained at the two sites during the entire
observation period (15 September to 12 November) were applied to PMF 5.0 to determine sources
and their contributions to the total metallic element mass. The identification of the sources was based
on certain chemical tracers that are generally presumed to be emitted by specific sources and are present
in significant amounts in the samples collected. After testing the PMF results between 4 and 9 factors,
the five factors solution was chosen by comparing PMF factor profiles with reference source profiles
and tracers from previous studies. For the selected 5-factor case, the G-space plot pairings showed that
the points were distributed across the solution space between the axes. Based on the Displacement
(DISP) and Bootstrap-Displacement (BS-DISP) results, the FPEAK value set at 0.1 (JDM) and −0.1 (HR).

3. Results and Discussion

3.1. PM2.5 Mass Concentration and Meteorological Conditions

The meteorological conditions and PM2.5 mass concentrations obtained from the observation period
are given in Figure 1. The average PM2.5 mass concentrations before the APEC summit (BAPEC period,
from 15 September to 2 November) were 127.6 μg/m3 (JDM) and 87.7 μg/m3 (HR), both of which exceed
the second level of the National Ambient Air Quality Standard (75 μg/m3). The numbers of days
with average mass concentrations that surpassed the standard level of 75 μg/m3 were 30 and 20 days
at JDM and HR, respectively, accounting for 63.8% and 42.6% of the total number of sampling days.
If the mass concentration of PM2.5 exceeds 75 for two consecutive days, it is classified as a pollution
event in this study. During the BAPEC period, 7 (JDM) and 5 (HR) pollution events were observed. Prior
to each pollution event, southerly wind flows with short durations were usually observed. In addition,
stagnant weather is usually accompanied by faint southern and southeastern winds [28], which would
benefit the transportation of atmospheric pollutants to Beijing from its adjacent southern areas where
the intensive industrial zone were located. As showed in Figure 1, a 6-day pollution event was
observed from 6 October to 11 October at the urban and suburban sites. At the urban site (JDM),
a continuous southerly wind with a mean wind speed of 1.4 m/s was observed from 12:00 to 24:00 on
October 6th. Then, the wind speed largely decreased, and the average wind speed decreased to 0.3 m/s
in the following 4 days. In addition, the average relative humidity increased to 71.2%. These conditions
were not conducive to the dispersal of pollutants; thus, the PM2.5 concentration reached a maximum
of 428 μg/m3 on 9 October. On the afternoon of 11 October, a northerly wind with an average wind
speed of 2.2 m/s was observed, following which the pollution gradually dissipated. During the same
pollution event, the average PM2.5 mass concentration at the suburban area (HR) was 195.8 μg/m3 with
a maximum value of 271.3 μg/m3, much lower than that at the urban area (JDM). Apart from the lower
anthropogenic emissions in the suburban site, the higher average wind speed (1.1 m/s) at HR suggest
a better diffusion condition and leading to the lower PM2.5.

As shown in Table 1, the average PM2.5 mass concentrations at sites JDM and HR during the APEC
summit were 48.4 μg/m3 and 33.1 μg/m3, respectively, both of which were significantly lower
than those during the BAPEC period (p < 0.05). The numbers of days with pollution levels that
exceeded 75 μg/m3 were only 2 and 1 at JDM and HR, respectively, accounting for 16.7% and 8.3% of
the total number of sampling days. In addition, no heavy pollution days were observed at either site.
Compared with the BAPEC period, the wind speeds increased and the relative humidity decreased
during the APEC summit in the urban site, which suggested the meteorological conditions were
conducive to the dispersal of pollutants, and the favorable meteorological conditions also played
an important role in maintaining good air quality during the APEC summit. However, it should
be noted that the wind speeds was comparable during BAPEC and APEC periods in the suburban
site, which may suggest a similar meteorological conditions and the control measures would be more
important that contributed to the good air quality.
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Figure 1. (a,b) Meteorological conditions and (c) PM2.5 mass concentration during the sampling period
at the Beijing urban site (JDM) and suburban site (HR).

Table 1. PM2.5 mass concentrations and meteorological parameters before and during the Asia-Pacific
Economic Cooperation (APEC) summit in Beijing urban site (JDM) and suburban site (HR).

Parameters
JDM (n = 47) HR (n = 12) Reduction (%)

BAPEC APEC BAPEC APEC JDM HR

PM2.5 (μg/m3) 127.6 48.4 87.7 33.1 62.1 * 62.3 *
Days of PM2.5 exceeding

75 μg/m3 30 2 20 1 93.3 95.0

Exceeding Rate (%) 63.8 16.7 42.6 8.3 73.8 80.5
Temperature (°C) 16.8 10.1 14.3 6.9 39.9 ** 21.7 **

Relative Humidity (%) 56.3 34.1 69.5 43.9 39.4 ** 36.8 **
Wind Speed (m/s) 0.82 1.58 1.44 1.36 −92.7 ** 5.6

* denote the difference reach significance level (p < 0.05), and ** denote the significance level (p < 0.01).

3.2. Concentrations of Metallic Elements

Table 2 presents the average mass concentrations of metallic elements in PM2.5 in each site during
the BAPEC and APEC periods. In both the urban and suburban sites, the concentrations of K, Fe,
Ca, Al and Mg were the highest among the metallic elements examined herein. These 5 elements are
all naturally occurring within the crust, and their total concentration accounted for more than 85%
of the total concentration of all of the measured metallic elements. The concentration of Cd was
less than 5 ng/m3, which is the reference concentration limit provided by the standard GB3095-2012
and the World Health Organization (WHO). The concentration of As during the BAPEC period
exceeded the reference limit (6 ng/m3) provided by the GB3095-2012 and WHO standards, while that
during APEC was less than 6 ng/m3. The concentration of Pb was less than the seasonal concentration
limit (1100 ng/m3) specified by GB3095-2012 and was also less than the mean annual concentration
limit (500 ng/m3). The concentrations of crustal elements in Beijing decreased after 2010 relative to
those prior to 2010; the concentrations of Mg, Al and Ca decreased by approximately 30% while those
of K, Fe and Mn decreased by approximately 60% (Table S1). Likely as a result of the growth in car
ownership throughout Beijing in recent years, the Cu concentration rose by 67.1%, especially since
a large quantity of Cu is produced during car manufacturing and braking. The concentration
of Pb decreased by 34.4% due to the increased usage of unleaded gasoline during recent years;
interestingly, the Pb concentration decreased in spite of the aforementioned increase in car ownership.
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The concentrations of V, As, Cd and Cr, which are related to industrial sources and coal-fired fuel
sources, decreased by more than 70%. These decreases may have been related to the relocation of
the Capital Steel Corporation Limited in 2010.

During the BAPEC period, the majority of the observed metallic elements were significantly
higher (p < 0.05) in the urban site than in the suburban site, except for the Mg and Ag (Table 2).
The same phenomenon was also observed during APEC, however, the difference in concentration of
Al, Mn, Cd and Pb were insignificant. In addition, another two more element (As and Zn) showed
higher concentrations at the suburban site during APEC. The concentration of each element was
greater during the BAPEC period than during the APEC, and the metallic element concentrations were
greater at JDM than at HR, regardless of the date. The total concentrations of metallic elements during
the BAPEC period were 5028.1 ng/m3 and 2851 ng/m3 at JDM and HR, respectively, which were
approximately 1.4 times the total site concentrations during the APEC. Compared with the BAPEC
period, all the metallic elements in PM2.5 decreased, and a significant reduction (p < 0.05) was observed
for Mg, K, V, Co, Zn, As, Ag, Cd and Pb at the urban site. For the suburban site, although
higher reductions of Ca, Cr, Fe, Co, Cu, Cd and Pb were observed compared with the urban site,
the other elements showed insignificant reduction, especially for the Ag and Cu, which may suggested
the different effects of control measures present in the urban and suburban areas in Beijing.

Table 2. Average mass concentrations of metallic elements in PM2.5 and the differences between urban
and suburban site and the reductions between before APEC (BAPEC) and APEC periods.

BAPEC (n = 47) APEC (n = 12) Reduction (%) b

ng/m3 JDM HR Diff. (%) a JDM HR Diff. (%) a JDM HR

Mg 160.7 167.6 −4.3 88.3 142.6 −61.5 * 45.1 ** 14.9
Al 501 383.1 23.5 **c 416.2 365.2 12.3 16.9 4.7 *
K 1789.9 718.6 59.9 ** 1125.3 460.3 59.1 ** 37.1 * 35.9 *
Ca 641.9 456.3 28.9 ** 616.5 369.9 40.0 ** 4.0 18.9
V 2.6 1.2 53.8 ** 0.76 0.36 52.6 ** 70.8 ** 70.0 **
Cr 9.5 4.0 57.9 ** 6.5 2.6 60.0 ** 31.6 35.0 **
Mn 59.3 37.4 36.9 ** 31.3 20.6 34.2 47.2 ** 44.9 **
Fe 1360.9 766.6 43.7 ** 1139.1 455.4 60.0 ** 16.3 40.6 **
Co 0.59 0.31 47.5 ** 0.36 0.17 52.8 ** 39.0 * 45.2
Cu 49.8 23.1 53.6 ** 45.2 16.3 63.9 ** 9.2 29.4
Zn 291.8 180.7 38.1 ** 130.1 146.8 −12.8 55.4 ** 18.8
As 10.0 9.5 5.0 4.0 4.7 −17.5 60.0 ** 50.5 *
Ag 0.53 0.67 −26.4 * 0.35 0.67 −91.4 ** 40.0 * 0.0
Cd 2.6 2.0 23.1 * 1.2 0.9 25.0 53.8 ** 55.0 *
Pb 147.1 99.9 32.1 ** 62.5 41.1 34.2 57.5 ** 58.9 **

a The difference (Diff.) in metallic elements concentrations between urban (JDM) and suburban (HR) site;
b The reduction in metallic elements concentrations between the BAPEC and APEC periods; c,* denote the difference
reach significance level (p < 0.05) , and ** denote the significance level (p < 0.01).

3.3. Day/Night Variations in Metallic Elements

Figures 2 and 3 display the daytime and nighttime concentrations and EFs, respectively,
of metallic elements during the BAPEC period and during the APEC. Compared with that during
the daytime, the total concentration of metallic elements at night increased at JDM and declined
at HR, regardless of the date. During the BAPEC period at JDM, the concentration of each crustal
element (except K) decreased at night; the concentration and EF of K respectively increased by 24.7%
and from 12.1 in the daytime to 13.7 at night, which suggests that K could be influenced by human
activities like biomass burning that usually conducted in the south area of Beijing after the autumn
harvest. The concentrations and EFs of the crustal elements at HR were generally reduced at night;
their EFs were all less than 10, suggesting that the crustal elements at HR were not affected

33



Atmosphere 2019, 10, 105

by anthropogenic factors. During the APEC, the variations in the crustal element concentrations
at the two sites were similar to those during the BAPEC period.

Figure 2. Daytime and nighttime concentrations of metallic elements before and during the APEC
summit in Beijing urban site (JDM) and suburban site (HR).

Figure 3. Daytime and nighttime enrichment factors of metallic elements (a,b) before and (c,d) during
the APEC summit in Beijing urban site (JDM) and suburban site (HR).

During the BAPEC period, the total concentration of trace metal elements increased
from 422.0 ng/m3 during the daytime to 608.9 ng/m3, during the nighttime at JDM, representing
an increase of 44.3%. The concentrations of Cr, Cu, Zn and Pb increased by 58.6%, 32%, 72.4%
and 10%, respectively. Moreover, the EFs of Cu and Zn rose from 266.3 and 306.4 (daytime)
to 320.1 and 481.0 (nighttime), respectively. The EFs of Cu and Zn increased significantly at night.
The daytime and nighttime concentrations of metallic elements within the PM2.5 pollution at JDM
during the BAPEC period were significantly different. This shows that the Cr, Cu, Zn and Pb detected
at JDM were heavily affected by anthropogenic factors during the nighttime. A previous study found
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that the nighttime concentrations of organic carbon (OC) and elemental carbon (EC) were higher
than those during the daytime, which was primarily due to lower temperatures and increased carbon
emissions at night [29]. In this study, the concentrations of Cu, Zn and Pb increased significantly
at night, reflecting enhanced levels of traffic activity. Moreover, the atmospheric boundary layer was
generally lower and the wind speed was reduced (from 1.0 m/s to 0.6 m/s) at night, which could
have worsened diffusion conditions and increased the concentrations of metallic elements. During
the APEC summit, the total concentration of trace metal elements at JDM at night was 242 ng/m3,
which was 6.9% lower than that during the daytime; the variation in the concentration and EFs of each
element was not obvious, however, as their differences were minor. This suggests that the regional
emission control measures played a dominant role in driving these diurnal variations in urban area
in Beijing.

In contrast, the concentrations of the trace metal elements at night decreased during the BAPEC
period at HR. The concentrations of V, Cr, Cu, Zn and As decreased by 10.3–34.8% during
the nighttime, indicating that biomass burning, motor vehicle activity and coal burning decreased
during the nighttime at HR. In addition, increased wind speeds at night would have accelerated
the diffusion of pollution, thereby reducing the impact of human factors on the pollution at HR
at night. Interestingly, the concentrations of Cu, Zn and Ag increased at night by 20.5%, 16% and 21.5%,
respectively, during the APEC at HR, and the EFs of Cu and Zn also increased slightly. This indicates
that the effects of anthropogenic factors on Cu and Zn were enhanced at night during the APEC
summit in contrast to the diurnal trends during the BAPEC period. Therefore, the control measures
during daytime are more effective than those at the night in the suburban area of Beijing during
the APEC summit.

3.4. Characteristics of Metallic Elements under Different Pollution Levels

The air quality was classified into three categories based on the second level of
the National Ambient Air Quality Standard (GB3095-2012): when the concentration was less
than 75 μg/m3, the air quality was classified as clean days (C); when the mass concentration was
between 75 and 150 μg/m3, the air quality was classified as light polluted days (L); and when
the concentration exceeded 150 μg/m3, the air quality was classified as heavy polluted days (H).

The concentrations and EFs of the metallic elements in different pollution levels both during
the BAPEC period and during the APEC summit are shown in Figures 4 and 5, respectively.
Generally, the total concentration of metallic elements increased with an increase in the pollution
at either site. The proportion of each metallic element in PM2.5 decreased, indicating that the main
source of the increase in PM2.5 was not the growth of metallic elements, which is consistent with
the findings of a previous study [30]. The concentration of the majority metallic elements was increased
with relatively aggravated pollution levels during the BAPEC in the urban site, and the significant
increase (p < 0.05) was observed for K, Cr, Mn, Fe, Co, Cu, Zn, As, Ag, Cd and Pb when pollution
level changed from clean days to heavily polluted days and there no significant difference for all
the 15 elements when pollution level changed from clean days to lightly polluted days. Interestingly,
the concentrations of Mg, Al and Ca varied insignificantly and irregularly during the BAPEC period,
coincident with relatively aggravated pollution levels. Similar variation of the metallic elements under
different pollution levels was also observed in the suburban site. The majority of trace metal elements
were significantly increased when the pollution level changed from clean days to heavily polluted days,
while the crustal elements like Mg, Al and Ca showed an inconspicuous increase. Meanwhile, the EFs
of the majority metallic elements was increased with relatively aggravated pollution levels, except for
the Co and Ag in the suburban site. For example, the EF of K was less than 10 on clear days and higher
than 10 on pollution days, indicating that K is more affected by human factors on pollution days.
The concentration of As on severely polluted days was 3.6 times higher than that on clear days and 1.9
times higher than that on light pollution days. The concentrations, EFs and proportions of V, Co,
Ag and Pb to the total metallic elements all exhibited their maximum values on light pollution days
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at HR. The concentrations of other trace metal elements, such as As and Cd, increased sharply with
an increase in the pollution severity; their concentrations were 3.5 times higher on heavy pollution
days than on clear days.

 

Figure 4. Concentrations of metallic elements at clean days (CD), light polluted days (LD) and heavy
polluted days (HD) before and during the APEC summit in Beijing urban site (JDM) and suburban
site (HR).

Figure 5. Enrichment factors of metallic elements on clean days, light polluted days and heavy polluted
days (a,b) before and (c,d) during the APEC summit in Beijing urban site (JDM) and suburban site (HR).

During APEC, there were only two and one lightly polluted days at the urban and suburban
sites respect tively, and no heavily polluted day at either site was observed. The total metallic
element concentration on pollution days was 2.3 times higher than that on clear days at HR
and 1.1 times higher at JDM. With the exception of Ca, the crustal elements at JDM exhibited
magnitudes of increase; for example, the concentration of K rose from 925.4 ng/m3 to 1344.9 ng/m3.
The concentrations of the crustal elements Mg, Al and Ca on lightly polluted days were 1~1.7 times
those on clear days at HR. The elements K, Mn and Fe showed broader ranges of increases ranging

36



Atmosphere 2019, 10, 105

from 2.8 to 6.3 times greater concentrations on pollution days. Among them, the EF of Mn increased
from 3.8 to 22.7, indicating that anthropogenic emissions of Mn was largely enhanced on pollution
days. With an increase in the pollution, the concentrations and EFs of trace metal elements at the two
sites increased, and the range in the increased concentrations at HR was broader than that at JDM.
The concentrations of As, Cd and Pb on lightly polluted days were 1.5~2.3 and 6.9~8 times higher
than those on clear days at JDM and HR, respectively. Furthermore, the EFs of Mn, Fe, Cu, Zn, As, Cd
and Pb on polluted days were 1.3~2.2 and 2.7~7.8 times higher than those on clear days at JDM and HR,
respectively. These results indicates that traffic exhaust, industrial sources and coal combustion may be
the main sources of trace metal elements, which is consistent with the findings of previous research [31].
Therefore, trace metal elements are more easily enriched on pollution days.

3.5. Source Apportionment of Metallic Elements

The source profiles and the time series of the factors are displayed in Figures 6 and 7.
The percentages of each source are shown in Figure 8. The PMF source factors for the metallic
elements for the entire study and during the BAPEC and APEC periods, in addition to the changes
in their percentages during the APEC summit are provided in Table 3. The five sources of metallic
elements, that is, dust, traffic exhaust, industrial sources, coal and oil combustion and biomass
burning, were identified. Secondary aerosols is not identified by this study, which was different
from the previous source appointment studies conducted in Beijing (Table S2). It should be note that
previous source appointment studies were mainly concerned with the total PM2.5 mass, while this
study was concerned about the metallic elements, which may lead to the different source contribution
results between this study and the prior ones.

Table 3. Averaged concentration of metallic elements in PM2.5 for the five factors for before and during
the APEC summit in Beijing urban site (JDM) and suburban site (HR).

Sources
JDM HR

BAPEC APEC Reduction (%) BAPEC APEC Reduction (%)

Dust (ng/m3) 162.0 148.1 −8.6 95.5 122.7 28.5

Traffic Exhaust (ng/m3) 100.2 47.3 −52.8 65.8 43.6 −33.7

Industrial Emissions (ng/m3) 83.0 59.9 −27.9 46.8 31.6 −32.4

Coal and Oil Combustion (ng/m3) 43.7 16.1 −63.1 23.5 11.3 −52.0

Biomass Burning (ng/m3) 101.0 68.4 −32.2 47.3 29.5 −37.7
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Figure 6. Source profile of the five factors ((a) dust, (b) traffic exhaust, (c) industrial sources, (d) coal
and oil combustion and (e) biomass burning) of metallic elements in PM2.5 resolved by PMF in Beijing
urban site (JDM) and suburban site (HR).
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Figure 7. Time series of source contributions of the five factors ((a) dust, (b) traffic exhaust, (c) industrial sources,
(d) coal and oil combustion and (e) biomass burning) to metallic elements in PM2.5 resolved by PMF in Beijing
urban site (JDM) and suburban site (HR).
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Figure 8. Source contribution of the five factor to metallic elements in PM2.5 before and during
the APEC summit in Beijing urban site (JDM) and suburban site (HR).

The first factor was identified as dust considering the abundance of the typical crustal elements
(Mg, Al and Ca) [32–34]. Ca and Mg are the particular elements from cement and lime which mainly
comes from construction dust. Besides, the Al and Mg take larger proportion among the yellow dust.
Furthermore, the EFs of Ca and Mg were much lower than 10 in this study, indicating the nature
of their origins. Therefore, this factor possibly mixed among construction dust and yellow dust.
The average amounts of metallic elements from dust were approximately 162.0 ng/m3 (33.1%) during
the BAPEC period and 148.1 ng/m3 (43.6%) during the APEC summit. Same monitoring values at HR
were 95.5 ng/m3 (34.2%) and 122.7 ng/m3 (51.4%) respectively. The increased dust concentration
at HR was possibly related to decreasing humidity levels (nearly 20%) during the APEC. The overall
contribution from construction dust and soil dust was approximately 40% in 2007~2013 in Beijing [35],
which is similar to the contribution rate from dust at HR in this study.

The second factor, which contained Zn, Cu and Pb, was identified as traffic exhaust. In the past,
smelters and metallurgical industries were considered as the main sources of Cu and Zn in Beijing.
However, metal smelting is no longer the main reason to makes Cu and Zn after relocating of the Capital
Steel Corporation Limited in 2010. Zn was used in lubricant oil as an additive. Both Zn and Cu had
been used in brake linings and tire manufacturing [36]. The friction between a brake pad and a brake
plate will release Cu, and friction between the tire and the ground will release Zn. In China, Pb has
been used within gasoline as an antidetonator. Both Zn and Pb have also been used as indicators of
gasoline combustion in Hong Kong particle apportionment [37]. The concentration of Pb is low in this
study which might be related with the promotion of unleaded gasoline. During the BAPEC period,
the average amounts of metallic elements from traffic exhaust at JDM and HR were 100.2 ng/m3

(20.5%) and 65.8 ng/m3 (23.6%), respectively. Meanwhile, those during the APEC summit at JDM
and HR were 47.3 ng/m3 (13.9%) and 43.6 ng/m3 (18.3%), respectively. These results are similar
to the previous findings [38], that traffic emissions accounted for 22.9% and 21.7% before heating
and during heating, respectively.
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The third factor was identified as industrial sources due to its association with industrial elements
(Cr, Mn and Fe). These components may be transported from the adjacent area Hebei Province,
where a large number of highly polluting industries are located. Cr is a characteristic element
of metallurgy and chemical dust. Both Cr and its compounds are widely used in metallurgy,
electroplating, pigment, leather and other industries [39]. Previous study found that ferrous
metallurgy could emit Mn [40]. Furthermore, both Fe and Mn are characteristic components of
iron and steel industry emissions. Therefore, this factor could be identified as industrial sources.
The average mass concentration of industrial sources decreased by 27.9% at JDM (from 83.0 ng/m3

to 59.9 ng/m3) and by 32.4% at HR (from 46.8 ng/m3 to 31.6 ng/m3) from the BAPEC period to during
the APEC summit.

The fourth factor is identified as coal and oil combustion, which is suggested by the presence
of V, Co, As and Cd. Coal is the dominant fuel in China. Its combustion is the predominant source
of fine particulate matter over China [41]. The element As is characteristic of coal-fired dust [42],
and coal combustion will also release some Co and Cd. V mainly originates from the combustion of
petroleum (primarily heavy oil) and is easily discharged into the atmosphere in the form of particulate
matter [43]. The contribution of coal and oil combustion in the BAPEC period were around 8% at both
sites, while the contribution of this source decreased by 63.1% at JDM (from 43.7 ng/m3 to 16.1 ng/m3)
and by 52.0% at HR (from 23.5 ng/m3 to 11.3 ng/m3) during APEC (Table 3). The contributions of
coal and oil combustion in this study were much lower than the previous studies (11–38% in [18]
and 26.1% in [44]), which may be attributed to the implementation of a coal-to-gas switch in recent
years of Beijing.

The last factor was assigned to biomass burning because it contained a significant majority
of K, which was a known biomass burning tracer [45]. K is a typical marker of biomass burning.
Farming in Beijing’s suburban districts has still been extensive in recent years. The farmers sometimes
fertilize the soil and cooking by burning the crop remnants and the fallen leave in autumn and winter,
which enhance the emission of K [46]. Besides, the several barbecue restaurants around the site JDM,
which burning the carbon used in the barbecue may be enhance the biomass burning. During the BAPEC,
the average mass concentrations of biomass combustion were 101.0 ng/m3 (accounted for 20.6%) at JDM
and 47.3 ng/m3 (16.9%) at HR, while those same concentrations at JDM and HR were 68.4 ng/m3 (20.1%)
and 29.5 ng/m3 (12.3%), respectively, during the APEC. These results are larger than the yearly average
contribution of biomass burning in the year of 2010 (11.2%) [47], possibly because the sampling period of
this study was consistent with the harvest period in Beijing and surrounding areas.

The mean contributions from the five sources decreased during the APEC summit.
Generally, the five source contributions collectively diminished by 30.7% at JDM and 14.4% at HR
during APEC relative to BAPEC, indicating that the air pollution regulations implemented during
the APEC summit were effective, and the decline at JDM is more obvious than that at HR. These results
are different to those from the prior study [14] stating that the contributions from seven sources
(road dust, soil dust, traffic exhaust, secondary aerosols, industrial sources, biomass burning
and residual oil combustion) collectively were reduced by 73.3% during the APEC summit at HR
relative to the BAPEC period. It should be noted that secondary aerosol was not resolved in this study,
which was the dominant factor attributed to the decline of PM2.5 during the APEC summit [13].
In the present study, coal and oil combustion regulations were the most effective for reducing
the pollution concentrations (JDM:63.1%; HR:52.0%), followed by measures to reduce traffic exhaust
(52.8%), biomass burning (32.2%) and industrial sources (27.9%) at JDM and measures to reduce
biomass burning (37.7%), traffic exhaust (33.7%) and industrial sources (32.4%) at HR. The variations
in pollution from traffic sources during the BAPEC period and during the APEC summit at JDM
were both greater than those at HR, while the variation in pollution from biomass combustion was
the opposite.
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4. Conclusions

Significant reductions in the PM2.5 mass concentrations were observed both in the urban
and suburban areas of Beijing during the APEC summit. The air quality evidently improved during
APEC, during which period the mass concentrations at the urban site (JDM) and the suburban
site (HR) were 48.4 μg/m3 and 33.1 μg/m3, which were 62.1% and 62.3% lower than those
during the BAPEC period, respectively. Most of the trace metals (V, Cr, Mn, As, Cd and Pb)
decreased more than 40% due to the emission regulations during APEC, while the crustal elements
decreased considerably (4–45%). Relative to the daytime, trace metals increased during the nighttime
at both sites before the APEC summit, but no significant difference was observed during the APEC
summit, suggesting the suppressed emissions from anthropogenic activities. The concentration of
the majority metallic elements increased with relatively aggravated pollution levels during the BAPEC
period, and a significant increase (p < 0.05) was observed for K, Cr, Mn, Fe, Co, Cu, Zn, As, Ag,
Cd and Pb when pollution levels changed from clean days to heavily polluted days. There was no
significant difference for all the 15 elements when the pollution level changed from clean days to lightly
polluted days. The EF results suggest trace metal elements are more easily enriched on pollution days.
Five sources (dust, traffic exhaust, industrial sources, coal and oil combustion and biomass burning)
were resolved using positive matrix factorization (PMF), which collectively decreased by 30.7%
at the urban site and 14.4% at the suburban site during the APEC summit. Coal and oil combustion
regulations were the most effective for reducing the trace element concentrations (urban site: 63.1%;
suburban site: 52.0%), followed by measures to reduce traffic exhaust (52.8%) at the urban site
and measures to reduce biomass burning (37.7%) at the suburban site. Our results suggest future
control efforts for metallic elements in megacities like Beijing should prioritize coal and oil combustion
as well as traffic emissions.
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Abstract: Atmospheric particle-bound mercury (PHg) quantification, at a pg m−3 level, has been
assessed in particulate matter samples (PM10) at several sites (industrial, urban and sub-urban sites)
of Atlantic coastal European region during 13 months by using a direct thermo-desorption method.
Analytical method validation was assessed using 1648a and ERM CZ120 reference materials. The limits
of detection and quantification were 0.25 pg m−3 and 0.43 pg m−3, respectively. Repeatability of
the method was generally below 12.6%. PHg concentrations varied between 1.5–30.8, 1.5–75.3 and
2.27–33.7 pg m−3 at urban, sub-urban and industrial sites, respectively. PHg concentration varied from
7.2 pg m−3 (urban site) to 16.3 pg m−3 (suburban site) during winter season, while PHg concentrations
varied from 9.9 pg m−3 (urban site) to 19.3 pg m−3 (suburban site) during the summer. Other trace
elements, major ions, black carbon (BC) and UV-absorbing particulate matter (UV PM) was also
assessed at several sites. Average concentrations for trace metals (Al, As, Bi, Cd, Cr, Cu, Fe, Mn, Ni,
Pb, Sb, Si, Sr, V and Zn) ranged from 0.08 ng m−3 (Bi) at suburban site to 1.11 μg m−3 (Fe) at industrial
site. Average concentrations for major ions (including Na+, K+, Ca2+, NH4

+, Mg2+, Cl−, NO3
− and

SO4
2−) ranged from 200 ng m−3 (K+) to 5332 ng m−3 (SO4

2−) at urban site, 166 ng m−3 (Mg2+) to
4425 ng m−3 (SO4

2−) at suburban site and 592 ng m−3 (K+) to 5853 ng m−3 (Cl−) at industrial site.
Results of univariate analysis and principal component analysis (PCA) suggested crustal, marine and
anthropogenic sources of PHg in PM10 at several sites studied. Toxicity prediction of PHg, by using
hazard quotient, suggested no non-carcinogenic risk for adults.

Keywords: atmospheric particle-bound mercury; atmospheric particulate matter; sources contributions;
Atlantic coastal European region; toxicity prediction

1. Introduction

Inhalation of atmospheric particulate matter (APM) represents a significant exposure pathway
to humans. Several epidemiological studies have shown that chronic environmental exposure to
APM has been associated with specific negative health outcomes (decreased pulmonary and renal

Atmosphere 2020, 11, 33; doi:10.3390/atmos11010033 www.mdpi.com/journal/atmosphere45
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function; lung cancer; damage to DNA; and cardiovascular, reproductive and endocrine alterations) [1].
The World Health Organization estimates that around six million people in the world die annually due
to the effects of atmospheric pollution (indoor and outdoor) [2].

Mercury is a metal without any physiological demand in humans, with high toxicity (it affects
the human central nervous system), long-distance transport and strong bioaccumulation tendency
in the food chain, which poses a global concern and a great threat to human health, wildlife and
environment [3]. Hg and its species are therefore included in priority lists of toxic compounds by
several international agreements dealing with environmental protection and international programs to
reduce mercury emissions [4–7]. Mercury is emitted into the atmosphere, as gaseous elemental mercury
Hg0 (GEM) and particle-bound mercury (PHg), from both natural (volcanic eruptions, sandstorms,
crustal dust and rock weathering, evaporation from water surfaces, geothermal vents and forest
fires) and anthropogenic (coal combustion, waste incineration and cement, chlor-alkali, nonferrous
metal production) sources [8,9]. GEM is the most predominant form of total gaseous mercury, over
95%, into the atmosphere [10]. GEM is transformed into the atmosphere, via redox chemistry and
homogeneous reactions, to gaseous oxidized mercury (GOM), which can be converted to PHg upon
adsorption/absorption on aerosol surfaces [11–13]. PHg, which accounts for less than 10% of the total
atmospheric Hg [14] can then undergo both dry and wet deposition [13].

In the last decades, several studies have focused on the determination of PHg levels at different
sites of the Europe [15–21], but data on levels of PHg in PM10 at Atlantic coastal European regions
studies are scarce [22–26]. Measurements of PHg in APM generally fell in the range of few pg m−3

to ng m−3 at rural and urban areas; thus, high and selective techniques, such as inductively coupled
plasma mass spectrometry [27], cold vapour atomic absorption/fluorescence spectrometry [28,29],
and differential pulse anodic stripping voltammetry [30], are required. These methodologies cannot
be considered as environmentally friendly processes due to the use of toxic reagents/acids at high
concentrations during the sample pre-treatment. Recently, a more effective, high sensitivity, fast,
environmentally friendly and simple direct atomic absorption spectrometry methods followed by
thermal decomposition of sample in an oxygen-rich atmosphere and concentration of mercury vapour
on an amalgamator have been proposed [31,32]. This method is more suitable for PHg determination
due to reduction of Hg losses and the possibility of sample contamination.

In this study we quantified mercury concentrations in PM10 (mean APM which passes through a
size-selective inlet with a 50% efficiency cut-off at 10 μm aerodynamic diameter) at pg m−3 levels by
direct solid sampling atomic absorption spectrometry. PHg levels were compared with other studies
carried out in Europe and in Atlantic coastal European region. PHg seasonal variability and their
relationships with APM sources at several sites (industrial, urban and sub-urban sites) of the Atlantic
coastal European region during 13 months were also examined. Finally, due to the high toxicity of
mercury and scarce information about mercury human health-risk assessment via inhalation several
hazard indexes such as average daily intake (ADI), and hazard quotient (HQ) were assessed.

2. Materials and Methods

2.1. Details and Description of the Study Areas

A Coruña is an Atlantic coastal city in the northwest of Spain with a quarter of a million
inhabitants (Figure 1). Due to its proximity to the sea, the sea salt content of particulate matter is
also important. Climate of zone is humid oceanic, with abundant rainfall and prevailing winds from
the north in summer and south in winter [33]. The main anthropogenic sources in this area are the
emissions from traffic and domestic activities, industrial emissions and biomass burning [33]. Samples
were simultaneously collected from May 2009 to May 2010, at urban, sub-urban and industrial sites.
Urban site (A Coruña, US, Spain), located inside the downtown (coordinates: 43◦22′04” N 08◦25′08” W)
at 5 m above the sea level. Sub-urban site (Liáns, SS, Spain), a residential area near A Coruña city
(coordinates: 43◦20′12” N 08◦21′09” W) at 120 m above the sea level (Moreda-Piñeiro et al., 2014).
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Industrial site (Sabón, IS), an industrial area near to A Coruña (coordinates: 43◦19′36” N 08◦30′0.2” W)
at 62 m above the sea level.

.
Figure 1. Sampling sites at the A Coruña City.

2.2. Atmospheric Particulate Matter Sample Collection

PM samples were collected using high-volume samplers (Graseby-Andersen,
Gibsonville, NC, USA) with a PM10 head. The samples were taken in 24 h intervals (from 11:00 a.m. to
11:00 a.m. next day) during the whole measurement period. Sampler meets the requirements of UNE
EN 12,341 European Norm (European standard EN12341, 2015) [34]. PM10 collection was conducted
on QF20 quartz fiber filters (Schleischer&Schuell, Dassel, Germany). Before sampling, the filters
were pre-heated at 450 ◦C for 1 h to remove possible mercury and other trace metal contamination.
Before and after sampling, filters were stabilized at 20 ± 1 ◦C and relative humidity of 50 ± 5% for
48 h, for mass determination by means of a microbalance (Sartorius Genius, Goettingen, Germany)
with an accuracy of 0.01 mg [34]. Afterwards sampling, PM10 samples were wrapped in aluminum
foil, were sealed in clean polyethylene zipper bags and then stored in a freezer (−18 ◦C) until further
analysis to avoid the losses of mercury from the filter. A total of 123 samples were collected covering
thirteen months (44, 38 and 41 samples collected at US, SS and IS sites, respectively). In general,
1–2 samples per week were collected covering sampling period. Finally, field blanks were analysed
following the same procedure used for the samples.

2.3. Cleaning Procedures

All plastic ware and glassware were washed with ultrapure water of 18 MΩ cm resistance (Milli-Q
water purification system, Millipore, Bedford, MA, USA). Then, plastic ware and glassware were soaked for
48 h with 10% (v/v) nitric acid (ultraclean nitric acid 69–70%, JT Baker, Phillipsburg, PA, USA), and rinsed
several times with ultrapure water before use. Sampling boats were pre-heated at 600 ◦C for 15 min to
remove possible mercury contamination. After collection, sample manipulation and analysis were carried
out into a class-100 clean room.

2.4. Mercury Quantification by DMA-80 Direct Mercury Analyser

Mercury measurements were performed on the Direct Mercury Analyser DMA-80 spectrometer
(Milestone Srl, Sorisole, Italy) by the AAS technique. DMA-80 is a single-purpose atomic absorption
spectrometer for determination of mercury traces in various solids and liquids without sample
pre-treatment/pre-concentration. Three circular pieces (3 × 9.42 cm2), cut from each PM10 filter,
were placed into a sampling boat and transferred to DMA-80. The methodology is based on a thermal
decomposition of the sample in an oxygen-rich atmosphere (99.5%) for 60 s at 750 ◦C; transportation
of released gasses (via an oxygen carrier gas) through specific catalytic compounds (for interfering
impurities removal) to an Au-amalgamator; and collection of the Hg vapor on an tamalgamator. After a
pre-defined time the amalgamator was heated up to 800 ◦C. The released Hg was transported to
to the detection system, which contains the Hg-specific lamp (253.7 nm) for mercury quantification.
Before the next analysis, the system was cleaned for 45 s to avoid any memory effects.
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For quantification, a mercury stock standard solution 1000 mg L−1 (Merck, Poole, Dorset, UK) as Hg2+

in dilute nitric acid (Baker) was used to prepare aqueous calibration solutions in the working range of 0–10 ng.
The polynomial of degree two curve was: SignalHg = −0.006 [Hg]2 + 0.1641 [Hg] + 0.0042

(
R2 = 0.9998

)
.

Analytical recovery studies were performed to procedure validation. Three circular pieces from a
PM10 filter (9.42 cm2) were spiked with different amounts of mercury at four levels: 0.25 and 0.5 ng
(low levels), 1.0 ng (intermediate level) and 2.0 ng (high level). Each concentration level was performed
five times, and also, the un-spiked filter sample was also subjected to the mercury quantification (five
times). Analytical recoveries within the 87–110% range were obtained, and good accuracy has been
proved. Also, accuracy of the method was assessed by analysing SRM 1648a urban particulate matter
(National Institute of Standards and Technology, Gaithersburg, MD, USA). Reference material was
analysed ten times by using the described methodology. Concentrations found (1.25 ± 0.09 mg Kg−1)
is in good agreement with the certified value (1.323 ± 0.064 mg Kg−1) after statistical evaluation by
applying a t-test at 95% confidence level for nine degrees of freedom. tcal value (2.21) is lower than the
ttab value of 2.26 Therefore, mercury in PM10 can directly be determined after thermal decomposition,
collection on an amalgamator and AAS detection ensuring the accuracy of analysis. Finally, ERM CZ120
fine dust (like PM10) (European CommissionJoint Research Centre Institute for Reference Materials and
Measurements (IRMM), Geel, Belgium) reference material was also analysed, concentrations found
was 0.22 ± 0.02 mg Kg−1. Unfortunately, no certified/informative or reported values by other authors
were available for this reference material.

The limit of detection (LOD) and the limit of quantification (LOQ), based on the 3σ and 10σ
criterion (σ, the standard deviation of background signal), were calculated. Keeping in mind the filter
surface (9.42 cm2) and the air volume taken through, the LODs and LOQs were 0.25 and 0.43 pg m−3,
respectively; where it can be seen that the values are low enough to perform mercury quantification in
PM10 samples. The repeatability of the procedure was obtained by subjecting a PM10 sample 11 times
to the proposed procedure. Low RSD values (12.6%) was achieved.

2.5. Statistical Treatment of Data

To evaluate the analytical data, Univariate Analysis, Correlation Analysis and Principal Component
Analysis were performed with Statgraphics version 7.0 (StatgraphicsGraphics Corporation, SC, USA).

3. Results and Discussion

3.1. Atmospheric Particle-Bound Mercury Concentration in PM10

Average PHg concentrations at three sites (US, SS and IS), along with statistical results (RSD,
maximum and minimum concentration, and range) are summarized in Table 1. High PHg content in
PM10 concentrations were observed at SS (PHg concentrations varied between 1.5 and 75.3 pg m−3),
while low values were achieved at US (PHg concentrations varied between 1.5 and 30.8 pg m−3).
The biomass burning associated to agricultural activities and wood combustion for heating purposes
at SS could be explain the high PHg concentration at SS (see the next section). A first attempt to find
tendencies consisted of comparing the averages and SDs of PHg from three sites, and results from
ANOVA, showed statistically significant differences (95.0% confidence level) between US and SS sites
(the p-values of the F-test is lower than 0.05).

PHg concentrations found (Table 1) are in the concentration range reported for several European
sites [15,17–21]. PHg concentration in total particulate matter varied from 5 to 200 pg m−3 at several
sites of Northern Europe and in the Mediterranean region [21], from 0.11 to 1.05 pg m−3 in rural
air in Southern Poland [20] and from 3.9 to 20.3 pg m−3 at Göteborg [19]. Lewandowska et al.
reported PHg concentrations in the range of 0.6 to 32.9 pg m−3 in small aerosols (PM1) at an urbanized
coastal zone of the Gulf of Gdansk (southern Baltic) [15]. PHg concentrations in the range of 2 to
142 pg m−3 were reported in coarse and fine particles (PM0.4–2.0) at the same site by Beldowska et al. [18].
Low concentrations have been also reported at urban (7.3–22.6 pg m−3) and forest (2.4–20.8 pg m−3)
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sites of Poland in coarse (PM2.2) and fine (PM0.7) particles [17]. Similar PHg levels (61 and 66 ng m−3

in PM2.5 and PM2.5–10, respectively) have been reported at a sub-urban area at the Western European
coast (Portugal) [26].

Table 1. Average, SD, range and minimum and maximum values of PHg in PM10 samples at urban site
(US), suburban site (SS) and industrial site (IS).

Site Average ± SD (pg m−3) Max (pg m−3) Min (pg m−3) Range (pg m−3) N

Whole period

US 8.5 ± 7.3 30.8 1.5 29.4 44
SS 18.0 ± 19.8 75.3 1.5 73.8 38
IS 11.4 ± 7.6 33.7 2.3 31.4 41

Summer season

US 7.3 ± 5.9 25.7 1.5 24.2 22
SS 16.4 ± 19.0 61.9 1.5 60.4 17
IS 7.5 ± 2.8 13.0 2.3 10.7 18

Winter season

US 9.9 ± 8.4 30.8 1.5 29.3 22
SS 19.3 ± 20.4 75.3 1.5 73.8 21
IS 14.4 ± 8.6 33.7 2.8 30.9 23

On the contrary, high PHg values have been published for several Atlantic European sites.
Arruti et al. reported PHg concentrations of<0.7–1.4 ng m−3 in PM10 samples and 0.8–0.9 ng m−3 in PM2.5

samples at several urban, suburban and industrial sites of the Cantabria region (Northern Spain) [22,23].
Frietas et al. reported PHg levels in the range of 0.14 to 1.5 and 0.07 to 2.3 ng m−3 in PM10 and PM2.5

samples, respectively in several inland sites of Portugal [25]. Finally, PHg levels around 0.9 ng m−3

in PM2.5 and PM2.5–10 samples were reported at industrial sites of Portugal by Farinha et al. [24].
The analysis of samples from industrial and contaminated sites and the use of analytical techniques
such NAA could explain the high PHg concentrations reported.

A PHg variation among PM10 samples was achieved during the sampling period at several sites,
RSD higher than 66% (Table 1), which reflects inherent heterogeneity of the atmospheric particles
(marine, crustal and anthropogenic/industrial contributions). The variation of monthly mean PHg
concentration (Figure 2) in PM10 at several sites varied largely from month to month. Descriptive
statistics of PHg during the winter and summer seasons are summarised in Table 1. During the winter
season (January–March and October–December), PHg concentration varied from 1.5 to 30.8, 1.5 to 75.3
and 2.8 to 33.7 pg m−3 at US, SS and IS, respectively (Table 1); with an average of 9.9 ± 8.4, 19.3 ± 20.4
and 14.4 ± 8.6 pg m−3 for US, SS and IS, respectively. On the contrary, concentrations of PHg varied
from 1.5 to 25.7, 1.5 to 61.9 and 2.3 to 13.1 pg m−3 at US, SS and IS, respectively; with an average of
7.3 ± 5.9, 16.4 ± 19.0 and 7.5 ± 2.8 pg m−3 for US, SS and IS, respectively (Table 1) during the summer
period (April–September). Although, high mean PHg concentrations were obtained during the winter
season (November and December 2014 and January, February and March 2015) at all sites (Table 1,
Figure 2); after applying ANOVA (Table 2), statistically significant differences (95.0% confidence level)
were found between summer and winter seasons only at IS (the p-value of the F-test is lower than 0.05).
Without neglecting the influence of the meteorological parameters (humidity, ambient temperature,
precipitation, wind speed and direction), photochemical transformation and gas-particulate phase
partitioning of atmospheric Hg, the high concentration of PHg during the winter may be due to the
increased emissions from anthropogenic sources [30].
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Figure 2. Monthly variation of PHg concentration during the study period at urban (US), suburban
(SS) and industrial (IS) sites.

Table 2. Analysis of variance of PHg concentration for winter and summer seasons at urban (US),
suburban (SS) and industrial (IS) sites.

Site Groups Sum of Squares Degree of Freedom Mean Square F-Ratio p-Value

US Between groups 73.79 1 73.79 1.41 0.2420
Within groups 2200.1 42 52.38

SS Between groups 79.64 1 79.64 0.20 0.6547
Within groups 14090.8 36 391.4

IS Between groups 489.90 1 489.90 10.77 0.0022
Within groups 1774.0 39 45.49

3.2. Sources of PHg in PM10

A study on the relations between Hg content (Table 1) and major ions, trace metal, equivalent
black carbon (eBC) and UV-absorbing particulate matter (UVPM) concentrations (Tables S1 and S2) in
PM10, and consequently the PHg sources, was assessed. Univariate and PCA analysis were assessed
for samples collected at US (whole period N = 44, summer season N = 22 and winter season N = 22),
SS (whole period N = 38, summer season N = 17 and winter season N = 21) and IS (whole period
N = 41, summer season N = 182 and winter season N = 23). Procedures for major ions and trace metals
extraction and quantification are summarized in the Supporting Information section; details for eBC
and UVPM are also shown in this section.

3.2.1. Univariate Analysis

Spearman coefficients and p-values (Table 3) between PHg and some ions and trace metals
for samples collected at US during the whole measuring period were as follows: NO3

− (0.5889,
p-value = 0.0022); Cr (0.6688, p-value = 0.0005); Pb (0.6037, p-value = 0.0017); and Sb (0.3979,
p-value = 0.0387). Also, good correlation (p-value lower than 0.05) were found for PHg and eBC (0.4948,
p-value = 0.0101) and UVPM (0.4226, p-value = 0.0281). These results indicate the anthropogenic origin
of PHg, mainly associated with combustion of fossil fuels and road traffic. Similar conclusions were
reached for samples collected during winter and summer seasons at US.

Good correlations were found for PHg and NO3
− (0.6147, p-value= 0.0173 and 0.5874, p-value= 0.0514

for summer and winter seasons, respectively); for PHg and Cr (0.4742, p-value = 0.0562 and 0.7018,
p-value = 0.0190 for summer and winter seasons, respectively); PHg and Pb (0.5647, p-value = 0.0519
and 0.7413, p-value = 0.0140 for summer and winter seasons, respectively); and PHg and eBC (0.5353,
p-value = 0.0118 and 0.4216, p-value = 0.0186 for summer and winter seasons, respectively).
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After applying statistics based on matrix correlations assessment, Spearman coefficients and
p-values (Table 3) at SS it is shown that PHg are correlated with sea salt sources during the whole
period (−0.3930, p-value = 0.0219 and −0.5532, p-value = 0.0376 for Na+ and Cl−, respectively) and
during the summer season (−0.5196, p-value = 0.0377 and −0.4843, p-value = 0.0554 for Na+ and
Cl−, respectively). These correlations could be explained taking in mind the high oceanic influence
(backward trajectory analysis in the Supporting Information section) and the reaction of gaseous
mercury with the particles of halides carried by marine air mass (see Section 3.2.1). Also, PHg are
correlated with crustal and anthropogenic sources; Spearman coefficients and p-values between PHg
and SO4

2− of 0.4476, p-value = 0.0091 and 0.6201, p-value = 0.0131, for during the whole period and
summer season, were achieved. Good correlation between PHg and Cr (an anthropogenic tracer) was
also found (0.3467, p-value = 0.0432 and 0.4945, p-value = 0.0479, for during the whole period and
summer season, respectively). On the contrary, the results suggest an enrichment of mercury on PM10

due to crustal sources at SS site during winter season (0.5955, p-value = 0.0141; 0.5041, p-value = 0.0495,
0.5346, p-value = 0.0532 and 0.5060, p-value = 0.0441 for Ca2+, Al, Fe and Si, respectively). High wind
speeds during wintertime would enhance the resuspension of soil/road dust, which could explain
the correlation of PHg with crustal components of PM10. Results also suggest an enrichment of
mercury on PM10 due to anthropogenic/biogenic sources; a good correlation was found with K+ (0.4778,
p-value = 0.0488), the presence of K+ should be attributed to biomass burning in the immediate vicinity
of the site.

Finally, crustal and anthropogenic origins for PHg in PM10 samples collected at IS could be
assigned during the whole period and winter season (Table 3). PHg are positively correlated with
Al (0.3457, p-value = 0.0505 and 0.6214, p-value = 0.0201 for the whole period and winter seasons,
respectively), Fe (0.4373, p-value = 0.0514 and 0.5964, p-value = 0.0380 for the whole period and winter
seasons, respectively) and Si (0.3522, p-value = 0.0463 and 0.3214, p-value = 0.0201 for the whole period
and winter seasons, respectively). PHg are also correlated with anthropogenic tracer such as Bi (0.3538,
p-value = 0.0454 and 0.5332, p-value = 0.0460 for the whole period and winter seasons, respectively),
Sb (0.4405, p-value = 0.0127 and 0.6500, p-value = 0.0150 for the whole period and winter seasons,
respectively) and UVPM (0.3603, p-value = 0.0415 and 0.5357, p-value = 0.0450 for the whole period
and winter seasons, respectively). No correlation (p-value lower than 0.05) were found during summer
season at this site.

3.2.2. Principal Component Analysis

PCA has been attempted with a data set in which Na+, NH4
+, K+, SO4

2−, NO3
−, Al, PHg, Pb, Sb,

eBC and UVPM contents were the discriminating variables. The results (after half-range and central
value transformation, cross-validation and Varimax rotation) show that 69.71% of the total variance was
explained by three principal components (PCs) at US during the whole period, which show eigenvalues
higher than 1.0 (Figure 3a). NH4

+, SO4
2−, NO3

− and Pb content (38.67% of the total variance of the
data set) are the main features in PC1. PHg, Pb, Sb, eBC and UVPM contents are the main features in PC2,
explaining 16.76% of total variance. These PCs are associated with anthropogenic sources. The third PC
offers the high weights for Na+ (sea as source), K+ (biomass burning) and Al (crustal source) explaining
14.27% of the total variance of the data set, respectively. Similar results were achieved during summer
and winter seasons (Figure 3b,c), suggesting an anthropogenic source (fossil fuel combustion and
road traffic) for PHg at US during all seasons.
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Figure 3. Three-dimensional plots of factor loadings for PM10 mass, Na+, NH4
+, SO4

2−, NO3
−, Al,

PHg, Pb, Sb, eBC and UVPM contents at urban site during whole period (a), summer (b) and winter
(c) seasons.

PCA has also been attempted with PM10 samples collected at SS during the whole period and
during summer and winter seasons. PCA shown that 72.25%, 81.39% and 78.25% of the total variance
was explained by three PCs for the whole period (Figure 4a) and for summer (Figure 4b) and winter
(Figure 4c) seasons, respectively. NH4

+, Al, Sb, eBC and UVPM contents are the main features in
PC1 (crustal plus anthropogenic sources), explaining 46.30, 58.67 and 44.86% of total variance at SS
during the whole period, and summer and winter seasons, respectively. SO4

2−, NO3
− and Pb contents

(13.77, 14.96 and 18.80% of the total variance of the data set for the whole period, and summer and
winter seasons, respectively) are the main features in PC2 (anthropogenic sources). Results shown high
loading weights for PHg and K+ at PC3 for the whole period and winter season (12.17 and 14.58% of
the total variance of the data set for the whole period and winter season, respectively), which suggests
a biomass combustion source for PHg at SS during the period sampled [35]. Finally, similar factor
loadings were achieved for K+ in the PC1, PC2 and PC3 (0.4960, 0.5567 and 0.4642 for PC1, PC2 and
PC3, respectively) at SS during summer season, which can also suggest a biomass combustion source
for PHg during this season.
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Figure 4. Three-dimensional plots of factor loadings for PM10 mass, Na+, NH4
+, SO4

2−, NO3
−, Al,

PHg, Pb, Sb, BC and UV PM contents at suburban site during one year long (a), summer (b) and winter
(c) seasons.

Finally, PCA has also been attempted with PM10 samples collected at IS. Results suggest an
anthropogenic origin of PHg during the whole period, a sea salt origin during summer season and
anthropogenic and crustal sources during winter season (Figure 5a–c). The marine source of PHg
could be explained taking into account that in the coastal atmosphere, Hg0 is transformed into reactive
gaseous mercury (HgCl2 + HgBr2 + HgOBr + . . . ), which could react or link with the particles of
sodium chloride carried by marine air mass [15,36,37]. Backward trajectory analysis shows that the
major air masses transported at studied sites during this season come mainly from Atlantic Ocean.
This fact have been reported for several anthropogenic compounds by several authors due to the great
influence of oceanic air masses in northwest Atlantic European sites [33,38]. As commented in the
previous section (Section 3.2.1), the re-suspension of soil/road dust due to high wind speed could
explain PHg relationship with crustal components of PM10 during winter season.
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Figure 5. Three-dimensional plots of factor loadings for PM10 mass, Na+, NH4
+, SO4

2−, NO3
−, Al, PHg,

Pb, Sb, eBC and UVPM contents at industrial site during the whole period (a), summer (b) and winter
(c) seasons.

3.3. Human Health Risk Assessment

Non-carcinogenic risk assessment with regard to PHg in PM10 was carried out to evaluate
the chronic risk of adults by using inhalation chronic daily intake (CDIinh) and hazard quotient
(HQ) indexes. The equations used to calculate health risk were based on models recommended by
USEPA [39]. CDIinh was assessed by the following equation:

CDIinh =
[PHg] ×Rinh × Fexp × Texp

PEF × ABW × Tavrg
(1)

where CDIinh is the chronic daily intake (mg kg−1 day−1), [PHg] is the concentration of particulate
mercury in PM10 (mg Kg−1), Rinh is the inhalation rate (20 m3 day−1 for adults), Fexp is exposure
frequency (365 day year−1), Texp is the exposure duration (24 years for adults), PEF is the particle
emission factor (1.36 × 109 m3 kg−1), ABW is the average body weight (60 kg for adults) and Tavrg is
the averaging time (for non-carcinogens Tavrg = Texp). HQ was assessed by the following equation:

HQ =
CDIinh

RfD
(2)
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where RfD is the reference dose of daily exposure to mercury that is likely to be without deleterious
effects (3 × 10−4 mg kg−1 day−1) [40]. When HQ ≤ 1 suggests unlikely non carcinogenic effects, HQ > 1
suggests possible non-carcinogenic effects and HQ > 10 indicates high chronic health risk [36]

The mean CDIinh values were 1.5 × 10−5 ± 1.2 × 10−5, 5.7 × 10−5 ± 7.2 × 10−5 and
2.2 × 10−5 ± 1.4 × 10−5 mg Kg−1 d−1 at US, SS and IS, respectively. The HQ values assessed in
PM10 at several sites (0.051, 0.189 and 0.073 for US, SS and IS, respectively, Figure 6 were lower than
the safe level (HQ = 1), suggesting no non-carcinogenic adverse effects to adults via inhalation.

Figure 6. Average Hazard Quotient (HQ) of PHg at urban (US), suburban (SS) and industrial (IS) sites.
The dotted line shows the acceptable limit of HQ i.e., 1 as established by US EPA.

4. Conclusions

Our data on PHg levels in PM10 at several sites of an Atlantic coastal European region
(northwest Spain), represent a novel contribution to the knowledge of complex atmospheric cycle of
mercury in regions with high marine influence. In general, it was found that the concentrations of PHg
found at these sites were lower than most of other ones reported at continental, Mediterranean and
Atlantic coast European sites. PHg in PM10 increased, especially due to the burning of fossil fuels for
heating purposes. Data from backward trajectory analysis, and univariate and principal component
analysis suggest an anthropogenic origin of PHg at urban site during both seasons (summer and winter
season). However, at suburban site the main contribution of PHg could be attribute biomass burning.
A sea salt and crustal/anthropogenic origin of PHg could be suggested at industrial site. The reaction
of Hg0 emitted with the particles of sodium chloride carried by marine air mass could explain the PHg
association with sea salt sources, while the re-suspension of soil/road dust due to high wind speed could
explain PHg relationship with crustal components of PM10 during winter season. This conclusion could
be extrapolated to other north Atlantic urban, suburban and industrial sites of Europe in which the main
air masses come from Atlantic Ocean. Finally, the HQ values assessed suggesting no non-carcinogenic
risks for PHg at several sites studied.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4433/11/1/33/s1,
Table S1: Average, RSD, range and minimum and maximum values of major ions, metals, eBC and UVPM in PM10
samples at urban site (US) N = 44, suburban site (SS) N = 38 and industrial site (IS) N = 41, Table S2: Seasonal
variation of major ions, metals, eBC and UVPM in PM10 samples at urban site US (summer season N = 22, winter
season N = 22), suburban site SS (summer season N = 17, winter season N = 21) and industrial site IS (summer
season N = 18, winter season N = 23).
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Abstract: Residential dust is recognized as a major source of environmental contaminants, including
polycyclic aromatic hydrocarbons (PAHs) and plasticizers, such as phthalic acid esters (PAEs).
A sampling campaign was carried out to characterize the dust fraction of particulate matter with an
aerodynamic diameter smaller than 10 μm (PM10), using an in situ resuspension chamber in three
rooms (kitchen, living room, and bedroom) of four Spanish houses. Two samples per room were
collected with, at least, a one-week interval. The PM10 samples were analyzed for their carbonaceous
content by a thermo-optical technique and, after solvent extraction, for 20 PAHs, 8 PAEs and one
non-phthalate plasticizer (DEHA) by gas chromatography-mass spectrometry. In general, higher
dust loads were observed for parquet flooring as compared with tile. The highest dust loads were
obtained for rugs. Total carbon accounted for 9.3 to 51 wt% of the PM10 mass. Plasticizer mass
fractions varied from 5 μg g−1 to 17 mg g−1 PM10, whereas lower contributions were registered for
PAHs (0.98 to 116 μg g−1). The plasticizer and PAH daily intakes for children and adults via dust
ingestion were estimated to be three to four orders of magnitude higher than those via inhalation and
dermal contact. The thoracic fraction of household dust was estimated to contribute to an excess of
7.2 to 14 per million people new cancer cases, which exceeds the acceptable risk of one per million.

Keywords: resuspension; household dust; PM10; organic and elemental carbon; phthalic acid esters;
polycyclic aromatic hydrocarbons

1. Introduction

In industrialized nations, people spend most of their time in closed environments, especially
at home [1]. Walking induced particle resuspension has been reported to be an important source of
indoor particulate matter [2–4]. Several factors affect resuspension of particles, including relative
humidity, flooring type, and dust loadings [3]. Household dust is a complex mixture of particles of
both indoor and outdoor origin, including organic, inorganic, and biological components, many of
which are toxicants, carcinogens or allergens [5,6]. Its composition depends on numerous conditions,
such as environmental and seasonal factors, ventilation and air filtration, homeowner activities, and in-
and outdoor sources [7]. Several studies have shown that inhalation of dust particles is linked to an
increased risk of a range of health hazards, spanning from asthma symptoms in susceptible adults and
children [8–11] to cancer and fertility problems [12].

Residential dust is recognized as a major source of environmental contaminants, including
polycyclic aromatic hydrocarbons (PAHs) and phthalic acid esters (PAEs) [13–15]. PAHs are primarily
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byproducts of incomplete combustion of fossil fuels and biomass and pyrosynthesis of organic
materials [16]. Dust, especially in carpeted floor, can be a permanent reservoir for these chemicals,
which may be inhaled through resuspension into air, ingested accidentally by children or absorbed
through the skin [13,17,18]. Because of their widespread sources and strong carcinogenicity, cytotoxicity,
mutagenicity, endocrine disrupting, and other hazardous properties, PAHs have been the focus of
extensive attention by scientists and governmental organizations [7,18–24]. Benzo[a]pyrene (BaP),
the most extensively studied carcinogenic PAH, is classified by the International Agency for Research
on Cancer (IARC) as a Group 1 or known human carcinogen [25]. Four of the top ten priority pollutants,
nominated by the Agency for Toxic Substances and Disease Registry (ATSDR) in 2011, are single PAHs
or PAH mixtures (PAHs, BaP, benzo[b]fluoranthene, and dibenzo[a,h]anthracene) [26].

PAEs (also called phthalates) are used as plasticizers in several consumer products, commodities,
and building materials [27]. Therefore, phthalates are ubiquitous in residential and occupational
environments, where they are present in high concentrations, both in air and in dust [14,27–41].
Comparisons of mass fractions reported in different studies indicate that, for measurements conducted
over the past decade, the levels of PAEs in indoor dust tend to be three to five orders of magnitude
higher than those of PAHs [14]. Recent toxicological studies have proven the potential of PAEs
to disturb the human hormonal system and human sexual development and reproduction [42,43].
Moreover, PAEs are suspected to trigger asthma and dermal diseases in children ([44], and references
therein). An EU risk assessment classified bis(2-ethylhexyl)phthalate (DEHP), dibutyl phthalate (DBP),
and benzyl butyl-phthalate (BBP) as hazardous substances in 2005, and has issued a directive to ban
these materials from products, particularly toys and cosmetics [45].

Indoor aerosol sources can significantly contribute to the daily dose of particles deposited into the
human respiratory system [46]. Since indoor dust contributes to human exposure, its resuspension
rates and chemical composition should be evaluated. The selection of appropriate techniques to assess
household dust loadings and composition is a major challenge since several methodologies have been
employed, including passive (dust settling) and active techniques (surface wiping, press sampling,
sweeping, and vacuuming) [6,47].

Studies on the concentration of contaminants in household dust have been focused on the analysis
of the total mass or of sieved fractions, involving sizes of tens or hundreds ofμm [17,29,30,32,35,37,39,40].
A summary of average PAH concentrations in settled house dust by country and year (data from
35 studies) can be found in a recent review article [48]. A major issue encountered when comparing
these studies was the variability in both the sampling methods employed and the dust particle size
fractions subjected to analysis. In 21 out of the 35 studies reviewed, the particle size cut-off points
were either 150 μm or 63 μm. It has been suggested that particles >150 μm do not easily and efficiently
adhere to hands or skin. Therefore, these sizes are less relevant when evaluating exposure via ingestion
or dermal pathways [49]. Liu et al. [24] collected and sieved indoor dust into six size fractions from
office and public microenvironments in Nanjing, China. Higher PAH concentrations, and consequently
more health risks, were observed for the smallest particles (< 43 μm). In general, the common sampling
procedures are affected by the loss of fine particles owing basically to the difficulties of collecting all
deposited material and to the electrostatic adhesion of particles to brush hairs, vacuum cleaner bags,
and sieve meshes. Considering the possibility that household dust is resuspendable and can become
airborne, most methodologies have drawbacks when assessing human inhalation exposure. Such an
approach requires measurements of the contaminant concentration in smaller particle sizes. The main
goal of this study was to determine household dust loadings and the respective PAH and plasticizer
levels in the thoracic fraction (<10 μm) of resuspendable material on the floor, which deposit anywhere
within the lung airways. The in situ resuspension chamber was previously devised and successfully
applied to collect the deposited particulate matter with an aerodynamic diameter smaller than 10 μm
(PM10) from different road pavements [50,51], but it was the first time this active sampling methodology
was used to collect settled thoracic particles directly from the floor in indoor environments. For road
dust, this sampling technique was previously compared to the USEPA methodology (AP-42 documents),
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which is based on vacuuming or sweeping of surfaces. Then, the collected material passes through a
200-mesh sieve to determine surface silt loadings, and finally an empirical formula is used to estimate
PM10 emission factors. Both methodologies provided very comparable results for resuspendable
PM10 dust [52]. Toxic substances attached to inhaled particles capable of passing beyond the larynx,
i.e., PM10, could lead to a series of respiratory and cardiovascular diseases, and increase the risks
of cancer [53]. Thus, sampling the total concentration or coarser dust fractions most likely provides
only a rough estimate of exposure. In addition to household dust loadings and PM10-bound chemical
components, this paper also provides a relatively exhaustive review of literature values to show not
only the order of magnitude of the levels, but also the difficulties in comparing results due to the lack
of standard methodologies.

2. Methodologies

2.1. Sampling

To determine and characterize dust loadings, a sampling campaign was carried out in four
different houses located in the Spanish city of León (Table 1). In each housing unit, three rooms were
investigated, including the kitchen, the living room and a bedroom. In each room, two samples were
collected with, at least, a one-week interval. Samples in each house were taken one or two days before
weekly cleaning. For dust collection, an in situ resuspension chamber operating at an air flow rate
of 25 L min−1 was used [51]. After vacuuming, PM10 was separated from the total dust through a
Negretti stainless steel elutriation filter and collected onto 47 mm quartz fiber filters (Pallflex®, Ann
Arbor, USA), while particles with aerodynamic diameter >10 μm were deposited in the methacrylate
chamber and along the elutriation filter. Electrostatic adhesion could cause some losses of particles
<10 μm. However, this loss is likely to be negligible with respect to losses of traditional sampling
procedures (i.e., sweeping). In a previous work, the chamber sediments were brought to a laboratory,
dried for 48 h at room temperature, sieved and, then, analyzed by means of an optical particle sizer
with the aim of verifying the granulometry selection of the sampling system. Results showed that the
fraction <10 μm was, on average, only 0.6% and 0.1% (in volume) of samples previously sieved at
250 μm and 63 μm, respectively [50].

Table 1. Characteristics of the houses where floor dust particulate matter with an aerodynamic diameter
smaller than 10 μm (PM10) was sampled.

House Characteristics Room Flooring

1 Suburban two-story house with
well-ventilated kitchen, two occupants

Kitchen
Bedroom

Living room
Living room rug

Bedroom rug

Tile
Parquet
Parquet

Cut pile carpet/rug
Long threads shag rug

2 Single story apartment located in the city
center, two occupants

Kitchen
Bedroom

Living room

Tile
Parquet
Parquet

3 Rural two-story house with open fireplace
in the living room, two occupants

Kitchen
Bedroom

Living room

Tile
Parquet

Tile

4 Single story apartment with small kitchen
open to the living room, one occupant

Kitchen
Bedroom

Living room

Tile
Tile
Tile

Sampling was performed in surface areas of 1 m2 for 30 min. Two to three different square meters
were sampled using the same filter in order to ensure enough particulate mass for the subsequent
gravimetric and chemical analyzes. Since some compounds could derive from the resuspension
chamber itself or from ambient air that enters the system and passes through the filter during dust
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collection from the floor, air samples were vacuumed through the same system after sampling in each
room. These background air filters were also sampled for 30 min.

2.2. Household Dust Characterization

Due to the loss of a small fragment after sampling, the kitchen filter from house 2 obtained
in the 2nd week was discarded because weighing led to a negative dust mass. After gravimetric
determination, two punches (9 mm) of each filter were analyzed by a thermo-optical transmission
technique to obtain the PM10 carbonaceous content (organic and elemental carbon, OC and EC).
This method is based on the quantification of the CO2 released from the volatilization and oxidation
of different carbon fractions under controlled heating by a non-dispersive infrared (NDIR) analyzer.
The blackening of the filter is monitored using a laser beam and a photodetector, which enables
separating the EC formed by pyrolysis [54]. The remaining portion of each filter was extracted
by sonication for 15 min with three aliquots (25 mL each) of dichloromethane. After filtration,
the solvent was concentrated in a TurboVap system from Biotage and evaporated to dryness by a
gentle nitrogen stream. All the extracts were analyzed by gas chromatography-mass spectrometry
(GC-MS) in a Shimadzu QP5050A equipped with a TRB-5MS 30 m × 0.25 mm × 0.25 μm column.
The quantitative analysis was performed by single ion monitoring (SIM). Background air filters were
analyzed in the same way as the samples to obtain blank-corrected results. Data were acquired in
the electron impact (EI) mode (70 eV). The oven temperature program was as follows: 60 ◦C (1 min),
60 to 150 ◦C (10 ◦C min−1), 150 to 290 ◦C (5 ◦C min−1), 290 ◦C (30 min) and using helium as carrier
gas at 1.2 mL min−1. For the quantification of PAHs, the following mixture of deuterated internal
standards (IS) was used: 1,4-dichlorobenzene-d4, naphtalene-d8, acenaphthene-d10, phenanthrene-d10,
chrysene-d12, and perylene-d12 (Supelco, St. Louis, USA). In the case of plasticizers, deuterated
diethyl phthalate-3,4,5,6-d4 and bis(2-ethylhexyl)phthalate-3,4,5,6-d4 (Supelco, St. Louis, USA) were
used as IS. Calibrations were performed with authentic standards (Sigma-Aldrich, St. Louis, USA) in
eight different concentration levels.

2.3. Extraction Recoveries

To assess recoveries during extraction, prebaked blank filters were spiked with known amounts
of standards, covering the concentration range commonly reported in the literature for household
dust. The solutions of known concentrations were applied to the entire surface of each filter with
Pasteur pipettes. The solvent was allowed to evaporate keeping the filters in a desiccator overnight.
The filters were subjected to the same methodology of extraction and analysis used for the samples.
Six prebaked blank filters were also extracted and analyzed. Four distinct concentrations were
tested, in triplicate, and each extract was injected 3 times. The following overall recoveries (%)
were obtained: diethyl phthalate 38.4 ± 8.05, di-n-butyl phthalate 113 ± 17.4, benzyl butyl phthalate
70.2 ± 12.7, bis(2-ethylhexyl) adipate 70.4 ± 12.9, bis(2-ethylhexyl) phthalate 108 ± 10.9, phenanthrene
53.0 ± 10.6, anthracene 67.1 ± 11.5, fluoranthene 84.7 ± 11.2, pyrene 81.9 ± 11.0, benzo[a]anthracene
97.2 ± 11.4, chrysene 81.9 ± 9.7, benzo[b]fluoranthene 106 ± 10.0, benzo[k]fluoranthene 108 ± 10.6,
benzo[a]pyrene 93.4 ± 13.3, indeno [1,2,3-cd]pyrene 90.6 ± 15.8, dibenzo[a,h]anthracene 87.2 ± 16.7,
and benzo[g,h,i]perylene 84.7 ± 16.5. The concentrations shown throughout the manuscript were
not adjusted with these percent recoveries. Due to its high volatility and concentration variability
in both dust and background air samples, naphthalene was excluded from quantification. Due to
its vapor pressure of 0.087 mm Hg at 25 ◦C, naphthalene is sometimes considered a “borderline”
volatile/semivolatile compound, since it may often be detected in both gas and particulate phases.
Because of its tendency to sublimate, in ambient air, naphthalene is known to mainly exist in the vapor
phase [55].
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2.4. Health Risk Evaluation

Human exposure to plasticizers occurs via ingestion, inhalation, and dermal contact. The daily
intake (DI) through different pathways were estimated by the following equations ([39], and references
therein), where DIing, DIinh and, DIder are the daily intakes (ng kg−1 day−1) via dust ingestion,
inhalation, and dermal contact, respectively:

DIing =
Cdust × IngR × EF × ED × CF

BW × AT
(1)

DIinh =
Cdust × InhR × EF × ED

BW × AT × PEF
(2)

DIder =
Cdust × SA × AFdust × ABS × EF × ED × CF

BW × AT
(3)

Cdust represent the mean concentrations in dust (ng g−1); IngR is the ingestion rate of indoor
dust (200 mg day−1 for children, 100 mg day−1 for adults); EF is the exposure frequency (180 days
per year for both children and adults); ED is the exposure duration (6 years for children, 24 years
for adults); CF is an unit conversion factor (10−3 g mg−1); BW is the body weight (15 kg for children,
70 kg for adults); AT is the average time (2190 days for children, 8760 days for adults); InhR is the
inhalation rate (7.6 m3 day−1 for children, 12.8 m3 day−1 for adults); PEF is the particulate emission
factor (1.36 × 106 m3 g−1); SA is the dermal exposure area (1150 cm2 for children, 2145 cm2 for adults);
AFdust is the dust adherence factor (0.2 mg cm−2 day−1 for children, 0.07 mg cm−2 day−1 for adults);
and ABS is the dermal adsorption fraction (0.001 for both children and adults, dimensionless).

Like plasticizers, PAHs can enter the body through ingestion (swallowing), inhalation (breathing),
and skin contact. The carcinogenic potency of PAHs in indoor dust can be evaluated by comparing
the carcinogenic potency of each PAH to that of BaP. The BaP carcinogenic equivalent concentration
(BaPTEQ) is defined as follows:

BaPTEQ = ΣCi × BaPTEF (4)

where Ci is the concentration of each individual PAH and BaPTEF are toxic equivalency factors [24].
The incremental lifetime cancer risk (ILCR) is generally used to quantitatively estimate the exposure
risks from the three exposure routes [24,56]:

ILCRing =
CS ×

(
CSFing

3√BW/70
)
× IngR × EF × ED × CF

BW×AT
(5)

ILCRinh =
CS ×

(
CSFinh × 3√BW/70

)
InhR × EF × ED

BW×AT× PEF
(6)

ILCRder =
CS ×

(
CSFder × 3√BW/70

)
SA × AFdust × ABS × EF × ED × CF

BW × AT
(7)

where CS is the BaPTEQ concentration (mg kg−1); CSFing, CSFinh, and CSFder are carcinogenic slope
factors of 7.3, 3.85, and 25 (mg kg−1 day−1)−1, respectively.

The risk associated with non-carcinogenic PAHs in household PM10 dust was estimated through
the hazard quotient (HQ):

HQ = DInc/RfD (8)

where DInc is the daily intake via ingestion of non-carcinogenic PAHs, obtained by Equation (1),
and RfD is the reference dose. The oral ingestion RfD values were taken from Iwegbue et al. [57].
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3. Results and Discussion

3.1. Dust Loadings

Huge differences in dust loadings between rugs and hard floorings were registered (Figure 1).
Rugs represented the surface with the highest dust loadings. In general, higher dust loadings
were observed for parquet flooring as compared with tile. Among the four dwellings, the highest
dust loadings were obtained in the living room of a suburban family house with an open fireplace.
Several factors can affect the surface dust loadings, such as walking, cleaning frequency, household
materials, and indoor particle sources. Thus, the presence or absence of occupants can have a marked
effect on resuspension levels. In house 1, for example, a very significant decrease in dust loadings
from the first to the second week was registered, possibly due to the absence of owners for a few days.
The highest mean value was observed in bedrooms (1745 μg PM10 m−2), followed by living rooms
(785 μg PM10 m−2) and, finally, kitchens (297 μg PM10 m−2). The size distribution of aerosols emitted
from cooking activities has been reported to be dominated by ultrafine particles, with modes generally
in the range of 20–100 nm [58]. Thus, although cooking emissions can be high and contribute to the
deposition and subsequent resuspension of dust, nanometer sizes represent a small fraction of the
particulate mass. Dust loadings in the kitchen of house 3 were two to seven times higher than in the
kitchens of other houses. This may be due to a higher utilization rate. In the other three residences the
owners, in general, only prepare dinner. A higher mean value for bedrooms may be related to the
presence of specific active sources or activities in this space of the house, such as making and unmaking
the bed, dressing and undressing (which potentiates skin desquamation), existence of various rugs,
use of cosmetics, etc. [59].
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Figure 1. Dust loadings in the different rooms of the various houses for the two sampling campaigns.

Using a mechanical resuspension device, Tian et al. [3] characterized walking-induced particle
resuspension as a function of flooring type. Results showed that for particles at 0.4 to 3.0 μm,
the difference in resuspension fraction between carpets and hard floorings was not significant. It was
also found that for fine particles (0.4 to 3.0 μm), the difference in resuspension caused by flooring
type is negligible, while for coarse particles (3.0 to 10 μm) carpets are associated with two to four
times higher resuspended concentration in comparison with hard floorings. In fact, carpeted floors
may contribute to significantly higher surface dust loadings and allergen concentrations than hard
floors [60–64]. Roberts et al. [65] used a high-volume surface sampler to measure surface dust in
carpets. Dust loadings ranged from 0.32 to 14.4 g m−2. Adgate et al. [66] collected bare floor and carpet
dust samples in 216 Jersey City, New Jersey, homes using quantitative wipe and vacuum sampling
techniques. Dust loadings varied from 0.05 and 7.0 g m−2 and from 0.3 and 99 g m−2 in the wipe
floor and vacuum samples, respectively. It should be noted that dissimilar indoor dust sampling
strategies (e.g., wipe versus vacuum methods) are used to measure loadings and the amounts of
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toxicants per unit area, which renders comparisons between studies difficult. Lioy et al. [67] found that
while loadings were substantially greater with wipe sampling, metal concentrations within the dust
samples were similar for both methods of sampling. Vacuum cleaner sampling has its own series of
problems, especially the variability in design and efficiency, and likely does not retain particles below
10 μm [47]. Bai et al. [68] evaluated the following five methods of sampling lead-contaminated dust on
carpets: (i) wipe, (ii) adhesive label, (iii) C18 sheet, (iv) vacuum, and (v) hand rinse. The wipe and
vacuum methods showed the best reproducibility and correlation with other sampling techniques.
The authors concluded that surface wipe sampling was the best method to measure accessible lead
from carpets for exposure assessment, while vacuum sampling was most effective for providing
information on total lead accumulation (long-term concentrations). In their review paper, Lioy et al. [6]
stated, “although we have come a long way in determining the uses of house dust to identify sources
of indoor contamination and to provide improved estimates of residential human exposure, one of
the challenges still lies in the reliability of sampling techniques.” The instrument used in this study
has the advantage of being a device capable of collecting dust particles below 10 μm, for gravimetric
and chemical analysis. Sampling and analysis of higher dust particle sizes may only provide a crude
estimate of inhalation exposure. However, validation and intercomparison studies are still needed,
which is not easy, as the panoply of established methodologies does not match inhalable sizes.

3.2. Carbonaceous, Plasticizer, and PAH Particulate Mass Fractions

Total carbon accounted for 9.3 to 51 wt% of PM10 with the highest mass fractions recorded in dust
samples collected in the city center apartment (Figure 2). More than 80% of the total carbonaceous
matter was composed of OC, whereas in many samples the EC was too low or undetectable. The highest
percentages of EC (10% to 20% of total carbon) were observed in kitchens, where there are sources
of combustion. The high proportion of OC reflects the importance of a multitude of indoor sources
that contribute to the organic carbonaceous component of household dust, including bacteria, skin
flakes, cosmetics, cleaning products, cooking, paper and clothing fibers, microscopic specks of plastics,
environmental contaminants brought on the soles of our shoes, etc. Our finding that a large portion of
PM10 from indoor dust is composed of OC agrees with the results of Polidori et al. [69], who measured
particulate OC and EC concentrations at 173 homes in the USA. These authors demonstrated that
part of the OC can be secondarily formed in the indoor environment as a result of reactions involving
gas-phase organic compounds emitted by cleaning products, air fresheners, and other sources.
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Figure 2. Total carbon (TC = OC + EC) mass fraction in resuspendable PM10 from household dust.

Eight phthalate plasticizers (PAEs) and one non-phthalate plasticizer [bis(2-ethylhexyl) adipate,
DEHA] were quantified in PM10 from settled house dust. PAEs included dimethyl phthalate (DMP),
dimethylpropyl phthalate (DMPP), diethyl phthalate (DEP), diisobutyl phthalate (DIBP), di-n-butyl
phthalate (DBP), di-n-hexylphthalate (DNHP), benzyl butyl phthalate (BBP), dicyclohexyl phthalate
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(DCHP), bis(2-ethylhexyl) phthalate (DEHP), di-n-octyl phthalate (DNOP), di-isononylphthalate
(DINP), and di-isodecylphthalate (DIDP). The total mass fractions varied from 5 μg g−1 to 17 mg g−1

PM10 (Figure 3). As observed with dust loads, huge differences were observed from week to week and
from home to home. The highest values were registered in the bedroom of the city center apartment and
in the living room of the rural house. In addition to variability in sources, the concentrations of these
compounds depend on the same factors already mentioned for the dust loads (e.g., ventilation, domestic
routines, and cleaning activities). Widely scattered concentration levels were also documented in many
previous works. For example, Kubwabo et al. [33] analyzed 17 PAEs in 126 Canadian household dust
samples, evidencing the huge variability in spatial and temporal distribution of these compounds
across different areas of the home, and thus the difficulty in predicting potential household exposures.
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Figure 3. Plasticizer mass fractions in PM10 from resuspended household dust.

Most likely due to its high volatility, DMP was the compound with the lowest mass fractions
(Table 2). On the other hand, DEHP, DNOP, and DBP were the major PAEs in household dust.
While high DBP values were observed in all parquet floor bedrooms, only samples from two living
rooms showed detectable masses. Bamai et al. [70] also associated higher DBP levels in floor dust with
compressed wooden floor. This type of flooring is usually composed of thin pieces, which are glued
together and covered with wax, paint, and sometimes flame retardants. The surface applied products
(gloss agents, plastic additives, paint, and varnish) contain DBP [70]. From quantitative and qualitative
emission data on phthalates from different materials, Afshari et al. [71] reported that polyolefin covered
with wax for floor polishing increased DBP concentration in chamber air by two-fold. DBP is also
employed as a coalescing aid in latex adhesives, as well as a plasticizer in cellulose plastics and a
solvent for dyes [70]. Furthermore, DBP has been reported to be largely present in cosmetic and
personal care products [72].

Although the concentration of DNOP in floor dust has been reported in only a very limited
number of publications, the mass fractions of this study are higher than those described in the literature.
There were no appreciable differences between the amounts found in PM10 of the various rooms of
the houses. DNOP is used in carpet back coating, floor tile, and adhesives. It is also employed in
cosmetics and pesticides [73]. DEHP was present at higher concentrations in the bedroom and living
room samples. Although DEHP has been consistently described as one of the most abundant PAEs in
settled dust, the levels have decreased over time, reflecting its phase-out in the EU [28]. In Europe,
the use of DEHP decreased drastically in 2001 and has to a large extent been replaced by DINP and
DIDP, with their longer chains and lower volatility [74]. DEHP has been used in numerous consumer
products, children toys, medical devices, and building materials (e.g., vinyl flooring, furniture, paints,
cables, wires, wall coverings, and packaging materials) [75]. Bamai et al. [70] and Bornehag et al. [34]
associated polyvinyl chloride (PVC) flooring with DEHP levels in house dust. Kolarik et al. [76]
documented higher concentrations of BBP, DNOP, and DEHP in indoor dust in homes where polishing
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agents were employed as compared with homes where such products were infrequently used or not
used at all. As PVC flooring was not present in any of the houses for this study, other emission sources
may have contributed to the DEHP levels. It has been shown that the source characteristics (surface
area and material phase concentration of DEHP), as well as the external mass-transfer coefficient and
ventilation rate, are important variables that influence the steady-state DEHP concentration and the
resulting exposure [77]. DEHP and other PAEs are strongly sorbed to surfaces. A relatively small
gas-phase concentration, such as 0.1 ppb, is enough for significant vapor transport of a PAE and its
subsequent partitioning between the gas phase and indoor surfaces, including airborne particles and
settled dust [78].

BBP was present in all samples at relatively similar concentrations regardless of room type.
The values fall within the range reported for household dust from other regions. BBP is commonly
employed as a plasticizer for vinyl foams, which are often used as floor tiles. Other uses are in
artificial leather, paints, and adhesives. BBP was classified as toxic by the European Chemical Bureau,
and therefore its use has decayed rapidly in the last decade [79].

No appreciable differences were found between DINP concentrations in samples from the various
rooms of the houses. DIPD, instead, was present in higher amounts in living rooms and at lower
levels in kitchens. The values observed in this study for these two compounds seem to be lower
than those documented by Santillo et al. [80] for dust samples of houses in several European cities,
although the ranges reported by these researchers are very wide. On the basis of a risk assessment,
in 2013, the European Chemicals Agency (ECHA) concluded that there is no evidence that would
justify a re-examination of the existing restriction on DINP and DIDP in toys and childcare articles
which can be placed in the mouth by children [81]. About 95% of DINP is used in PVC applications.
The other 5% is employed in non-PVC applications such as rubbers, adhesives, sealants, paints and
lacquers, and lubricants. For DIDP, non-PVC applications are comparatively small, but comprise use in
anticorrosion and antifouling paints, sealing compounds and textile inks ([81], and references therein).
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As compared with plasticizer compounds, PAHs accounted for a much smaller mass of household
dust (Σ20PAHs 0.98 to 116 μg g−1 PM10). Given the small number of samples and the variability in
concentrations, it is difficult to infer patterns between house or room typologies (Figure 4). The values
obtained in this study fall into the broad range of values reported in the literature. Wang et al. [22]
analyzed 15 PAHs in settled house dust of urban dwellings with preschool-aged children in Nanjing,
China.

∑
15PAHs ranged from 1.2 to 280.4 μg g−1, averaging 11.1 μg g−1. Yadav et al. [85] investigated

the contamination level of EPA′s priority PAHs in indoor dust from residential, educational, commercial,
public places, and office premises, in four major cities of Nepal. Concentrations of

∑
16PAHs ranged

from 747 to 4910 ng g−1 (median 1320 ng g−1). In Palermo, Italy, Mannino and Orecchio [86] collected
indoor dust samples by brushing from surfaces at a height of 1.5 to 2.0 m above ground level in
bedrooms, living rooms, kitchens, laboratories, offices, in a market, and in a car. The

∑
16PAH

concentrations were within a broad interval (36 to 34,453 μg g−1), with an average of 5111 μg g−1,
indicating heterogeneous levels of contamination in the investigated microenvironments. Organic
extracts of sieved vacuum cleaner dust from 51 homes in Canada were examined for the presence
of 13 PAHs [87]. Total concentrations varied between 1.5 and 325 μg g−1 with a geometric mean of
12.9 μg g−1. These values were found to be comparable to those documented in a previous review in
which the total PAHs in samples collected from urban, rural, and suburban homes ranged between
0.4–544 μg g−1 with a geometric mean of 4.5 μg g−1 [7]. High concentrations of

∑
16PAHs were also

observed in indoor dust samples collected across China from 45 private domiciles and 36 public
buildings (1.00 to 470 μg g−1, mean value of 30.9 μg g−1) [88]. It must be noted, once again, that
comparability between results of various works should be made with caution, as they concern different
surfaces, particle sizes, sampling and analytical methodologies, and list of compounds.
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Figure 4. Polycyclic aromatic hydrocarbon (PAH) mass fractions in PM10 dust samples collected in two
different sampling periods.

Low molecular weight-PAHs (LMW, two and three rings) were less abundant than high molecular
weight-PAHs (HMW, four and six rings), suggesting the dominance of pyrogenic sources. Regardless of
the microenvironment, the median LMW/HMW ratios were always in the range from 0.3 to 0.5. The main
PAHs in the thoracic fraction of resuspended dust were pyrene, retene, and indeno[1,2,3-cd]pyrene,
reaching concentrations up to 27, 21, and 13 μg g−1, respectively (Table 3). While the medians of the
latter two compounds were higher in the PM10 sampled in the living rooms, pyrene showed higher
levels in the kitchens. PAH levels and speciation are highly dependent on the cooking methods [58],
biomass burning appliances and operating conditions [89], traffic fleet and meteorology in the outdoor
surrounding environment [90], among other factors.
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3.3. Human Exposure to Plasticizers and PAHs in Resuspended Dust

Ingestion is the main pathway for intake of plasticizers from dust (Table 4). Regardless of
the route, household residents are exposed to higher intakes in the bedrooms, whereas the lowest
doses are experienced in the kitchens. The daily intakes for children and adults (13 to 29 and 1.4 to
3.1 μg kg−1 day−1, respectively) via dust ingestion were three to four orders of magnitude higher than
those via inhalation (0.357 to 0.802 and 0.129 to 0.289 ng kg−1 day−1, respectively) and dermal contact
(14.9 to 33.0 and 2.05 to 4.62 ng kg−1 day−1, respectively). Children are at higher risk of exposure to
plasticizers than adults. The total DIing, DIinh, and DIder for children were about 9.3, 2.8, and 7.1 times
higher than those estimated for adults, respectively. DBP, DNOP, and DEHP contributed the most to
daily intakes. The dust ingestion intakes for these compounds were lower than the U.S. EPA maximum
acceptable oral doses of 0.1, 0.01, and 0.02 mg kg−1 day−1, respectively. However, the daily intakes of
plasticizers through dust ingestion, inhalation, and dermal contact in this study are higher than those
estimated for indoor dust from houses of several Chinese regions [39], and childcare facilities, salons,
and homes across the USA [29]. Albar et al. [37] assessed human exposure to phthalates via dust
ingestion for the worst-case scenario (with 95th percentile levels) for Saudi and Kuwaiti toddlers and
adults. The exposure to DEHP, which is cardiotoxic and endocrine disruptor, for Saudi toddlers was
estimated to be 37,630 ng kg−1 day−1, while for Kuwaiti toddlers it was 6722 ng kg−1 day−1. Similarly,
exposure estimates to other PAEs, such as DBP, DIBP, and DNOP, was also higher for Saudi toddlers.
In the case of Saudi and Kuwaiti adults, dust ingestion intakes for DEHP were estimated at 1613 and
288 ng kg−1 day−1, respectively.

Table 4. Mean daily intakes (ng kg−1 day−1) of plasticizers via dust ingestion, inhalation, and dermal
contact for children and adults.

Room DMP DEP DBP BBP DEHA DEHP DNOP DINP DIDP Σ

DIing–CHILDREN

Kitchens 1.78 934 3695 41.4 112 1782 6095 67.1 43.4 12,772

Bedrooms 2.17 296 15,472 68.4 237 5898 6372 131 232 28,707

Living rooms 6.12 914 7765 73.0 125 8890 4938 185 437 23,333

DIinh–CHILDREN

Kitchens 0.000 0.0261 0.103 0.003 0.001 0.050 0.170 0.002 0.001 0.357

Bedrooms 0.000 0.0083 0.432 0.007 0.002 0.165 0.178 0.004 0.006 0.802

Living rooms 0.000 0.0255 0.217 0.003 0.002 0.248 0.138 0.005 0.012 0.652

DIder–CHILDREN

Kitchens 0.002 1.07 4.25 0.129 0.048 2.05 7.01 0.077 0.050 14.7

Bedrooms 0.003 0.340 17.8 0.272 0.079 6.78 7.33 0.150 0.267 33.0

Living rooms 0.007 1.05 8.93 0.144 0.084 10.2 5.68 0.213 0.502 26.8

DIing–ADULTS

Kitchens 0.190 100 396 12.0 4.44 191 653 7.19 4.65 1368

Bedrooms 0.232 31.7 1658 25.4 7.33 632 683 14.0 24.9 3076

Living rooms 0.655 97.9 832 13.4 7.82 952 529 19.9 46.8 2500

DIinh–ADULTS

Kitchens 0.000 0.009 0.037 0.001 0.000 0.018 0.062 0.001 0.000 0.129

Bedrooms 0.000 0.003 0.156 0.002 0.001 0.059 0.064 0.001 0.002 0.289

Living rooms 0.000 0.009 0.078 0.001 0.001 0.090 0.050 0.002 0.004 0.235

DIder–ADULTS

Kitchens 0.000 0.150 0.595 0.018 0.0067 0.287 0.981 0.011 0.007 2.05

Bedrooms 0.000 0.048 2.49 0.038 0.0110 0.949 1.03 0.021 0.037 4.62

Living rooms 0.001 0.147 1.25 0.020 0.0117 1.43 0.794 0.030 0.070 3.75

Reference doses for oral exposure, RfD (mg kg−1 day−1) recommended by the United States Environmental Protection
Agency: DEP, 0.8; DBP, 0.1; BBP, 0.2; DEHA, 0.6; DEHP, 0.02; and DNOP, 0.01. Reference doses for other compounds
or other exposure pathways are not available.
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BaP, DahA, and IcdP were the compounds that most contributed to the carcinogenic potency,
accounting for 45% to 57%, 11% to 29% and 11% to 13% of the total BaPTEQ, respectively. As shown in
Table 5, the total cancer risk could be attributed almost entirely to ingestion and did not vary much
with the microenvironment. Therefore, inhalation of resuspended particles through the mouth and
nose or via dermal contact was almost negligible as compared with the ingestion route. Under most
regulatory programs, an ILCR between 10−6 and 10−4 indicates potential risk, an ILCR of 10−6 or less is
considered insignificant, and an ILCR ≥ 10−4 is taken as high risk [93,94]. In the present study, the total
risk of adult and children exposure to PAHs in dust via the three pathways ranged from 7.2 × 10−6 to
1.4 × 10−5. This means that the resuspendable thoracic fraction of household dust can contribute to an
estimated excess of 7.2 to 14 per million people new cancer cases. One cancer case per million people is
usually used as a baseline level of acceptable risk.

Table 5. Incremental lifetime cancer risk from human exposure to PAHs in PM10 resuspended from
household dust via ingestion, inhalation, and dermal absorption.

Cancer risk Kitchens Bedrooms Living Rooms

ILCRing
Children 9.2 ×10−6 7.2 × 10−6 9.4 × 10−6

Adults 1.4 × 10−5 1.1 × 10−5 1.4 × 10−5

ILCRinh
Children 1.4 × 10−10 1.1 × 10−10 1.4 × 10−10

Adults 6.9 × 10−10 5.4 × 10−10 9.0 × 10−10

ILCRder
Children 3.6 × 10−8 2.8 × 10−8 3.7 × 10−8

Adults 7.1 × 10−8 5.6 × 10−8 7.3 × 10−8

Total ILCR
Children 9.3 × 10−6 7.2 × 10−6 9.4 × 10−6

Adults 1.4 × 10−5 1.1 × 10−5 1.4 × 10−5

To assess the potential health risk of foliar dust in Nanjing, China, Zha et al. [56] analyzed the
contents of 16 priority PAHs. Total concentrations in dust ranged from 1.77 to 19.02 μg g−1, with an
average value of 6.98 μg g−1. The cancer risk levels via dermal contact and ingestion varied from 10−8

to 10−6 in all the dust samples, while the mean cancer risk via inhalation was 10−10 to 10−12, about 104

to 107 times lower than through ingestion and dermal contact.
ILCR values due to human exposure to PAHs in indoor dust in city, town, village, and orefield

of Guizhou province, China, were 6.14 × 10−6, 5.00 × 10−6, 3.08 × 10−6, and 6.02 × 10−6 for children
and 5.92 × 10−6, 4.83 × 10−6, 2.97 × 10−6, and 5.81 × 10−6 for adults, respectively [16]. As noted in our
study, inhalation of resuspended particles through mouth and nose was very small as compared with
the ingestion pathway. Maertens et al. [87] estimated higher excess lifetime cancer risks, ranging from
1 × 10−6 and 1 × 10−4, associated with nondietary ingestion of PAHs in settled dust from homes in
Ottawa, Canada, during preschool years. However, the researchers observed that the level of risk
varies substantially according to the ingestion rates adopted to perform the estimates.

Since ingestion was found to be the dominant exposure pathway, the risk associated with seven
non-carcinogenic PAHs (ACY, ACE, FLU, PHE, ANT, FLUA, and PYR) in household PM10 dust was
estimated through the hazard quotient (HQ). Under most programs, if the HQ value is greater than one,
the exposed population is likely to experience considerable non-carcinogenic effects. The highest daily
intakes were obtained for PYR (24 to 31 ng kg−1 day−1 for children and 2.6 to 3.3 ng kg−1 day−1 for adults)
and ACY (12 to 31 ng kg−1 day−1 for children and 1.2 to 3.3 ng kg−1 day−1 for adults). These values
are higher than those documented for dust samples collected from three different microenvironments
(cars, air conditioner filters, and household floor dust) of Jeddah, Saudi Arabia, and Kuwait [92].
Nevertheless, the HQ values of our study were less than one, indicating that there was no considerable
non-carcinogenic risk arising from ingestion of PAHs in resuspended PM10. Although the risk remains
very low for both age groups, higher HQ values for children (1.51 × 10−3 to 1.89 × 10−3) than those
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obtained for adults (1.32 × 10−4 to 2.03 × 10−4), demonstrate greater susceptibility of the younger
ones. It should be noted that HQ values are underestimated as naphthalene was not included in the
quantifications. Despite its volatility, naphthalene is normally quite abundant in the particulate phase.

4. Conclusions

This preliminary study provides a first insight on the occurrence of plasticizers and PAHs in
PM10 from resuspended dust samples in Spanish households and adds to the growing evidence that
non-dietary exposure contributes to the total body burden. Considering that people spend most of their
time indoors, exposure to these pollutants could lead to an increased human health risk. Although no
appreciable differences between plasticizer and PAH levels in resuspended dust from the various
residential microenvironments were observed, it was concluded that exposure through the ingestion
route poses much higher risks as compared to inhalation and dermal contact. This is of particular
concern for infants due to their higher dust intake via frequent hand-to-mouth activities. Because
of the small number of samples analyzed in this study, it should be noted that exposure estimates
are only an indication of the likely range for children and adults within the studied population.
More assessments with wider spatial and temporal coverage are needed to better understand the
dynamics and possible effects of these pollutants in different indoor microenvironments. As observed
in other works, this study on exposure to organic pollutants suggests that measurements only in food
and outdoor environments can substantially underestimate exposures to chemicals. Comparisons
of the results of this study with those reported in the literature revealed huge amplitudes in the
numbers and great difficulty in generalizing conclusions, mainly due to the heterogeneity of applied
methodologies. Traditional methodologies have been compartmentalized (settled versus suspended
dust) and as a result may have described the environment incompletely. Thus, the scientific community
and international agencies should discuss and establish standardized protocols.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4433/10/12/785/
s1, Analytical technique for quantification of the carbonaceous content of PM10, Table S1: Standards from
Sigma-Aldrich (and product references) used in chromatographic analysis, Table S2: Dust loading obtained in the
various houses, in both sampling periods, mass percentage of carbonaceous material (TC = OC + EC) and mass
fractions of plasticizers and polycyclic aromatic hydrocarbons in PM10.
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Abstract: Chemical characterization of fine atmospheric particles (PM2.5) is important for effective
reduction of air pollution. This work analyzed PM2.5 samples collected in Yangzhou, China, during
2016. Ionic species, organic matter (OM), elemental carbon (EC), and trace metals were determined,
and an Aerodyne soot-particle aerosol mass spectrometer (SP-AMS) was introduced to determine
the OM mass, rather than only organic carbon mass. We found that inorganic ionic species was
dominant (~52%), organics occupied about 1/4, while trace metals (~1%) and EC (~2.1%) contributed
insignificantly to the total PM2.5 mass. Water-soluble OM appeared to link closely with secondary
OM, while water-insoluble OM correlated well with primary OM. The PM2.5 concentrations were
relatively low during summertime, while its compositions varied little among different months.
Seasonal variations of water-soluble organic nitrogen (WSON) concentrations were not significant,
while the mass contributions of WSON to total nitrogen were remarkably high during summer and
autumn. WSON was found to associate better with secondary sources based on both correlation
analyses and principle component analyses. Analyses of potential source contributions to WSON
showed that regional emissions were dominant during autumn and winter, while the ocean became
relatively important during spring and summer.

Keywords: PM2.5; organic aerosol; water-soluble ions; organic nitrogen; aerosol mass spectrometry

1. Introduction

In recent years, particular matter (PM) pollution has gained wide attention from both government
and the public due to its impacts on air quality, human health, and climate change [1–3]. In particular,
much effort has been devoted to the study of fine particles with an aerodynamic diameter less
than 2.5 μm (PM2.5) due to its adverse health effects. Along with rapid economic growth, PM2.5

pollution events (‘haze’) have occurred frequently in China, and many studies have been carried
out to elucidate the properties of PM2.5, especially in densely populated regions [4–9]. However, the
chemical composition of PM2.5 is highly complex, possibly containing a wide variety of components,
including inorganic salts (nitrate, sulfate, and ammonium), trace metals, elemental carbon, and a
large number of organic species. Moreover, the relative contributions of different components may
change significantly under different atmospheric environments [10,11]. Local PM2.5 properties have
been shown to be governed by many factors, such as meteorological conditions, emission sources,
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boundary layer heights, and atmospheric transportation [12–14]. Therefore, comprehensive chemical
analysis of PM2.5, with a focus on particular geographic locations is necessary and essential for a better
understanding of aerosol chemistry and its impacts.

Among various PM2.5 components, the water-soluble organic nitrogen (WSON) species is an
important group of compounds [15–17]. The mass fraction of WSON can account for ~10% to 68% of
total aerosol nitrogen from continental to oceanic sites, highlighting the importance of organic nitrogen
(ON) in atmospheric aerosols [18–21]. Some certain ON species, for example, amino compounds [22],
have been shown to be very important for atmospheric new particle formation [23], secondary organic
aerosol formation [24], aerosol hygroscopicity [25,26], and toxicity [27]. However, investigations on
ON characteristics in China are scarce [28]. To the best of our knowledge, only one study, conducted in
Changzhou [29], has reported on the WSON concentrations in the Yangtze River Delta (YRD) region.

In this study, we conducted filter sampling and chemical characterization of the PM2.5 samples
collected in urban Yangzhou during 2016. Yangzhou is located in the northern YRD region and is
a major city with a population of ~4.6 million and an area of 6634 km2. The city is a few hundred
kilometers from Shanghai, and although it is a famous tourist city, it has also suffered recently from
serious air pollution. Moreover, as an inland city, its air quality is influenced by multiple sources,
including the transportation of air pollutants from nearby regions. However, even with these ongoing
issues and concerns, chemical characterizations of the fine particles that are present in Yangzhou are
quite scarce. In this paper, we applied a suite of analytical tools to achieve a relatively comprehensive
analysis of the PM2.5 components. Our analysis included a study of the following: Organic matter,
elemental carbon, inorganic ions, and trace metals. In particular, we determined the mass concentration
of the WSON. As part of our discussion, we highlight our analysis of the concentration of the WSON,
with a particular focus on its seasonal variations, sources, and potential source areas. Our findings are a
valuable contribution to the effort to reduce air pollution in Yangzhou and advance our understanding
of aerosol properties in eastern China.

2. Experiments

2.1. Sampling Site and PM2.5 Collection

The sampling site is located in urban Yangzhou (119.40◦ N, 32.38◦ E), next to the Yangtze Road
(~300 m) and the Slender West Lake (~1 km) (Figure 1). The site is surrounded by residential areas, not
directly influenced by industrial emissions. Samples for PM2.5 analyses were collected from 6 April
2016 to 2 November 2016 by using a high volume (flow rate of 1.05 m3 min−1) sampler (Jinshida Ltd.,
Qingdao, China, model KB-1000) from 9.00 a.m. to 7.00 a.m. of the next day. This timeframe ensured a
duration for each sample of 22 h. All particles were collected on 8 × 10-inch quartz fiber filters (Pallflex,
Ann Arbor, MI, USA), which were prebaked at 450 ◦C in a muffle furnace for 4 h. A total of 128 samples
were collected (no samples on precipitation days). Note, PM2.5 samples during 13 November 2015–5
April 2016 were analyzed previously [30], and the results of that study were directly used in our study
for comparison. For WSON analyses, samples across a whole year (232 samples) were used.

The PM2.5 mass concentrations were determined gravimetrically by using a digital balance
(OHAUS DV215CD, precision 0.01 mg) at 45% relative humidity (RH) and room temperature. Two
filed blanks were treated in the same way as for the samples. All filters were wrapped in aluminum
foil and stored in a freezer at −18 ◦C until analyzed. Hourly meteorological parameters were also
recorded at the same site.
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Figure 1. Sampling site and its surrounding areas.

2.2. Chemical Analyses

Ionic species. 1/4 filter was extracted with 100 mL ultrapure water (18.2 MΩ cm−1) for 45 min
ultrasonication in an ice-water bath. The solution was then filtered through a 0.45 μm syringe filter
(Spartan, Whatman). An ion chromatograph (IC, Dionex ICS-600 for anions and ICS-1500 for cations)
was used to measure the concentrations of water-soluble inorganic ions (WSIIs, including Na+, NH4

+,
K+, Mg2+, Ca2+, and F−, Cl−, NO2

−, NO3
−, SO4

2−) in the aqueous extract. The operational details
and method detection limits of these ionic species are the same as those described in Ye et al. [29].

Water-soluble organic carbon (WSOC) and total nitrogen (WSTN). A quarter of each filter was
pre-treated in the same way as for ionic species. Following this, the WSOC concentrations were
determined by a TOC-VCPH analyzer (Shimazu, Japan) using a thermo-catalytic oxidation approach.
TN contents were determined by the TNM-1 unit of the analyzer. Instrument details and analysis
procedures can be found in Ge et al. [31].

Organic carbon (OC) and elemental carbon (EC). A round piece with a diameter of 17 mm was
cut from each filter and analyzed for total OC and EC contents by the thermal-optical OC/EC analyzer
(Sunset Laboratory, Hillsborough, NC, USA) following the IMPROVE TOR protocol described in
Chow et al. [32].

Trace elements. To measure the concentrations of trace metals, a MARS6 Xpress CEM corporation
Microwave Digestion System was used to digest the PM2.5 samples. About 2 cm2 of each filter was cut
into pieces and put into the polytetrafluoroethylene (PTFE) pressure digestion tank with 1 mL 49%
hydrofluoric acid (HF) and 5 mL 69% nitric acid (HNO3). The digest tank processed 8 samples in a
batch. A Thermo Fisher X2 Series Inductively Coupled Plasma Mass Spectrometry (ICP-MS) was then
used to determine the concentrations of 14 trace elements, including Al, V, Cr, Mn, Co, Ni, Cu, Zn, As,
Se, Sr, Cd, Ba, and Pb. More details and detection limits of the elements can be found in Qi et al. [33].

Water-soluble organic matter (WSOM). Moreover, we introduced an Aerodyne soot-particle
aerosol mass spectrometer [34] to obtain the composition of WSOM. Recently, this technique has been
used for PM2.5 samples in China [29,30,35–38]. Briefly, the water extracts were nebulized with argon
by using a constant output atomizer (TSI Model 3076) and then dehumidified by a diffusion dryer
filled with silica-gel. The dried particles were sent to the soot particle aerosol mass spectrometer
(SP-AMS) for analysis. This instrument can output 70 ev electron impact ionization mass spectrum,
and elemental ratios of the WSOM can be calculated based on the mass spectrum. More operational
details can be found in our previous work [29,30].

2.3. Data Analyses

WSOM and water-insoluble OM (WIOM) estimations. The SP-AMS data were processed with
the Igor-based ToF-AMS Analysis Toolkit (SQUIRREL v.1.57A and Pika v.1.16A) [39]. CO+ was directly
determined as we used pure argon as a carrier gas. Therefore, the CO+ signal was not influenced
by the N2

+ signal and was easily quantified. For the organic CO2
+ signal, since it can be influenced

by carbonates [40] and nitrate [41], we set it equal to CO+, similar to Aiken et al. [42]. The signals
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of H2O+, HO+ and O+ were scaled to CO2
+ according to Aiken et al. [42]: H2O+ = 0.225 × CO2

+,
HO+ = 0.05625 × CO2

+, and O+ = 0.009 × CO2
+. After determining WSOM mass spectrum, the

oxygen-to-carbon (O/C) and hydrogen-to-carbon (H/C) ratios were calculated based on the method of
Canagaratna et al. [43], while nitrogen-to-carbon (N/C) ratio was calculated based on Aiken et al. [42].
The organic mass-to-organic carbon (OM/OC) ratio was then calculated. Therefore, in a different
approach from the traditional method, which often assumes a fixed OM/OC ratio (for example,
1.6 [44]), we are able to determine the OM/OC ratio for each sample by using the SP-AMS. However,
it should be noted that these estimates were still empirical and are subject to uncertainties.

The SP-AMS directly-measured WSOM concentrations were affected by the concentrations of
aqueous extracts and flow rates of the carrier gas, etc., Therefore, they cannot represent the original
WSOM ambient mass loadings. As a result of this, we used the OM/OC ratios and TOC concentrations
to calculate the WSOM concentrations:

WSOM = WSOC × OM/OCWSOM (1)

The WIOM concentrations can be determined by the following equation:

WIOM = (OC − WSOC) × 1.3 (2)

The difference between total OC determined by the OC/EC analyzer and the WSOC, is
water-insoluble OC (WIOC). The factor of 1.3 is used to convert WIOC to WIOM [45].

Primary (POM) and secondary OM (SOM) estimations. The OC and EC concentrations
measured by the OC/EC analyzer can be used to infer the primary and secondary origins of OC
by the EC-tracer method [46], as follows:

POC = EC × (OC/EC)pri (3)

SOC = OC − POC (4)

The (OC/EC)pri in Equation (3) refers to the value of primary OC (POC), which is typically the
minimum value among all samples (1.92 in this study). The OC/EC ratios can vary among different
sources and some primary organic aerosols, such as those from coal combustion and biomass burning
may also have large OC/EC ratios. However, the uncertainty of POC and SOC estimations should be
small according to Wu and Yu [47]. We can further estimate the POM and SOM concentrations [30]:

POM = POC × 1.2 (5)

SOM = (WSOM + WIOM) − POM (6)

WSON estimations. The WSON concentrations can be calculated by the following equation:

WSON = WSTN − WSIN (7)

In this study, concentrations of WSTN came from the TOC analyzer, while the concentrations of
water-soluble inorganic nitrogen (WSIN) were the mass concentrations of nitrogen from NH4

+, NO3
−,

and NO2
− measured by the IC. Negative values (20 out of 232 samples) were not included.

Air mass trajectory and potential source contribution analyses of WSON. 72 h back trajectories
of the air masses (at 500 m height) were obtained by using the Hybrid Single-particle Lagrangian
Integrated Trajectory (HYSPLIT) model [48], based on the meteorological data downloaded from the
National Oceanic and Atmospheric Administration (NOAA) Global Data Assimilation System (GDAS).
The potential source contribution function (PSCF) analysis was performed to explore the air mass
origins, and to identify potential source areas of WSON. Details of the PSCF analyses are described in
Ge et al. [30].
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3. Results and Discussion

3.1. General Characteristics of PM2.5 Components

In our previous work [30], we focused on the characteristics of PM2.5 in relatively polluted periods
of autumn and winter; while this work presents results of less polluted periods, mainly spring and
summer. Therefore, we were able to compare the PM2.5 chemical characteristics between polluted and
less polluted periods in a one-year span in Yangzhou. During the sampling period, wind speeds varied
from 0.2 m/s to 5.2 m/s with an average of 1.6 m/s. RH had a mean value of 70%, which was on
average higher than 62% during autumn–winter [30]. Average temperature was 24.2 ◦C (0 to 39.9 ◦C),
being much higher than the 9.2 ◦C during autumn–winter [30]. The higher RH and temperature can
influence the aerosol formation and gas-particle partitioning. Therefore, the aerosol properties could
be different. Average precipitation was 2.63 mm, more than that during November 2015 to April
2016 [30], and most of the rainfall events occurred in June and July.

Figure 2a shows the time series of each major PM2.5 component, and the reconstructed and
weighted PM2.5 mass concentrations. The average PM2.5 concentration was 60.9 (±32.0) μg/m3,
ranging from 10.1 to 178.5 μg/m3. This concentration was much lower than the mean value
of 104 μg/m−3 during autumn–winter [30]. This result can be expected air pollution during
autumn–winter is typically heavy [11] due to unfavorable meteorological conditions and increased
primary emissions, such as coal combustion, etc. The summed mass concentrations of all measured
components, including OM (=WSOM + WIOM), EC, ionic species and trace metals, were found to
be correlated well with the gravimetrically determined PM2.5 concentrations (Pearson’s r = 0.94)
(Figure 2b). However, the slope was only 0.80 (±0.02), indicating ~20% PM2.5 mass was unidentified.
This unknown fraction may include some unmeasured species, such as crustal materials, carbonate, and
particle-bonded water, etc. In particular, organosulfates, recently recognized as a possible important
component in PM2.5 [49–51], may also contribute to this unknown portion. Sampling loss, analysis
artifacts, and measurement uncertainties of various instruments may also add to this unknown portion.
A previous similar study [38] also included an unidentified portion, sometimes up to 35.5% (results for
PM2.5 during January 2013 in Xi’an, China).

Figure 2. (a) Time series of total particular matter (PM2.5) and major components, and (b) scatter plot
of the reconstructed versus measured PM2.5 mass concentrations (colored by time).

As shown in Figure 3, on average, the WSIIs (=Na+ + NH4
+ + K+ + Mg2+ + Ca2+ + F− + Cl− +

NO2
− + NO3

− + SO4
2−) occupied the largest proportion (51.8%) of PM2.5 mass; OM took up 24.6%,

EC occupied 2.1%, and trace metals occupied only ~1%. The structure of PM2.5 composition, and the
relative abundances of these components, were similar to those observed during the autumn–winter
period [30], revealing the general and consistent behavior of PM2.5 in Yangzhou. Among WSIIs, sulfate
was the most abundant component (36.4% of WSIIs), followed by nitrate (27.6%), and ammonium
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(21.4%). The sum of sulfate, nitrate, and ammonium (SNA) was 85.4% of WSIIs mass, which was
similar to 80.6% for the WSIIs during autumn–winter [30]. However, on the contrary, nitrate was
more abundant than sulfate during autumn–winter. This result is consistent with previous findings in
Changzhou [29] and other cities [52], since ammonium nitrate tends to evaporate into a gas phase at
warm temperatures. Chloride fraction (3.2%) was also lower than that of autumn–winter [30], likely
due to enhanced primary emissions of chloride, such as coal combustion. In Figure 4, we further
presented the monthly averaged PM2.5 chemical compositions during the sampling period. First,
it can be seen that the PM2.5 concentrations were low during summer (June–August). The relative
contributions of different components varied, especially during June, the mass portion of WSIIs
occupied ~70% PM2.5 mass. EC and metal contributions were a bit larger during September and
October than in other months. However, the average chemical composition of the most polluted month
(April) was almost the same as that of the cleanest month (August), again indicating the consistent
PM2.5 characteristics in Yangzhou. It is important to note that daily samples were unable to capture the
fast-chemical changes during pollution episodes. These samples are more likely to be representative of
the average aerosol properties. Detailed characterization of aerosol properties during specific episodes
can be investigated by highly time-resolved measurements, such as online AMS measurements [53–55].

Besides SNA, another relatively rich ionic species was calcium, which took up ~8.2% WSIIs mass,
followed by minor contributions from Mg2+ (0.3%), K+ (1.0%), and Na+ (1.2%) (Figure 3). Other trace
metals together, only occupied ~1% of total PM2.5 mass, which was lower than those reported in
Changzhou (2.7% and 5.0%) [29], etc., but similar to that found in Nanjing (1%) [33]. Zn, Al, Pb, and
Mn were relatively rich (together 75.4%), and the other 10 elements only occupied ~1/4 mass of the
trace elements. It is important to note that during autumn–winter [30], Zn, Al, Pb, and Mn were also
the top four abundant trace elements, but the relative contributions were very different, indicating
different sources at different seasons for the trace metals in Yangzhou.

Figure 3. Average chemical compositions of total PM2.5, organic matter, ionic species, and trace metals
(2016.4.6~2016.11.2).
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Figure 4. Monthly averaged chemical compositions and mass concentrations of PM2.5 (a), and mass
contributions of different components to PM2.5 (b).

By using the OC/EC-tracer based method and the SP-AMS measured results, we can separate
OM mass into POM and SOM, as well as WSOM and WIOM. SOM dominated over POM, and WSOM
dominated the OM (Figure 3), both were similar to the results during autumn–winter [30]. Tight
correlations were observed between WSOM and SOM (r of 0.96 and slope of 0.81) (Figure 5a), and
between WIOM and POM (r of 0.80 and slope of 1.37) (Figure 5b). A possible reason for this, is that
the process generally involved in the generation of SOM from POM is oxidation, which increases
polarity (e.g., generation of carboxylates). The parent compounds (POM) might generally be expected
to be non-polar (e.g., polycyclic aromatic compounds and long-chain hydrocarbons) and so would be
expected to correlate well with WIOM. This result links POM and SOM with their hygroscopicities,
and demonstrates that SOM is likely hygroscopic, while POM is probably hydrophobic. Of course,
higher SOM fraction than WSOM fraction (69.1% vs. 57.2%) indicates that a portion of SOM can
be water-insoluble.

Figure 5. Scatter plots of water-soluble organic matter (WSOM) versus secondary OM (SOM) (a), and
water-insoluble OM (WIOM) versus primary OM (POM) (b) (colored by time).

In ambient air, ammonia is typically the major basic compound to neutralize sulfuric, nitric, and
hydrochloric acids. In this work, the equivalent molar ratios of ammonium to the sum of sulfate,
nitrate and chloride, was on average 0.95 and the correlation was also good (r of 0.92) (Figure 6a). This
result manifests that sulfate, nitrate, and chloride are dominantly bonded with ammonium. The fitted
slope of 0.95 (±0.03), less than 1, likely indicates a slight deficiency of ammonium, and suggests a
small portion of sulfate, etc., may bond with other cations, such as Ca2+, according to Figure 3.
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Considering all measured ionic species, the ionic balance can be calculated by using the molar
equivalent ratios of cations (CE) to anions (AE), as follows:

CE =
[Na+]

23
+

[NH4
+]

18
+

[K+]

39
+

[Ca2+]

40
× 2 +

[Mg2+]

24
× 2 (8)

AE =
[SO4

2−]
96

× 2 +
[NO3

−]
62

+
[Cl−]
35.5

+
[F−]
19

(9)

It is important to note that NO2
− concentration was below the detection limit and was, therefore,

not included in Equation (9). The scatter plot between CE and AE is presented in Figure 6b.
The correlation was very tight (r of 0.95), and the slope of was 1.06 (±0.03), a bit larger than 1.
The result shows that measured cations are able to neutralize all measured anions, and also suggests
the possible existence of some other undetected anions (probably carbonate and organic anions).

Figure 6. Scatter plots of molar ratios of ammonium versus sum of sulfate, nitrate, and chloride (a),
and cations versus anions (b) (colored by time).

3.2. Seasonal Properties and Sources of WSON

By using the method provided in Section 2.3, we calculated the WSON concentrations
for all samples across a full year. The annual mean WSON concentration was determined to
1.71 (±1.08) μg/m−3. Table 1 compares our results with a number of previous studies conducted
in China and a few other locations. It can be seen that, the WSON level in Yangzhou was much
higher than those in Japan, Greece, and Florida, USA. It was also higher than ON in PM1 in Beijing,
but this was likely due to the fact that ON in supermicronmeter aerosols was not included in that
study. This argument is furthered by another study on PM2.5 in Beijing, which showed a much higher
WSON concentration. The WSON concentration in Yangzhou was also much lower than those in
Xi’an and Guangzhou, but similar to that observed in Changzhou. However, the annual average mass
percentage of WSON in WSTN was 18.7%, which is relatively high among the studies listed in Table 1
(except Beijing and Xi’an), indicating an important role of WSON in Yangzhou PM2.5.
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Table 1. Mass concentrations of water-soluble organic nitrogen (WSON) measured in different sites.

Location Samples Period
WSON
(μg/m3)

WSON/WSTN
(%)

Ref.

Beijing, China PM2.5 1998.11–1999.2 3.17 30 [56]
Xi’an, China PM2.5 2008–2009 4.20 45 [21]

Guangzhou, China PM2.5 2014 4.78 12.2 [16]
Changzhou, China PM2.5 2015.7–2016.4 1.16 7.7 [29]

Beijing, China * PM1 2013.12.16–2014.12.15 0.26~0.59 7-10 [28]
East China Seas TSP (Sea fog) 2014.3.17–2014.4.22 2.06 ± 2.39 10 ± 6 [57]

Rishiri Island, Japan PM10 2010.4.16–2012.11.8 0.077 13 [58]
Kofu, Japan PM10 2016.4.16–2016.10.13 0.071 10 [59]

Crete, Greece PM1.3 2005.1–2003.12 0.83 ± 1.0 13 [17]
Florida, USA PM2.5 2005.7–2005.9 0.36 ± 0.21 8.9 ± 5.8 [60]

Yangzhou, China PM2.5 2015.11.12–2016.11.2 1.71 ± 1.08 18.7 This work

* Online measurement of ON in PM1. It may include both water-soluble and water-insoluble ON.

We present the seasonal average WSON concentrations in Figure 7a and the corresponding
monthly averages in Figure 8a. The average concentrations were 1.87, 1.55, 1.66, and 1.70 μg/m−3 in
winter, spring, summer, and autumn, respectively. Winter had a slightly higher WSON concentration
than in other seasons, but overall the seasonal or monthly differences of WSON concentrations were not
significant except a higher concentration during December and a lower concentration during August.
Furthermore, we illustrate the seasonal average nitrogen concentrations in ammonium (NH4

+_N)
and nitrate (NO3

−_N) together with WSON in Figure 7b. In all seasons, NH4
+_N was the most

dominant N-containing species but displayed a decreasing trend from winter to autumn. NO3
−_N

concentration was second to NH4
+_N and showed a similar trend with an exception in summer.

During summer, WSON concentration was even higher than NO3
−_N concentration, which is again

attributed to the thermodynamic dissociation of NH4NO3 under summertime high temperatures.
Overall, different from insignificant seasonal variations of WSON concentrations shown in Figure 7a,
the mass contributions of WSON to WSTN were remarkably higher in summer (24.9%) and autumn
(24.5%) than in winter (11.4%) and spring (12.6%). Monthly data, as can be seen in Figure 8b, further
shows that the average mass percentages of WSON/WSTN were nearly 40% in August and September.
This result underscores the importance of WSON in summer and autumn in Yangzhou, despite the
total PM2.5 concentrations were relatively low in these two seasons.

Figure 7. Seasonal average concentrations of WSON (a), and average concentrations of WSON, nitrogen in
ammonium (NH4

+_N) and nitrate (NO3
−_N), and WSON/water-soluble total nitrogen (WSTN) (%) (b).
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Figure 8. Monthly average concentrations of WSON (a), and WSON/WSTN (%) (b).

To explore the sources of WSON, we first investigated the correlations between WSON and SOM
(also POM), as shown in Figure 9. The correlation of WSON with SOM (r of 0.49) was better than it
was with POM (r of 0.26), indicating that WSON was more likely associated with secondary formation
processes than with primary emissions in Yangzhou. However, the correlation coefficient (0.49) was
only moderate, demonstrating that WSON sources were, in fact, complex. Therefore, we further used
principle components analyses (PCA) to identify the possible sources of WSON (as well as PM2.5).
Twelve variables including OC, EC, WSOC, WSON, and major ionic species of Cl−, NO3

−, SO4
2−,

Na+, NH4
+, K+, Mg2+, and Ca2+ were chosen as input parameters.

Figure 9. Scatter plots of WSON versus POM (a), and WSON versus SOM (b) (colored by time).

The PCA resolved four principle factors (or sources) with eigenvalues larger than 1, together
accounting for 82.41% of the total variance of original data matrix. The factor profiles, representing the
correlation coefficients between the input variables with the factor, are given in Table 2. Component 1
(PC1), which explained 53.1% of the variance, was very likely from biomass and fossil fuel combustions,
as it associated closely with K+ (biomass burning marker ion), OC, EC, and Cl− (possible species from
fossil fuel and or coal combustion). PC2 explained 11.77% of the total variance and the species with high
loadings are SNA (SO4

2−, NO3
−, NH4

+) and WSON. SNA are known to be generated from secondary
reactions, therefore PC2 represents the secondary source. The third component (PC3, 9.34% variance)
had high loadings of Mg2+ and Ca2+, likely indicating dust origin (from soil and construction activities,
etc.). For the fourth component (PC4, 8.21% variance), only Na+ had a high loading (0.97), suggesting
a sea salt source. Generally, for WSON, obviously higher loading in the secondary source (PC2) than
in other primary sources was observed, strongly indicating that WSON was mainly from a secondary
source, consistent with the correlation analysis results in Figure 8. Nevertheless, further molecular
characterizations and quantifications of the WSON species and other source markers, combined with
source apportionment techniques are still needed to provide more insights into the sources of WSON.
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Table 2. Principle components analyses (PCA) analysis results of PM2.5 and WSON (numbers in bold
highlight the components with significances).

Components PC1 PC2 PC3 PC4

EC 0.94 0.02 0.11 0.09
OC 0.79 0.36 0.21 −0.02
Cl− 0.88 0.03 0.10 0.12

NO3
− 0.79 0.50 −0.03 −0.11

SO4
2− 0.42 0.78 0.02 −0.07

NH4
+ 0.79 0.51 −0.07 −0.04

Ca2+ 0.29 −0.02 0.74 0.17
Mg2+ −0.03 0.06 0.90 −0.18
Na+ 0.04 0.06 −0.03 0.97
K+ 0.93 0.15 0.14 0.03

WSOC 0.82 0.42 0.11 −0.01
WSON 0.09 0.79 0.03 0.13

Initial Eigenvalue 6.37 1.41 1.12 1.00
Variance Explained 53.10 11.77 9.34 8.21

Cumulative Variance Explained 53.10 64.86 74.20 82.41

The potential source areas (PSCs) of WSON and clusters of air mass trajectories in four seasons are
displayed in Figures 10 and 11, respectively. Five clusters were identified during winter, while other
seasons only had three clusters. During winter, the WSON PSCs were mainly distributed within the
YRD region (Figure 10a), indicating the dominance of regional emissions. But a few hotspots were also
found in Shandong province and, correspondingly, two clusters, one originating from Beijing (42.86%
of total trajectories) and one initiated from Mongolia (25.40% of total trajectories), both travelled across
Shandong Province. Although the WSON PSCs during winter could trace back far beyond the YRD
region and Shandong province, other areas contributed relatively insignificantly (correspondingly
clusters 2, 4, and 5 together occupied ~30% of all trajectories in Figure 11a). No obvious source from
the ocean was found during winter.

For spring, the WSON PSCs mainly distributed in the YRD region and Jiangxi province, rather
than in Shandong Province (Figure 10b). Interestingly, there was a potentially large source in the
Yellow sea close to Korea, and consistently a relatively short cluster starting from Bohai sea, crossing
over Shandong Peninsula and the Yellow Sea, occupied the majority of air mass (62.75%) (Figure 11b).

The WSON PSCs during summer concentrated mainly in Jiangsu and Zhejiang provinces. There
were also some WSON likely from the ocean, including the Yellow Sea and the East China Sea
(Figure 10c). The trajectories during summer were also unique: It had one cluster (41.3%), which
originated from the east Pacific Ocean, and another one (19.57%) crossed over Bohai Sea and Yellow
Sea. There was only one inland cluster (41.3%), which started from Guangdong Province (Figure 11c).

During autumn, the WSON PSCs were predominantly located in Jiangsu Province and Shanghai,
with less contributions from Shandong Province and the Yellow Sea. Consistently, a short cluster
across the Yellow Sea, Shanghai, and Jiangsu Province, was the major one (55.88%). The area of WSON
potential sources during autumn appeared to be the smallest among all seasons.
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Figure 10. The potential source contributions to WSON during (a) winter, (b) spring, (c) summer, and
(d) autumn (colored by the potential source contribution function (PSCF) values).

Figure 11. Clusters of the 72-h back trajectories during (a) winter, (b) spring, (c) summer, and
(d) autumn.

4. Conclusions

In this work, we analyzed the chemical compostions of PM2.5 samples collected in urban
Yangzhou, China during spring and summer of 2016. Ionic species, OM, EC, and trace metals,
on average. occupied ~80% of total PM2.5 mass. Mass contribution of ionic species (~52%) was twice
that of the OM (~25%), while EC and trace metals together contributed little (~3%). Sulfate, nitrate,
and ammonium dominated the ionic species. The Aerodyne SP-AMS was used to determine the mass
spectra of WSOM, and derived the OM/OC ratio, and was therefore the WSOM and WIOM mass
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concentrations. An EC-tracer based method was used to estimate SOM and POM mass concentrations.
Correlation analyses showed that SOM linked closely with WSOM, while POM correlated well with
WIOM. In particular, this work measured the WSON concentrations in one year-long PM2.5 samples.
Different from the monthly variations of PM2.5 concentrations, WSON concentrations had no significant
seasonal and monthly differences. However, seasonal and monthly differences of mass contributions
of WSON to total nitrogen were significant, which were much higher in summer and autumn than in
winter and spring. Temporal variation of WSON concentrations was found to correlate better with
that of SOM than with POM, indicating secondary formation is important for the WSON in Yangzhou,
which was also supported by the PCA results. PSCF analyses of WSON demonstrated that regional
sources were dominant during autumn and winter, while oceans became relatively important for the
WSON during spring and summer.
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Abstract: In the process of rapid urbanization, air environment quality has become a hot issue. Aerosol
optical depth (AOD) from Moderate Resolution Imaging Spectroradiometer (MODIS) can be used
to monitor air pollution effectively. In this paper, the Spearman coefficient is used to analyze the
correlations between AOD and urban development, construction factors, and geographical environment
factors in Shandong Province. The correlation between AOD and local climatic conditions in Shandong
Province is analyzed by geographic weight regression (GWR). The results show that in the time period
from 2007 to 2017, the AOD first rose and then fell, reaching its highest level in 2012, which is basically
consistent with the time when the national environmental protection decree was issued. In terms of
quarterly and monthly changes, AOD also rose first and then fell, the highest level in summer, with
the highest monthly value occurring in June. In term of the spatial distribution, the high-value area
is located in the northwestern part of Shandong Province, and the low-value area is located in the
eastern coastal area. In terms of social factors, the correlation between pollutant emissions and AOD
is much greater the correlations between AOD and population, economy, and construction indicators.
In terms of environmental factors, the relationship between digital elevation model (DEM), temperature,
precipitation, and AOD is significant, but the regulation of air in coastal areas is even greater. Finally,
it was found that there are no obvious differences in AOD among cities with different development
levels, which indicates that urban development does not inevitably lead to air pollution. Reasonable
development planning and the introduction of targeted environmental protection policies can effectively
alleviate pollution-related problems in the process of urbanization.

Keywords: aerosol optical depth MODIS; urbanization; DEM; spearman rank correlation

1. Introduction

With the acceleration of China’s industrialization process and the continuous growth of
energy consumption, atmospheric aerosols have gradually become one of the main atmospheric
pollutants [1–4], and research on China’s atmospheric pollution continues to intensify. In recent years,
air pollution has greatly affected people’s health and daily lives. Aerosols, which play an important
role in the atmospheric environment, have been a major concern of the social science community.

Atmospheric aerosol refers to a stable mixture of solid particles and liquid particles that
are suspended in air. They generally have diameters between 0.001 and 100 μm. Atmospheric
aerosols are mainly derived from human activities [5–9] (such as petrochemical fuel use, industrial
exhaust emissions) and natural production [7,10]. Aerosols affect atmospheric visibility and human
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health [11–13]. Studies have shown that in cities, atmospheric aerosol concentration is closely
related to chronic diseases, such as emphysema and tracheitis, and the changing trend in aerosol
concentration is basically consistent with the frequency of respiratory disease development during the
same period, and the two are positively correlated [13]. Atmospheric aerosols also affect the balance of
atmosphere–ground radiation through direct [14–16] and indirect [10,17] climate effects, which is one
of the most uncertain factors in climate change. The effects of aerosols on climate have attracted great
attention from the scientific community [18,19]. The Aerosol Optical Depth (AOD), as one of the most
basic optical properties of aerosols, is defined as the integral of the extinction coefficient of the medium
in the vertical direction, which describes the reduction effect of aerosols on light. The MODIS AOD
is a kind of data with wide coverage and more accuracy compared with other sources of currently
available aerosol data, and it is also a key factor used to evaluate the degree of atmospheric pollution
and to determine the aerosol climate effect [20–25]. It is often used in the study of aerosol change
characteristics and regional climatic effects. In recent years, domestic and foreign scholars conducted a
lot of research on the spatial and temporal distribution and variation characteristics of AOD [14,26–31],
atmospheric environmental pollution monitoring [32], climate change impact [2,27], and other aspects
of this topic and have made great progress.

In the process of urbanization, economic development also increases energy consumption and
pollutant emissions. High-intensity human activities also cause the release of a large amount of
harmful particulate matter into the atmosphere, seriously affecting air quality and human health.
Studying the relationship between AOD and urbanization is of great significance for maintaining and
improving the quality of the atmospheric environment [6,8–10,17,33–36].

Most of the above studies on the relationship between AOD and urbanization used population or
economic factors to represent the level of urban development, but the influences of the topographic
environment and climate cannot be ignored in the aerosol research process [18,37,38]. This paper uses
Shandong province, China as an example to analyze the spatial and temporal distribution and change
rules of AOD and its relationship with the urbanization development process, as follows: (1) The
spatial and temporal distribution and change characteristics of AOD are analyzed on year, quarter
and month time scales, which reveals the spatial distribution and change rules of AOD in Shandong
province; (2) the correlations between AOD change and social and economic factors, such as the urban
population, urban economic development data, and the main pollution emission data are analyzed to
determine the degree of influence of various indicators on air quality; and (3) the correlation between
AOD and urban level distribution is analyzed to study the response of AOD to urbanization. Since
AOD is greatly affected by the topographic environment and climatic temperature, this paper takes
into account elevation, temperature, and precipitation when studying the relationship between AOD
and urbanization to better analyze and explain the correlation between them. This study can provide
decision-making support for the environmental protection of cities in Shandong province [39,40],
as well as providing as reference for similar analysis of cities in other provinces.

2. Study Area, Materials, and Methodology

2.1. Study Area

This study used Shandong Province as the analysis object and carried out research on the
spatiotemporal distribution and variation characteristics of aerosol optical depth and its response
to urbanization. Shandong Province is located on the eastern coast of China. The territory includes
a peninsula and inland area. The peninsula protrudes into the Bohai Sea and the Yellow Sea. It is
opposite the Liaodong Peninsula and includes Qingdao, Yantai, and Weihai, as well as most or part of
Weifang, Rizhao, Dongying, and Binzhou. The inland part is bordered by Hebei, Henan, Anhui, and
Jiangsu provinces from north to south, including Liaocheng, Dezhou, Jinan, Tai’an, Laiwu, Dongying,
Zibo, Zaozhuang, Linyi, Jining, and the remaining parts of Weifang, Rizhao, Dongying, and Binzhou.
The location map of Shandong Province is shown in Figure 1.
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Figure 1. Shandong Province location map.

The air quality in coastal and inland cities of Shandong Province is affected by the ocean to
varying degrees. The air quality in coastal cities is obviously directly controlled by the ocean [41–43].
However, the air quality in inland cities is less affected by the ocean. Generally, the wind speed in
coastal areas is higher than that in inland areas, and the atmospheric diffusion conditions are good.
Moreover, there are obvious differences in temperature and rainfall among cities in the province.
The annual average temperature in the province decreases from southwest to northeast, and in the
hilly areas of the peninsula, it is lower than in other regions. The annual average precipitation in
most parts of Shandong Province is between 600 mm and 750 mm, and this has greater distribution in
the north than in the south. The population density, economic strength, and urbanization levels of
the cities in Shandong Province are quite different, and the urbanization development in Shandong
Province is relatively unbalanced.

Based on the above analysis, when studying the spatial and temporal distribution and variation
characteristics of aerosol optical data in Shandong province and their relationship with the level of
urbanization, social factors such as urban population, urban construction area, and sewage discharge
should be taken into account as well as the impact of the urban geographical location and climate.

2.2. Materials

The data used in this paper mainly included MODIS aerosol data from 2007 to 2017, total urban
population data of Shandong Province, the green land area for urban construction, the secondary
industry gross output value, urban soot, sulfur dioxide, nitrogen oxide emissions, the urban annual
average temperature, precipitation, and digital elevation data.

2.2.1. Aerosol Data

AOD is defined as the integral of the extinction coefficient of the medium in the vertical direction,
and it describes the effect of aerosol on light attenuation. It is one of the most important parameters
of aerosols, the key physical quantity that characterizes the degree of atmospheric turbidity, and an
important factor for determining the climatic effects of aerosols. The aerosol data used in this paper
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were derived from the MODIS c6 aerosol product released by the National Aeronautics and Space
Administration (NASA) website. This product combines two inversion algorithms: the Dark Target
(DT) algorithm and the Deep Blue (DB) algorithm. Many domestic scholars have verified the AOD
dataset MODIS product at a wavelength of 550 nm, and AOD has been studied in some parts of
China using the product. It is believed that MODIS aerosol products have reached the corresponding
quality requirements and can be used to study the distribution and variation of terrestrial AOD in
China [44–46]. This study used the AOD dataset with a resolution of 10 km for MODIS4, and the time
series used was from 1 January 2007 to 31 December 2017.

2.2.2. Urbanization Related Data

Urbanization is a process in which the population of a region becomes relatively concentrated
in cities from towns, which leads to the growth of the urban population, the expansion of urban
land, and changes in the social and economic structure. This study analyzed the correlations between
AOD values and the population density, the green land area for urban construction, and the regional
secondary industry gross product in Shandong province, and explores the influences of these three
factors on AOD value changes. During the process of urbanization, the emissions from gas pollution
change continuously, which has a significant impact on AOD. This study also analyzed the relationships
between AOD and soot, sulfur dioxide, and nitrogen oxides. The six elements of data were all sourced
from the Shandong Provincial Bureau of Statistics. The soot, sulfur dioxide, and nitrogen oxide data
are the total emissions of the index in the whole province in each year, the sources of which include
industrial production as well as from factors related to people’s daily lives.

Urbanization not only includes the population and social economy, but also involves cultural
education, politics, transportation, and other aspects of information. It is impossible to fully understand
the relationship between urbanization and AOD by relying on a single indicator. Indicators of China
at the city level include the number of first-line brands, GDP, the per capita income, 211 universities,
multinational top 500 entry numbers, major companies’ strategic city rankings, airport throughput,
large company entry, consulate number, and international routes. A total of ten indicators were
calculated to comprehensively represent the development level of urbanization. In this paper, the city
level data of 17 cities in Shandong Province in 2016 were used, as shown in Figure 2.

Figure 2. City level map.

2.2.3. Shandong Digital Elevation Model Data

Topography has an impact on the depth of AOD. Most scholars at home and abroad also believe
that elevation has an impact on the spatial distribution of AOD. Therefore, Digital Elevation Model
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(DEM) data was used as one of the influencing factors to study. DEM data of 90 m resolution were
downloaded from the China natural resources satellite image cloud service platform, and the data
were processed into the same resolution as AOD aerosol data by means of resampling. Figure 3 shows
(a) the original DEM data and (b) the resampled DEM data.

  

Figure 3. Digital elevation data.

2.3. Methodology

The data processing involved in this paper mainly involved the acquisition of aerosol data,
projection definition, image cropping, data aggregation, and mean calculation to study the spatial
and temporal distribution and variation characteristics of AOD. In this paper, first, AOD data were
subjected to Lambert projection, and then the image was cut using Shandong Province as a mask.
Finally, the cut AOD data were aggregated and averaged. The obtained aerosol data were first screened
to ensure its accuracy before the calculation of AOD, and the valid data (data were considered valid if
the percentage of valid pixels in the image data was greater than 50%) were retained. Then, the annual,
quarterly, monthly aggregation, and mean values of the aerosol product data were calculated by
ArcGIS. The equations are shown in (1) and (2). The monthly average AOD of Shandong Province
analyzed in the paper was obtained by accumulating the daily AOD and then averaging. The quarterly
average AOD and annual average AOD were obtained by accumulating the monthly average AOD and
quarterly average AOD. The monthly division criterion used was the natural month when analyzing
the monthly changes in AOD. The quarterly divisions used were spring from March to May, summer
from June to August, autumn from September to November, and winter from December to February.

AODQS =

⌈
S

∑
s=1

(AOD(s))

⌉
/S (1)

In the equation, AODQS is the aerosol aggregated data, which was used to represent the average
distribution of the aerosol optical depth, AOD represents the effective aerosol data participating
in the superposition, s represents the s-th image data, and S represents the total number of
superimposed images.

AODAvg =

⌈
m

∑
i=1

n

∑
j=1

(AOD(i, j))

⌉
/N (2)

AODAvg represents the average value of AOD; AOD(i, j) is the pixel value of the i-th row and the
j-th column in the aerosol optical depth average distribution image calculated by Equation (1); m and n
respectively represent the total number of rows and the total number of columns in the image data;
and N represents the total number of cells participating in the operation.

This study used the Spearman rank correlation test to measure the correlations between two
variables to study the relationship between AOD values and the green land area for urban construction
and the urban population. The principle was to sort the original data xi, yi from large to small and to
record the position of the original data xi, yi as x́i, ýi in the sorted list. x́i, ýi is called the rank of xi, yi,
and the rank difference is di = x́i − ýi. The Spearman rank correlation coefficient is

103



Atmosphere 2019, 10, 110

ρs = 1 − ∑n
i=1 d2

i
n2 − 1

(3)

The Spearman correlation coefficient was used to analyze the correlation between AOD and the
urban population, which was based on a continuous time series and did not consider geographical
location characteristics. However, the relationship between precipitation and AOD will change with
the geographical location. This paper considered the spatial distribution of the two and finally adopted
the Geographically Weighted Regression (GWR) method to explore the relationship between this factor
and the urban AOD. The GWR model is shown in (4):

yi = β0(ui, vi) +
k

∑
j=1

βi(ui, vi)xij + εii = 1, 2, . . . n (4)

In the Equation (4), x is the independent variable, y is the dependent variable, k is the number of
dependent variables, j is the sample point, ui, vi is the spatial location of the sample point i, βo(ui, vi)

is the intercept, and βi(ui, vi) is the equation coefficient, which varies with the spatial location of the
sample point. Each local βo(ui, vi) is used to estimate its adjacent spatial observation value. The core of
the model is the selection of the spatial weight matrix. In this study, Gaussian function was selected as
the method to select the spatial weight coefficient, which is one of the most commonly used methods.
The expression equation of Gaussian function is as follows:

Wij =
−1

e2(dij/b)2 (5)

GWR is a local form of linear regression used to model spatial variation relations. It constructs
an independent equation for each element in the data set, which is used to combine the dependent
variables and explanatory variables of elements falling within the bandwidth of each target element.
The shape and range of the bandwidth depends on the user’s input parameters, such as the
kernel type, bandwidth method, distance, and number of adjacent elements. The commonly
used kernel types include FIXED (the kernel surface is created by selecting the bandwidth at a
certain distance) and ADAPTIVE (the kernel surface function is created according to the density
of element sample distribution). The most commonly used bandwidth methods are CV, AIC,
and BANDWIDTH_PARAMETER. In this study, the FIXED type was selected as the core type.
The FIXED type was used to select the bandwidth according to a certain distance to create the core
surface. It can generate a smoother core surface compared with ADAPTIVE. This study adopted
the AIC method for bandwidth selection to achieve a better fitting degree. AIC determines the best
bandwidth by the minimum information criterion, which is a standard to measure the excellent
performance of statistical model fitting. The AIC function expression is as follows:

AIC = 2n lnσ̂ + n ln(2π) + n
[

n + tr(S)
n − 2 − tr(S)

]
. (6)

where the trace tr(S) of the hat matrix S is a function of the bandwidth b, and σ̂ is the maximum
likelihood estimate of the variance of the random error term, and σ̂ = RSS

n−tr(S) . For the same sample
data, the bandwidth corresponding to the geographic weighted regression weight function with the
minimum AIC value is the optimal bandwidth. This study applied it to analyze the differences in AOD
among cities with different development grades, because it is a suitable way to test the differences
between the unpaired data of independent samples. The main principle of the Wilcoxon rank-sum
method is to assume that there are no significant differences between the H0 samples. The following
test parameters were calculated:

T =
n

∑
i=1

r(|di|)I(di > 0) (7)
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Z =
T − n1(n1 + n2 + 1)/2√
n1 × n2(n1 + n2 + 1)/12

(8)

where T is the sum of the smallest rank order of the two groups of independent data. If T is in the test
value interval determined by table lookup comparison, then p > α and H0 is not rejected; otherwise,
p ≤ α and H0 is rejected. The Z-statistic was used when the data volume was more than 10, and the
Z-value was tested with the normal distribution method.

This study analyzed the spatial and temporal distribution of AOD in Shandong Province and its
relationship with urbanization from four aspects. Firstly, the spatial and temporal distribution and the
variation characteristics of AOD were analyzed by means of aggregation and mean value calculation
of AOD. Secondly, the Spearman coefficient was used to analyze the correlation between AOD and
urban population, the green land area for urban construction, the secondary industry GDP, and other
factors to determine the impacts of urban population growth and social and economic development
on AOD in the process of urbanization. Thirdly, GWR was used to explore the correlation degree of
precipitation and other weather conditions on the local distribution of AOD. Fourthly, the Wilcoxon
rank-sum method was used to compare and analyze the AOD differences among cities with different
development levels.

3. Results and Analysis

3.1. Temporal and Spatial Distribution and Variation Characteristics of AOD

3.1.1. Annual Average Distribution and Variation Characteristics of AOD

The 11-year distribution and multi-year average distribution of AOD in Shandong Province from
2007 to 2017 are shown in Figure 4. According to the spatial distribution of AOD in the Shandong region
for many years, it is concluded that from 2007 to 2017, although the intensity of the high value center of
AOD in Shandong Province had some differences, the characteristics of the regional distribution center
were generally of the single-high-low type and remained unchanged. A low center is located in Weihai,
Yantai, and eastern Qingdao, an area close to the Yellow Sea and Bohai Sea. The AOD is around 0–0.3,
which is related to the high wind speeds and good atmospheric diffusion conditions in the coastal
areas. The high center is located in Liaocheng and Jining, Dezhou, Binzhou, Jinan, Tai’an, Laiwu,
northern Zibo, Dongying West, and northern Weifang, which are densely populated and industrially
developed, with AOD values of around 0.4–0.7.

 

Figure 4. Cont.

105



Atmosphere 2019, 10, 110

 

Figure 4. Aerosol Optical Depth (AOD) distribution map of Shandong Province.

The average value of the aggregated AOD in Shandong Province from 2007 to 2017 was calculated,
and the AOD value changes in Shandong Province from 2007 to 2017 were obtained, as shown in
Figure 5. It can be seen from the figure that, in 2007, the mean AOD of the whole province was about
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0.39, slightly decreased to 0.37 in 2008, and then increased year by year until reaching its highest
peak of 0.53 in 2012. It decreased significantly to 0.46 in 2013 and showed a downward trend year
by year from 2014 to 2017. In general, there has been a trend of increasing first and then decreasing
in the past 11 years. To further verify this trend, we constructed unitary linear regression functions
for the years of 2007–2012 and 2012–2017, respectively, with 2012 as the boundary. As shown in
Figure 6, 2007–2012 showed a growth trend with a slope of 0.0267 and an R2 value of 0.7313. The years
2012–2017 showed a downward trend with a slope of −0.0263 and an R2 value of 0.8112. From 2007 to
2012, Shandong Province made great efforts to develop its economy through industry, which brought
a serious impact on the environment. Additionally, AOD showed an obvious growth trend. After 2012,
Shandong Province changed its economic development model, advocated green development, dealt
with polluting enterprises, and maintained a steady downward trend in AOD. The environment has
improved markedly.

Figure 5. Annual data chart.

(a) (b) 

Figure 6. Linear trend chart. (a) Trends from 2007 to 2012, (b) Trends from 2012 to 2017.

3.1.2. AOD Quarterly Average Distribution and Variation Characteristics

The 11-year average AOD distribution in spring, summer, autumn, and winter in Shandong
Province from 2007 to 2017 is shown in Figure 7. As can be seen from the figure, the AOD in the east
of Weihai, Yantai, and Qingdao was very low, ranging from 0 to 0.3, and the change range between
each quarter of the year was not large. Additionally, Dezhou, Binzhou, and Jinan were the areas with
high AOD values, and AOD changed significantly among the seasons from 0.3 to 1.0. In spring and
summer, the AOD in Weihai, Yantai, and eastern Qingdao was relatively low, around 0–0.3. Dezhou,
Binzhou, Dongying, Jinan, the northern part of Tai’an, Laiwu, and Weifang were high AOD value
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areas where the AOD was about 0.6–1.0. The AOD values of Dezhou, Jinan, Binzhou, and Dongying
were very high, around 0.8–1.0. In autumn, the AOD value of inland cities in Shandong Province
was generally around 0.3–0.6, and in winter, the AOD value of Shandong Province was generally
around 0–0.3. If the quarterly average AOD value is greater than 0.5, it is defined as a high value.
The high value area of AOD was the largest in summer, followed by spring and autumn, and it was the
smallest in winter. The main reasons for the significant differences in AOD between coastal and inland
cities can be summarized as follows. Firstly, coastal areas mainly rely on marine resources to develop
their economies, while inland areas depend on industrial development economies and therefore have
serious air pollution. The hills in central Shandong have weakened the impact of monsoons from the
oceans on inland areas, thereby reducing the ability of air pollutants to dissipate.

 

 

Figure 7. AOD quarterly distribution map.

The mean values of aggregated AOD in Shandong Province during the four quarters (spring,
summer, autumn and winter) in 2007 to 2017 were calculated. As shown in Figure 8a, the overall
trend of AOD is slowly declining, and the quarterly line changes periodically with the four seasons.
The peak values varied significantly in different years, while the lowest values fluctuated less. As can
be seen from the Figure 8b, the AOD value in spring in Shandong Province was around 0.35–0.7.
The AOD value in summer in Shandong Province was around 0.4–0.8. The AOD value in autumn in
Shandong Province was about 0.3–0.45. The AOD value in winter in Shandong province was about 0.2,
the lowest value of the four seasons. There are different annual changes in different seasons. The value
in autumn and winter is low and stable, and there is no obvious change trend. This is affected by the
northern monsoon. The aerosol spreads well and is not easy to aggregate. The spring and summer
have higher values and the trend is roughly the same as the average trend of the year. Its value is
mainly affected by dust and pollution emissions. But there was an unusually low point in the summer
of 2016. The reason for the abnormal AOD in the summer of 2016 is that Shandong province took
compulsory measures to close down and rectify a large number of polluting enterprises in the summer
of 2016, which resulted in a sharp decline in pollution in this quarter.

108



Atmosphere 2019, 10, 110

(a) 

(b) 

Figure 8. Quarterly data chart. (a) AOD overall trend chart, (b) Quarterly trend chart.

3.1.3. AOD Monthly Average Distribution and Variation Characteristics

The distribution of the multi-year average aerosol optical depth in Shandong Province from 2007
to 2017 is shown in Figure 9. It can be seen from the figure that the AOD in Shandong Province
was generally around 0–0.3 in January, February, and December. In March, September, October, and
November, except for the low AOD values of 0–0.3 in Weihai, Yantai, and eastern Qingdao, the AOD
values were generally around 0.4–0.6. In April and May, the AOD values of Liaocheng, Dezhou,
Binzhou, Dongying, Jinan, and Weifang in Shandong Province were about 0.4–0.8. In June, July, and
August, a large number of high-value areas appeared, namely Liaocheng, Dezhou, Binzhou, Dongying,
Jinan, Tai ’an, Laiwu, and Weifang, where the AOD was around 0.8–1.1. In June and July, the AOD in
Binzhou and Dongying exceeded 1.1. The high value area of AOD was the largest in June and July,
followed by May, then April and August, and the AOD in other months was generally less than 0.5.

The mean values of the monthly aggregated AOD in Shandong province from 2007 to 2017 were
calculated, and the AOD changes in Shandong Province during the 12 months from 2007 to 2017
were obtained, as shown in Figure 10. As can be seen from the figure, the monthly variation in
AOD in Shandong province presented a single peak, which increased from January onwards, and the
maximum value of AOD appeared in June before gradually decreasing. This is consistent with the
research results of Zheng Xiaobo et al. Due to dust invasion in spring, the AOD thickness increases.
The high temperature in summer promotes the transformation of secondary organic aerosol particles
to a great extent. Moreover. Shandong Province is in the peak period of wheat harvest in June each
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year, and people have the habit of burning straw, so a large amount of artificial aerosol particles
are discharged into the atmosphere, resulting in the average aerosol optical thickness reaching the
highest value during this period. However, with the increase in rainfall in July and August, the AOD
decreases obviously.

 

 

 

Figure 9. Monthly distribution map.
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Figure 10. AOD monthly change chart.

3.2. Response Analysis of AOD to Social and Economic Factors

The AOD and socio-economic factor data from Shandong Province from 2007 to 2017 (including
total urban population, green land area for urban construction, the regional GDP of the secondary
industry, soot emissions, SO2 emissions, nitrogen oxide emissions) are shown in Table 1.

Table 1. AOD and socio-economic impact factors.

Year AOD
Population

(10,000
people)

Green
Land Area

(ha)

Secondary Industry
Regional GDP

(100,000,000 Yuan)

Soot
(10,000 T)

SO2

(10,000 T)

Nitrogen
Oxides

(10,000 T)

2007 0.3960 3436 146,076 14,839.13 46 182
2008 0.3769 3532 156,957 17,839.09 44 169
2009 0.3955 3548 168,408 19,219.83 42 159 138
2010 0.4140 3839 181,055 22,163.00 39 154 141
2011 0.448 3945 188,136 24,539.45 78 183 179
2012 0.5363 4021 199,899 26,367.57 70 175 174
2013 0.4475 4130 217,366 28,163.57 70 164 165
2014 0.4673 4285 232,174 29,585.72 121 159 159
2015 0.4153 4702 240,024 30,334.56 108 153 142
2016 0.3916 4856 253,328 31,343.67 87 113 123
2017 0.3962 5024 267,944 32,942.84 54 74 116

It can be seen from Table 1 that from 2007 to 2017, the total urban population, the area of urban
green land for construction, and the output value of the secondary industry in Shandong Province
all showed an increasing yearly trend due to social development, and the growth rates in the past
11 years were about 7%, 83.42%, and 124.9%, respectively. From 2007 to 2017, the growth rate of
green coverage in the built-up area was 83.42%. Although the green coverage rate in the built-up area
showed an increasing trend, it was relatively low compared with the growth rate of the output values
and the emission change rate of various pollution gases. Therefore, Spearman rank correlation test
was adopted to measure the correlations between two variables, and the correlation coefficients are
shown in Table 2.

Table 2. Coefficient between AOD and Socio-economic factor.

Factor Population
Greening
Land Area

Secondary Industry
Regional GDP

Soot SO2
Nitrogen
Oxides

AOD 0.191 0.21 0.21 0.393 0.329 0.867

As can be seen from Table 2, AOD has an insignificant positive correlation with the total urban
population, the area of urban green land for construction, and the output value of the secondary
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industry, with correlation coefficients of 0.191, 0.21, and 0.21 respectively, and there were relatively
high positive correlations with soot, SO2, and nitrogen oxides, with correlation coefficients of 0.393,
0.329, and 0.867, respectively. Among these factors, there was a significant correlation with the bilateral
test of nitrogen oxide emissions at the confidence level of 0.01. Generally speaking, an increase
in vegetation can increase the ability of the surface to absorb particles, and then AOD will have a
significant downward trend. The greening rate of urban District in Shandong Province is increasing
year by year as shown in Table 1, but the inhibition effect on AOD is not obvious. Because many people
are packed into cities during the process of urbanization, urban construction land expands rapidly,
human activities increase significantly, producing a large amount of pollutants (soot, SO2, nitrogen
oxides, etc.) that directly acting on aerosol generation. The amount of anthropogenic aerosol is much
higher than the amount of aerosol adsorbed by the vegetation.

3.3. Response Analysis of AOD to Terrain and Weather Conditions

The elevation data were resampled to obtain data with the same resolution as AOD, and the pixel
values were extracted for the correlation analysis of the average AOD over 11 years. From 2007 to 2017,
the AOD data from one year were randomly selected, and then the relevant analysis results with the
average temperature and precipitation (annual precipitation depth) of prefecture-level cities in the
current year were shown in Table 3.

Table 3. Coefficient between AOD and the environmental impact factor.

Factor DEM Temperature Precipitation

AOD −0.430 0.585 0.341

The correlation coefficient between elevation and AOD was −0.430, and this was a significant
correlation at the 0.01 level (both sides), indicating that the altitude has a negative correlation with
AOD. The higher the altitude is, the better the pollution gas diffusion will be, and the lower the
AOD index will be. Places with higher altitude are not suitable for the development of heavy
industry, and they is also not conducive to having a dense population, so the amount of pollution
generated is also greatly reduced. The correlation coefficient between temperature and AOD was 0.585,
showing a horizontal correlation at the 0.05 level (two sides). An increase in temperature promotes the
generation of aerosol transformation and is not conducive to the condensation and transformation
of small and medium particles in the air. The correlation coefficient between precipitation and AOD
was 0.341. Generally speaking, precipitation has a scouring effect on aerosols, which is negatively
correlated with AOD. However, many studies have shown that the interaction between aerosol
and precipitation is complex. Precipitation is the main way to remove aerosol particles. However,
the increase in aerosol optical thickness inhibits the occurrence of light rain in summer in north China,
and convective precipitation is more likely to occur, and the incidence of heavy rain has increased
significantly. As a result, the correlation coefficient between AOD and precipitation in the study area is
positive. The Geographical Weighted Regression method was used to further analyze the influence
of precipitation on AOD in local areas. In the GWR model, the precipitation data from 17 cities were
used as the independent variable, and the AOD values of cities were used as the dependent variable
to analyze the GWR model. As shown in Figure 11, the GWR model’s fitting degree R2 was 0.74 and
the adjusted fitting degree R2 was 0.625. The standardized residual value in 88% of the regions in
the whole province ranged from −1.5 to 1.5, indicating that the GWR model had a good fitting effect
overall. The urban precipitation in Shandong Province has a significant impact on the temporal and
spatial distribution of AOD. In Weihai, the impact of the marine environment was shown to be greater
than the adjustment of precipitation, so the residual value was obviously too small.
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Figure 11. Geographically Weighted Regression (GWR) result graph.

3.4. Analysis of AOD’s Response to the Urbanization Process

Taking the geographical distribution of AOD in Shandong Province and the spatial distribution of
the city level in 2017 as an example, the relationship between AOD and urbanization level was studied.
Among the 17 cities in Shandong Province in 2017, Qingdao, Jinan, Yantai and Zibo are second-tier
cities with a large scale, developed economy, and frequent human activity. Weifang and Dongying are
third-tier cities, with larger areas and more developed economies. Laiwu is a six-line city with a small
scale, backward economic development, and a low urbanization level.

The city grade types are divided into two categories, the second-tier cities are type one, and the
third-level cities and below are type two. The two groups of samples were observed using a box chart.
The Figure 12 below shows that there were no significant differences in the median, range, maximum
value, or minimum value between the two sets of data.

 

Figure 12. Box plot analysis results for different city levels.

The Wilcoxon rank-sum method was used to detect the differences between AOD data from the
two city types. The sum of the order of the first class cities was 28, the sum of the order of the second
class cities was 125, the Z value was –0.911, the bilateral test p-value was 0.362, and the exact probability
test value was 0.412. These values supported the original hypothesis that there are no significant
differences in AOD values between the two city types. This shows that the relationship between the
urbanization development process and the current AOD values in Shandong is not obvious.
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4. Conclusions

This study analyzed the spatial and temporal distribution and variation characteristics of the AOD
in 17 cities on different time scales—yearly, quarterly, and monthly—by applying the daily aerosol
MODIS data from Shandong Province from 2007 to 2017, as well as data on the urban population,
the green land area for urban construction, the gas pollutant discharge data, the digital elevation
data, the average temperature of each city, the precipitation, and the urban development level data.
The Spearman coefficient was used to explore the correlations between the multi-year AOD value of
Shandong Province and the urban population. GWR was used to analyze the response of AOD spatial
distribution to precipitation. The Wilcoxon rank-sum method was used to verify the relationship
between urbanization development level and AOD. The conclusions are as follows:

(1) From a spatial point of view, the spatial distribution of the annual average AOD in Shandong
Province includes low and high centers. The low centers are Weihai, Yantai, and eastern Qingdao.
The seasonal variation of AOD is relatively stable, from 0 to 0.3. One high center is concentrated in the
eastern part of Liaocheng, Dezhou, Jinan, Binzhou, and Dongying, where the annual AOD is greater
than 0.5. The depth of AOD in this area varies among seasons. The AOD in spring and summer
increases obviously, decreases in autumn, and reaches its lowest value in winter, but this is still slightly
higher than the low value of the eastern area.

(2) From a time point of view, the AOD of Shandong Province changed between 0.37 and 0.53
from 2007 to 2017, and the overall trend was an increase first, followed by a fall, and the highest value
was reached in 2012. The State Council issued a notice on the comprehensive work plan for energy
conservation and emission reduction in the “Twelfth Five-Year Plan” in 2011. The Shandong Provincial
Government responded positively and gradually changed the economic development model and
introduced many environmental protection orders to reduce the industrial pollution. AOD has shown
a downward trend since 2012 with a fitting function of y = −0.0263x + 0.5344 and R2 = 0.8112.
Shandong Province has the highest AOD (0.4~0.8) in summer, followed by spring (0.35–0.7), then
autumn (0.3–0.45), and finally winter (around 0.2). The monthly changes in AOD in Shandong Province
are unimodal—high AOD values (greater than 0.5) appear from April to July, and the maximum values
of AOD appear in June and July.

(3) There are insignificant positive correlations between AOD and the urban population, the green
land area for urban construction, and the secondary industry output value. The correlation coefficients
were calculated to be 0.191, 0.21, and 0.21 respectively. There are obvious positive correlations of
AOD with soot, SO2, and nitrogen oxides. The correlation coefficients were calculated to be 0.393,
0.329, and 0.867 respectively, and there was a significant correlation with nitrogen oxide emissions at
the confidence level of 0.01. This shows that urban development does have a certain impact on air
pollution, but pollutant emissions are the most direct cause of air quality deterioration.

(4) AOD is significantly correlated with DEM and average temperature, and the correlation
coefficient with DEM was shown to be −0.430 at the significance level of 0.01 (both sides), while the
correlation coefficient between temperature and AOD was calculated to be 0.585 at the significance
level of 0.05 (both sides). This shows that high terrain areas are conducive to the dissipation of
polluting gases. High terrain is not conducive to the development of heavy industry or dense human
populations, so the pollutant gas emissions are less under normal circumstances. The higher the
temperature is, the higher the AOD value is, which promotes the conversion of secondary organic
aerosol particles and is not conducive to the condensation and precipitation of fine particles in the
air. The spatial distribution of AOD and precipitation showed good agreement. The fitting degree of
RWR of GWR model was 0.74, and the fitting degree of fit R2 was 0.625. However, for coastal cities,
the comprehensive regulation of the atmosphere by the ocean is greater than the impact of precipitation
on the atmosphere, and the ocean becomes the dominant factor affecting the air quality.

(5) There is no obvious connection between AOD and the urban development level. In the
process of development of different cities, economic development has different focuses; depending on
resources, the economic composition is not same. Therefore, we can conclude that urban development
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has a certain impact on the environment, but it can completely reduce the harm to the environment by
choosing different economic development models.

This paper analyzed and summarized the spatial distribution and mean change characteristics of
AOD in Shandong Province from 2007 to 2017 on annual, quarterly and monthly time scales. It is a
powerful reference for understanding the temporal and spatial variations in the atmospheric aerosol
optical depth in Shandong Province. It better explains the correlation between AOD and the level of
urbanization development and could be a reference for urban development planning and regional
atmospheric environmental governance.
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Abstract: The aim of this study is to evaluate the accuracy of MODerate resolution Imaging
Spectroradiometer (MODIS) aerosol optical depth (AOD) products over heavy aerosol loading areas.
For this analysis, the Terra-MODIS Collection 6.1 (C6.1) Dark Target (DT), Deep Blue (DB) and the
combined DT/DB AOD products for the years 2000–2016 are used. These products are validated using
AErosol RObotic NETwork (AERONET) data from twenty-three ground sites situated in high aerosol
loading areas and with available measurements at least 500 days. The results show that the numbers
of collections (N) of DB and DT/DB retrievals were much higher than that of DT, which was mainly
caused by unavailable retrieval of DT in bright reflecting surface and heavy pollution conditions.
The percentage falling within the expected error (PWE) of the DT retrievals (45.6%) is lower than
that for the DB (53.4%) and DT/DB (53.1%) retrievals. The DB retrievals have 5.3% less average
overestimation, and 25.7% higher match ratio than DT/DB retrievals. It is found that the current
merged aerosol algorithm will miss some cases if it is determined only on the basis of normalized
difference vegetation index. As the AOD increases, the value of PWE of the three products decreases
significantly; the undervaluation is suppressed, and the overestimation is aggravated. The retrieval
accuracy shows distinct seasonality: the PWE is largest in autumn or winter, and smallest in summer.
The most severe overestimation and underestimation occurred in the summer. Moreover, the DT,
DB and DT/DB products over different land cover types still exhibit obvious deviations. In urban
areas, the PWE of DB product (52.6%) is higher than for the DT/DB (46.3%) and DT (25.2%) products.
The DT retrievals perform poorly over the barren or sparsely vegetated area (N = 52). However, the
performance of three products is similar over vegetated area. On the whole, the DB product performs
better than the DT product over the heavy aerosol loading area.

Keywords: MODIS aerosol product; Collection 6.1; heavy aerosol loading; AERONET

1. Introduction

Atmospheric aerosols are small particles (0.001–100 μm) from both natural and human sources
suspended in the atmosphere that can significantly influence the ecosystem [1], climate, and hydrological
cycle [2] due to their effect on radiative forcing [3,4], precipitation and clouds [5]. Due to the high
temporal and spatial inhomogeneity in aerosol concentrations and the complex relationship between
the aerosol chemical and physical properties and cloud microphysics, the uncertainty in the estimation
of the indirect aerosol forcing remains one of the highest in the climate studies today [6–8]. Satellite
remote sensing is the most effective way of measuring characteristics of aerosol on the global scale.
However, currently, remote sensing retrievals of aerosol properties generally achieve a low accuracy,
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because the radiance measured by the satellite sensor at the top of path radiance is a mixed signal [9],
including not only information about the composition of the atmosphere, but also information about
the Earth’s surface reflectance [10].

Aerosol effects are significantly latitude dependent, i.e., at mid and lower latitudes, the aerosol
loading is very strong, with consequent air pollution [11,12]. In Asia, the most substantial aerosol
sources are coal, biomass burning, and dust [13,14]. The Middle East and Northern Africa are located
in the region most affected by the presence of Arabian and Saharan desert dust, respectively [15]. The
mass of African dust transported in the atmosphere is large [16], and it has been suggested that the
transported dusts have a substantial influence on the regional radiative budget [17]. In recent years, the
concentration of atmospheric particulates has increased unprecedentedly over these regions. Among
them, China, India, and Pakistan’s mean aerosol optical depth measured at AErosol RObotic NETwork
(AERONET) sites [18] exceeds global background levels by 4–5 times [19].

Aerosol optical properties such as aerosol optical depth (AOD) were obtained from satellite
sensors including the Sea-viewing Wide Field of view Sensor (SeaWiFS) [20], the Multiangle Imaging
Spectroradiometer (MISR) [21], the MEdium Resolution Imaging Spectroradiometer (MERIS) [22],
the Visible Infrared Imaging Radiometer Suite (VIIRS) [23], and the MODerate resolution Imaging
Spectroradiometer (MODIS) [24]. MODIS sensors observe the Earth system from on board two satellites:
on Terra since 1999 and on Aqua since 2002. MODIS acquires top-of-the-atmosphere (TOA) data in 36
spectral bands ranging in wavelength from 0.4 μm to 14.4 μm over both land and ocean with near-daily
global coverage. The operational MODIS AOD product over land is based on two algorithms, namely,
the Dark Target (DT) and Enhanced Deep Blue (DB) algorithms. Over the past decades, MODIS aerosol
algorithms have experienced modifications for many times. The Collection 5 (C5) DT, C6/C6.1 DT
and the DB algorithms have been extensively evaluated on both global and regional scales [25–28].
In a previous study, we provided a useful assessment of both the DT and DB aerosol products over
Beijing with a specific focus on the potential of retrieval over inhomogeneous urban surfaces [28]. To
date, the MODIS C6.1 aerosol products have not yet been fully and effectively verified in the polluted
background of medium- and low-latitude areas with heavy aerosol loading. Thus, this study focuses
more on the comparative performance of MODIS C6.1 DT, DB and the merged DT/DB AOD products
over the heavy aerosol loading area.

MODIS is the first satellite observation plan designed to provide aerosol optical characteristic
globally of high spatial resolution. It can provide a long time series of AOD products and can be very
useful for air quality studies, etc. The objective of this study is to provide a more detailed evaluation
the Terra-MODIS AOD retrieval products using the ground observations from twenty-three AERONET
sites in Asia (including China, India and Pakistan), the Middle East (including United Arab Emirates,
Bahrain and Kuwait) and Northern Africa (including Egypt, Niger, Benin, Mali and Nigeria) regions.
For this, the Terra-MODIS C6.1 DT, DB and DB/DT AOD products (MOD04) at 10 km resolution are
collected over the period 2000–2016. Then, the performance of MODIS aerosol retrieval algorithms
is validated and compared against AERONET AOD measurements at the site, local and continental
scales, meanwhile, the sensitivity of land use types (i.e., urban, barren or sparsely vegetation and
vegetation) to aerosol and seasonal variations on aerosol retrievals are also considered and discussed.

2. Datasets and Method

2.1. AERONET Ground-Observed AOD

The AERONET (AERosol RObotic NETwork) is a worldwide network of ground stations equipped
with well-calibrated Sun photometers to assess aerosol optical properties, such as their optical
depth [18]. It provides a dataset of spectral AOD in the range of 0.340–1.060 μm with low uncertainty
(~0.01–0.02) and high temporal resolution (every 15 min) under cloud-free conditions [29]. AERONET
observations have been widely adopted for the validation of satellite-retrieved AOD [28,30,31]. For
the validation of MODIS aerosol products over the heavy aerosol loading area, this study used the
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version 3 cloud-screened and quality-controlled level 2.0 AOD ground-based observations from 23
AERONET sites during 2000 to 2016, as shown in Figure 1, which are located in regions above the
annual average WHO IT-1 value for PM2.5 of 35 μg/m3, and with at least 500 days of measurements.
Figure 1 shows global decadal mean satellite-derived PM2.5; this data set was inspired by work by van
Donkelaar et al. [32]. PM2.5 concentrations in large populated regions of northern India and eastern
China, respectively, exceed 60 μg/m3 and 80 μg/m3. The summarized information of all collected sites
is shown in Table 1.

Figure 1. The geographical location of the study area. (a) The locations of the 23 AERONET sites are
used for the evaluation of the satellite-based AOD products by circulars, and (b) the spatial distribution
of all AERONET sites in the world. Background map is global annual average surface-level PM2.5

concentration derived from MODIS and MISR AOD satellite data sets (2001–2010) [32].

Table 1. AErosol RObotic NETwork (AERONET) Level 2.0 data used in this study.

Region Country AERONET Site Lat/Lon Land Cover Type
Time

Period
Average

AOD
Average Surface
Reflectance (SR)

Asia

China

Beijing (BJS) 39.977/116.381 Urban 2001–2016 0.610 0.088
Beijing-CAMS (BJC) 39.933/116.317 Urban 2012–2016 0.611 0.079

Taihu (THS) 31.421/120.215 Barren or Sparsely Vegetated 2005–2012 0.732 0.124
Xianghe (XHS) 39.754/116.962 Cropland 2001–2015 0.664 0.071
Xinglong (XLS) 40.396/117.578 Mixed Forest 2006–2012 0.271 0.037

India
Gandhi_College (GCS) 25.871/84.128 Wetland 2006–2015 0.623 0.085

Kanpur (KPR) 26.513/80.232 Wetland 2001–2015 0.610 0.080

Pakistan
Karachi (KRC) 24.870/67.030 Urban 2006–2014 0.417 0.114
Lahore (LHR) 31.542/74.325 Urban 2007–2015 0.629 0.110

Middle
East

United
Arab

Emirates

Dhabi (DHB) 24.481/54.383 Urban 2003–2008 0.399 0.111
Hamim (HMM) 22.967/54.300 Barren or Sparsely Vegetated 2004–2007 0.318 0.144

Masdar_Institute (MIS) 24.442/54.617 Barren or Sparsely Vegetated 2012–2016 0.387 0.162
Mezaira (MZR) 23.145/53.779 Barren or Sparsely Vegetated 2004–2016 0.329 0.124
Mussafa (MSF) 24.372/54.467 Barren or Sparsely Vegetated 2004–2010 0.389 0.095

Bahrain Bahrain (BRN) 26.208/50.609 Urban 2000–2006 0.401 0.112

Kuwait Kuwait_University (KUS) 29.325/47.971 Urban 2007–2010 0.585 0.148
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Table 1. Cont.

Region Country AERONET Site Lat/Lon Land Cover Type
Time

Period
Average

AOD
Average Surface
Reflectance (SR)

Northern
Africa

Egypt El_Farafra (EFS) 27.058/27.990 Barren or Sparsely Vegetated 2014–2016 0.181 0.209
Cairo_EMA_2 (CES) 30.081/31.290 Urban 2010–2014 0.355 0.089

Niger DMN_Maine_Soroa (DMS) 13.217/12.023 Barren or Sparsely Vegetated 2005–2010 0.493 0.112
Zinder_Airport (ZAS) 13.777/8.990 Barren or Sparsely Vegetated 2009–2016 0.536 0.101

Benin Djougou (DJG) 9.760/1.599 Savannas 2004–2007 0.706 0.074

Mali Agoufou (AGF) 15.345/-1.479 Barren or Sparsely Vegetated 2003–2009 0.498 0.089

Nigeria Ilorin (ILR) 8.320/4.340 Savannas 2000–2016 0.758 0.114

Note: The SR is the surface reflectance at blue channel, the data source is MODIS surface reflectance products during
2010-2015; and the land cover type is from MODIS Land Cover product in 2013.

2.2. Descriptions of MODIS Aerosol Algorithms and Products

The MODIS sensor has 36 channels, ranging from 0.4 to 14.4 μm. Eight of these channels between
0.47 and 2.13 μm are used to retrieve aerosol properties over land and ocean areas by separate
algorithms. The MODIS C6.1 aerosol products suite has recently been released to replace the C5
products. The Level 2 aerosol products (MOD04 for Terra and MYD04 for Aqua) are provided at a
nominal spatial resolution of 10 km × 10 km at nadir. Spatiotemporally aggregated Level 3 products at
1◦ × 1◦ resolution and daily, 8-day, and monthly temporal resolution are also available. In addition to
aerosol properties, the MODIS algorithm reports several diagnostic products, including a protocol for
assessing the “Quality” of the retrieval known as the Quality Assurance (QA) plan [33].

2.2.1. The DT Aerosol Algorithm and Product

The C6.1 DT algorithm is based on the same algorithm principle as in C5, with subtle changes such
as aerosol model, surface reflectance assumptions, cloud mask and pixel selection. First, 20 × 20 groups
of pixels with a 500 m resolution at 0.47, 0.65, and 2.13 μm channels, are organized into a “retrieval box”
of 10 × 10 km. All unsuitable pixels (e.g., cloud, desert, snow/ice, and inland water), and the darkest
20% and brightest 50% (at 0.65 μm surface reflectance) of pixels are discarded to reduce cloud and
surface contamination. At this stage some of the brightest urban surfaces may be discarded but some
pixels within the 20 × 20 kernel normally remain for computation of AOD for the 10 km pixel. Then,
the surface reflectance at two visible channels can be parameterized, based on a dynamic relationship
between visible channels of 0.47 and 0.65 μm and the infrared channel of 2.13 μm. The aerosol model
and look-up table are employed in DT retrieval, which is conducted according to geolocation and
season. Finally, the spectral AOD is obtained according to the matching values. The details of the
10 km DT algorithm were published in Levy et al. [34]. Recently, the C6.1 not only improved the
process of the 10 km product, but also introduced a dataset with a 3 km spatial resolution [24]. It
is also worth mentioning that a new surface reflectance relationship between shortwave infrared
and visible wavelength bands were revised using a spectral surface reflectance product in the C6.1
DT algorithm [35]. The DT algorithm has been applied on the global scale, and the results show
that more than 70.6% retrievals are within the estimated confidence envelope (expected error, EE)
of 1 standard deviation which is ±(0.05 + 15% × AODAERONET) [36]. In this study, the DT product
at 10 km was obtained from the MODIS Level-1 and Atmosphere Archive and Distribution System
(http://ladsweb.nascom.nasa.gov) for the years 2000–2016, and the “Optical Depth Land and Ocean”
scientific data set (SDS) was used, with QA = 3 indicating the retrievals of highest confidence.

2.2.2. The DB Aerosol Algorithm and Product

Unlike DT, the DB algorithm was developed to retrieve aerosol properties over bright desert
surfaces [37]. It performs retrievals at 1 km resolution and then aggregates pixels into a 10 km
retrieval box. These pixels are masked and screened to eliminate clouds and snow/ice surfaces. For the
remaining pixels, the surface reflectance is prescribed by one of several methods, dependent on location,
season, and land cover type, from a global surface reflectance database in visible bands (0.412, 0.47, and
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0.65 μm) at 0.1◦ × 0.1◦ resolution, which was developed by the minimum reflectivity method. Unlike
the DT uncertainty estimate, the EE of the DB AOD is approximately ±(0.05 + 20% × AODAERONET),
and 79% proportion of retrievals agrees within EE of the AERONET observation [26]. In this paper,
the MOD04 product with the SDS of “Deep_Blue_Aerosol_Optical_Depth_550_Land_Best_Estimate”
is used.

2.2.3. The Merged DT/DB Algorithm and Product

In C6 and C6.1, the new DT and DB merged AOD products (DT/DB) are based on the DT and
DB AOD retrievals. The inclusion of a merged SDS was motivated by a desire to provide a more
gap-filled data set than is available from the individual algorithms alone. The logic behind the merge
as implemented within the C6 reprocessing was that there is a longer heritage of user familiarity with
DT data over densely vegetated regions, while DB is the only data set providing coverage over arid
surfaces. Three classifications were determined by monthly normalized difference vegetation (NDVI)
in the merge algorithm. Over land, where NDVI ≤ 0.2 in a given month, DB data are used to populate
the merged SDS, and where NDVI ≥ 0.3, DT data are used. For intermediate NDVI areas which are
usually transition zones between arid and vegetated land, the algorithm whose retrieval returns the
higher QA flag is used, or if both return QA = 3, the mean value is used [38]. This result is stored in the
SDS named “AOD_550_Dark_Target_Deep_Blue_Combined”.

2.3. Spatio-Temporal Matching for Satellite-Retrieved AOD Products with Ground-Based Observations

In this study, to match the instantaneous AOD value provided by satellites with the repeated
measurements observed by AERONET, we followed the matchup methodology of Ichoku et al. [39].
The AERONET data averaged within 30 min of the MODIS overpass are extracted and compared
with MODIS AOD data averaged within the 5 × 5 pixels surrounding the AERONET site. As
satellite-retrieved AOD retrievals are at 550 nm, AERONET data are interpolated to 550 nm using the
Angstrom exponent α, defined as:

α =
ln(τ1/τ2)

ln(λ1/λ2)
(1)

where τ1, τ2 are the AOD at wavelengths λ1, λ2. The nearest available pair of wavelengths from
AERONET (normally 675 nm and either 440 or 500 nm) are used.

The statistical metrics considered in the evaluation are N is the number of collocated AODs; R and
MR are the Pearson’s correlation coefficient and the matching radio of the MODIS AOD product and
the AERONET ground-observed data, respectively; RMSE, the root mean square error; MAE, the mean
absolute error; RMB, the relative mean bias (the RMB > 1.0 and RMB < 1.0 indicate the overestimation
and underestimation of the retrievals, respectively). PWE, PAE and PBE as percentages of collocations
falling within, above and below EE envelopes. PAE and PBE represent the overestimation and
underestimation of the algorithm, respectively.

MR = N(MODIS)/N(AERONET) × 100 (2)

RMSE =

√√
1
n

n∑
i = 1

(
AOD(MODIS)i −AOD(AERONET)i

)2
(3)

MAE =
1
n

n∑
i = 1

∣∣∣AOD(MODIS)i −AOD(AERONET)i

∣∣∣ (4)

RMB = AOD(MODIS)/AOD(AERONET) (5)

EE = ±(0.05 + 0.15×AODAERONET) (6)
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3. Results

3.1. Validation of C6.1 DT Retrievals

Table 2 provides the statistical parameters for the ground-observed and DT AOD retrievals. As
shown in Table 2, we evaluate the DT retrievals at each site by analyzing the N, matching ratio (MR), R,
RMSE, MAE, RMB, PWE, PAE and PBE. The MODIS C6.1 DT AODs show a high correlation (R = 0.804)
with AERONET ground-observed measurements and very high accuracy (PWE = 45.6%), but have a
significant overestimation over this region with high RMB (1.158, greater than 1.0) and PAE (40.7%)
values. The estimation of surface reflectance (SR) is an important factor in DT algorithm over land.
However, high SR values make it difficult to accomplish this discrimination as aerosol path radiance is
often lower than surface radiance. It was reported by a previous study [40] that the large intercept
between DT retrievals and ground-observed AOD is due to a large uncertainty in the surface reflectance
estimation [41]. In the Asia region, the greatest uncertainty is observed at urban sites dominated by
dust aerosols, including BJS, BJC, and LHR sites, with only 18.3%, 13.8%, and 30.6% of observations
falling within the EE, respectively. This may be because the high SR (> 0.079, as shown in Table 1) of the
three sites imposes a great challenge and introduces large uncertainty for the DT algorithm. There are
no AOD retrievals at the KRC site with the highest SR (0.114). It is notable that the DT algorithm is not
applicable in the Middle East region, where most of the land cover type is barren or sparse vegetation.
The bright reflectance of dust at blue channel (SR = 0.095-0.162) limits the DT algorithm from retrieving
AODs in all sites. Similar to the Middle East, the DT algorithm is only applicable to CSE, DJG and
ILR sites with low reflectivity in the North Africa region. However, the N and MR are significantly
smaller than those for sites in the Asian region. In addition, the DT algorithm is underestimated at DJG
and ILR sites, which was attributed to overestimation of the SR and the use of inappropriate aerosol
schemes in the algorithm.

Table 2. Statistical summary for validation of MOD04 DT AOD product.

Region Site N
MR
(%)

R
PBE
(%)

PAE
(%)

PWE
(%)

RMSE MAE RMB
Equation of

Linear Regression

Asia

BJS 672 23.0 0.829 4.3 77.4 18.3 0.371 0.309 1.526 y = 0.876x + 0.326
BJC 174 24.0 0.685 7.5 78.7 13.8 0.432 0.357 1.505 y = 0.637x + 0.442
THS 52 6.3 0.863 1.9 75.0 23.1 0.390 0.322 1.424 y = 1.130x + 0.220
XHS 917 40.8 0.927 6.9 27.3 65.8 0.247 0.145 1.106 y = 1.040x + 0.037
XLS 240 24.9 0.871 15.0 13.3 71.7 0.128 0.080 0.969 y = 0.881x + 0.022
GCS 558 51.7 0.821 11.1 24.4 64.5 0.192 0.132 1.071 y = 0.965x + 0.064
KPR 1245 48.3 0.809 3.2 42.8 54.0 0.239 0.163 1.212 y = 1.040x + 0.099
KRC - - - - - - - - - -
LHR 676 57.0 0.798 4.0 65.4 30.6 0.315 0.248 1.389 y = 1.140x + 0.140
All 4534 32.5 0.845 6.0 46.1 47.9 0.278 0.195 1.247 y = 0.990x + 0.141

Middle
East

DHB - - - - - - - - - -
HMM - - - - - - - - - -
MIS - - - - - - - - - -
MZR - - - - - - - - - -
MSF - - - - - - - - - -
BRN - - - - - - - - - -
KUS - - - - - - - - - -
All - - - - - - - - - -

Northern
Africa

EFS - - - - - - - - - -
CES 94 8.3 0.673 4.2 39.4 56.4 0.189 0.133 1.242 y = 0.906x + 0.123
DMS - - - - - - - - - -
ZAS - - - - - - - - - -
DJG 243 35.0 0.861 69.2 1.6 29.2 0.290 0.234 0.682 y = 0.804x − 0.082
AGF - - - - - - - - - -
ILR 382 21.5 0.842 72.8 1.8 25.4 0.354 0.290 0.660 y = 0.782x − 0.095
All 719 8.6 0.811 62.6 6.7 30.7 0.316 0.250 0.708 y = 0.725x − 0.012

All 5253 19.0 0.804 13.7 40.7 45.6 0.284 0.202 1.158 y = 0.915x + 0.138

Note: N is the number of collections; MR is the matching ratio of the MODIS AOD product and the ground-observed
data; R is the correlation coefficient between the MODIS AOD product and the ground-observed data; PWE is the
percentage within the EE; PAE is the percentage above the EE; PBE is the percentage below the EE; RMSE is the
root-mean-square error; MAE is mean absolute error, it is the ratio of the satellite mean to the AERONET mean; and
RMB is relative mean bias.

124



Atmosphere 2019, 10, 548

3.2. Validation of C6.1 DB Retrievals

Table 3 shows a comparison between the DB AOD retrievals and the AERONET ground-based
observations at all sites. Compared with the DT algorithm, there are much larger numbers of matched
retrievals by DB algorithm, i.e., 10258, 3755 and 4632 over sites in Asia, the Middle East, and Northern
Africa, respectively. For the Asia region, the statistical data show that the MR is 73.6%, approximately
57.5% of the collections falling within the EE, with the correlation coefficient of 0.702. In this region,
the overestimation of AOD is slightly greater than the underestimation (PAE = 22.6%, PBE = 19.9%). In
particular, there is serious overestimation at the KRC site, for which PAE = 55.2%. The performance of
the DB algorithm is significantly better than that of the DT algorithm in the Middle East region, where
the MR is 70.6%, with 47.3% of the collections falling within the EE. In the Northern Africa region, the
DB AOD retrievals show a high agreement with AERONET AOD measurements and approximately
49.2% of the retrievals falling within the EE, with low RMSE (0.248) and MAE (0.166) errors. On the
whole, the DB algorithm is significantly improved compared to the DT algorithm in this study, i.e., the
RMSE and MAE errors are decreased by 14.5% and 20.8%, respectively. Additionally, approximately
53% of the DB retrievals fall within the EE. Although DB was slightly underestimated in comparison to
DT, the overestimation of DB retrievals was significantly improved, with the PAE decreased by 63%.
This indicates that the DB product is recommended for aerosol applications in this study.

Table 3. Statistical summary for validation of MOD04 DB AOD product.

Region Site N
MR
(%)

R
PBE
(%)

PAE
(%)

PWE
(%)

RMSE MAE RMB
Equation of

Linear Regression

Asia

BJS 2462 84.1 0.895 17.1 19.7 63.2 0.261 0.148 1.011 y = 0.929x + 0.043
BJC 532 73.4 0.864 17.1 22.7 60.2 0.303 0.169 1.051 y = 0.972x + 0.039
THS 370 45.1 0.799 26.2 20.3 53.5 0.321 0.203 1.002 y = 1.010x − 0.006
XHS 1878 83.5 0.911 8.7 36.6 54.7 0.281 0.173 1.133 y = 0.986x + 0.088
XLS 562 58.4 0.796 20.4 13.9 65.7 0.169 0.098 0.933 y = 0.798x + 0.034
GCS 842 78.0 0.740 22.4 22.8 54.8 0.290 0.188 1.039 y = 1.060x − 0.012
KPR 1865 72.3 0.752 14.0 23.9 62.1 0.250 0.157 1.065 y = 0.934x + 0.080
KRC 836 59.4 0.603 55.2 5.9 38.9 0.227 0.169 0.672 y = 0.462x + 0.087
LHR 911 76.8 0.773 27.0 20.1 52.9 0.229 0.164 0.936 y = 0.825x + 0.066
All 10258 73.6 0.862 19.9 22.6 57.5 0.261 0.161 1.020 y = 0.958x + 0.034

Middle
East

DHB 230 74.2 0.558 41.8 24.3 33.9 0.235 0.183 0.900 y = 0.625x + 0.111
HMM 581 87.5 0.765 16.0 16.5 67.5 0.137 0.094 1.012 y = 0.859x + 0.048
MIS 670 70.5 0.506 34.6 28.2 37.2 0.238 0.178 0.969 y = 0.542x + 0.170
MZR 1274 86.4 0.800 11.6 34.0 54.4 0.158 0.114 1.156 y = 0.957x + 0.065
MSF 470 59.9 0.585 38.5 28.9 32.6 0.254 0.195 0.992 y = 0.626x + 0.146
BRN 193 30.9 0.626 44.6 17.1 38.3 0.231 0.177 0.809 y = 0.555x + 0.106
KUS 337 65.6 0.776 16.9 42.4 40.7 0.307 0.222 1.185 y = 0.784x + 0.215
All 3755 70.6 0.702 23.8 28.9 47.3 0.210 0.150 1.047 y = 0.769x + 0.104

Northern
Africa

EFS 342 55.2 0.659 7.9 63.2 28.9 0.235 0.189 1.614 y = 0.675x + 0.214
CES 934 82.8 0.651 29.3 26.2 44.5 0.180 0.137 0.951 y = 0.604x + 0.120
DMS 647 58.1 0.769 27.0 22.6 50.4 0.214 0.149 0.951 y = 0.706x + 0.104
ZAS 604 40.0 0.887 19.5 27.0 53.5 0.241 0.156 1.076 y = 1.070x + 0.004
DJG 395 56.8 0.839 40.8 9.6 49.6 0.257 0.185 0.846 y = 0.807x + 0.027
AGF 1089 72.4 0.812 20.5 27.2 52.3 0.285 0.172 1.065 y = 0.968x + 0.047
ILR 621 34.9 0.855 17.4 26.2 56.4 0.304 0.203 1.030 y = 0.951x + 0.066
All 4632 55.5 0.837 23.4 27.4 49.2 0.248 0.166 1.021 y = 0.903x + 0.058

ALL 18,645 67.5 0.847 21.6 25.0 53.4 0.248 0.160 1.025 y = 0.931x + 0.047

3.3. Validation of C6.1 DT/DB Retrievals

To evaluate the performance, a total of collocated 11,537 MODIS DT/DB aerosol retrievals were
compared with AERONET ground-based measurements. As shown in Table 4, it is easy to find that
AOD retrievals exhibit overall high correlations with AERONET AOD measurements (R = 0.841), with
53.1% of them falling within the EE, indicating good performances over the heavy aerosol loading areas.
However, the accuracies vary greatly at different sites, where only five sites had more than 60% of the
collections falling within the EE. In the Asia region, the DT/DB AOD retrievals have an underestimation
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of 9.8% and an overestimation of 36.5%; the PWE is 53.7%. Similar to the DB algorithm, the DT/DB
algorithm also underestimates at the KRC site, where PBE = 48.1%. However, the opposite trend is
observed at sites in the North Africa region, where there is an average underestimation of 35.2% and
an overestimation of 17.8%, with 47.0% of the collections falling within the EE. Compared with the
DT algorithm, the DT/DB algorithm has improved in this region, but this is still not applicable at the
DHB, MSF and BRN sites. For all sites, the DT/DB AOD retrievals achieved high correlation (R = 0.841)
with AERONET ground measurements, with low RMSE (0.238) and MAE (0.157) errors. However, the
DT/DB algorithm has an obvious overestimation in the three regions (PAE = 30.3%, RMB = 1.082).

Table 4. Statistical summary for validation of MOD04 DT/DB AOD product.

Region Site N
MR
(%)

R
PBE
(%)

PAE
(%)

PWE
(%)

RMSE MAE RMB
Equation of

Linear Regression

Asia

BJS 1742 59.5 0.853 9.0 38.7 52.3 0.271 0.176 1.194 y = 0.879x + 0.143
BJC 347 47.9 0.800 7.8 50.1 42.1 0.303 0.213 1.294 y = 0.879x + 0.175
THS 63 7.7 0.883 4.8 63.5 31.7 0.022 0.004 1.381 y = 1.250x + 0.087
XHS 1418 63.1 0.917 5.9 33.8 60.3 0.259 0.154 1.153 y = 1.050x + 0.056
XLS 314 32.6 0.879 16.9 11.8 71.3 0.121 0.077 0.945 y = 0.889x + 0.013
GCS 684 63.3 0.768 14.6 23.7 61.7 0.208 0.141 1.043 y = 0.913x + 0.078
KPR 1469 57.0 0.788 6.1 37.9 56.0 0.232 0.157 1.160 y = 0.968x + 0.113
KRC 285 20.3 0.603 48.1 4.2 47.7 0.189 0.134 0.679 y = 0.335x + 0.124
LHR 684 57.7 0.779 5.6 61.4 33.0 0.309 0.240 1.356 y = 1.110x + 0.138
All 7006 50.3 0.856 9.8 36.5 53.7 0.254 0.167 1.164 y = 0.980x + 0.094

Middle
East

DHB - - - - - - - - - -
HMM 542 81.6 0.814 17.2 12.7 70.1 0.113 0.083 0.956 y = 0.832x + 0.039
MIS 30 3.2 0.521 36.7 20.0 43.3 0.167 0.137 0.885 y = 0.687x + 0.072
MZR 1149 78.0 0.821 11.9 31.2 56.9 0.144 0.105 1.126 y = 0.947x + 0.057
MSF - - - - - - - - - -
BRN - - - - - - - - - -
KUS 37 7.2 0.884 24.4 27.0 48.6 0.332 0.228 1.007 y = 0.849x + 0.123
All 1758 33.0 0.834 14.2 25.2 60.6 0.142 0.101 1.066 y = 0.906x + 0.052

Northern
Africa

EFS 116 18.7 0.415 12.1 52.6 35.3 0.205 0.165 1.414 y = 0.349x + 0.227
CES 337 39.9 0.672 32.6 22.6 44.8 0.167 0.127 0.940 y = 0.808x + 0.043
DMS 469 42.1 0.783 29.2 19.0 51.8 0.207 0.139 0.901 y = 0.654x + 0.097
ZAS 442 29.3 0.910 20.3 22.9 56.8 0.413 0.137 1.040 y = 1.080x − 0.019
DJG 267 38.4 0.872 63.7 2.6 33.7 0.278 0.221 0.710 y = 0.800x − 0.061
AGF 760 50.5 0.841 23.3 20.1 56.6 0.228 0.138 0.961 y = 0.859x + 0.044
ILR 382 21.5 0.842 72.8 1.8 25.4 0.354 0.290 0.660 y = 0.782x − 0.095
All 2773 33.2 0.823 35.2 17.8 47.0 0.243 0.167 0.870 y = 0.784x + 0.041

ALL 11,537 41.8 0.841 16.6 30.3 53.1 0.238 0.157 1.082 y = 0.934x + 0.073

3.4. Comparison of DT, DB and DT/DB Products with Ground-Observed Data in Each AOD Bin

Figure 2 shows the scatter plots of MODIS DT, DB and DT/DB AOD retrievals against AERONET
measurements for the years 2000–2016 in the 0 to 4.0 AOD bins. The number of collections for DT
retrievals is lower than that for DB and DT/DB retrievals because the DT algorithm is unable to retrieve
AOD over bright and complex surface types. In the correlation comparison between satellite retrieval
and ground observation, the slope of the linear regression is linked to systematic uncertainties such
as assumptions of aerosol models, while the constant offset tends to be associated with factors such
as deviation in surface reflectance estimation [26,42]. For DT retrievals, the slope is lower than DB
and DT/DB and the intercept is higher than both. As shown in Figure 3, the PWE values of the three
products are decreased significantly with increasing AOD. It is worth mentioning that the PWE value
of DT algorithm is 51.1% when AOD > 2.0, which is due to the number of collections being very small
(N = 47). In addition, the PAE and PBE values decreased and increased, respectively, indicating that
overestimation was significantly suppressed, and underestimation increased with the increase of AOD.
The DT retrievals have lowest PWE value, highest overestimation, and lowest underestimation in
each AOD bin, except for AOD > 2.0. The DB and DT/DB retrievals have lower uncertainty when

126



Atmosphere 2019, 10, 548

AOD < 0.25 with PAE = 59.3% and 61.1%, respectively. However, the DB and DT/DB algorithms exhibit
underestimation during polluted days (AOD > 1.0), approximately 30% of the collections above EE.

On the whole, the accuracy of the DT, DB and DT/DB algorithms over the heavy aerosol loading
and high surface reflectance areas is lower than on the global scale. The verification results show that
none of the aerosol products are suitable for application in research on atmospheric aerosols under
heavy aerosol loading; thus, there is important theoretical and practical significance for proposing a
high-precision method of aerosol retrieval.

Figure 2. Validation of MOD04 C6.1 DT (a), DB (b), and combined DT/DB (c) AOD retrievals at 10 km
resolution against AERONET measurements for the years 2000–2016. The dashed lines = EE lines,
black solid line = 1:1 line, and red solid line = regression line.

Figure 3. The percentage within in (PWE), above (PAE) and below (PBE) the expected error for the
DT (a), DB (b), and DT/DB (c) products in each AOD bin over heavy aerosol loading area for the
years 2000–2016.

3.5. Seasonal Differences of DT, DB and DT/DB Products

Previously, strong seasonality has been noted in the performance of Aqua MODIS products
(including DT, DB and merged DT/DB) [43], which instigated us to examine the seasonality of Terra
MODIS AOD. Figures 4 and 5 summarize the seasonal variation of retrieval accuracy for Terra MODIS
and AERONET comparison of AOD at 550 nm, indicating that the statistical parameters of DT, DB
and DT/DB aerosol retrievals exhibit strong seasonality and similar variation trends. The number
of collections for three products is the greatest in spring, moderate in autumn and winter, and the
smallest in summer. The value of PWE is highest in autumn, moderate in spring and winter, and
lowest in summer. The variation of overestimation is similar, the largest in summer, the smallest in
winter for DT and DT/DB products, but the smallest overestimation of DB product is in autumn. The
PBE values of the three products are lower than those of PAE in different seasons, indicating that the
underestimation of the aerosol retrievals is weaker than overestimation. The underestimation also
has strong seasonality, the PBE values of DT and DT/DB are highest in winter and lowest in summer,
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while the PBE values of DB product are the opposite. In the four seasons, the number of collections of
DB product is more than DT and DT/DB products. The accuracy of DB retrievals is superior to that
of DT retrievals, due to the more accurate estimation of the surface reflectance. DT has the lowest
accuracy, the largest overestimation and the minimum collections, which further demonstrates that the
DT algorithm is not suitable for areas with high surface reflectance and pollution. We analyzed the
single scattering albedo (SSA) value at Beijing AERONET site from 2001 to 2016 and found that the
average values are 0.90, 0.92 at 440, 676 nm, respectively. For the study area, the high setting of the SSA
value in the MODIS lookup table may be the one of the reasons for the uncertainty of AOD retrieval.

Figure 5 summarizes the error statistics for DT, DB, and DT/DB products against AERONET
AOD ground-observed measurements in the four seasons, which indicates that the performance of
the DB and DT/DB algorithms is slightly better than the DT algorithm in each season. Figure 5 also
illustrates that three products show a strong seasonality when retrieving AOD. Correlations of the DB,
DT/DB retrievals and AERONET AOD ground-observed measurements are up to approximately 0.80
in any season, but the correlation coefficient between the MODIS DT retrievals and the AERONET
ground-observed AODs in winter decreases to 0.703 as shown Figure 5. Most values of the RMSE
are much less than 0.30 in the four seasons for the three products, except DT in winter. The MAE
error is higher in summer than other seasons. The RMB errors are greater than 1.0 in the four seasons,
which indicates overestimation of the retrievals, except DT in winter, as shown in Figure 3, where
PBE = 32.3%. In addition, the values of RMSE and MAE errors for DT product are larger than DB
and DT/DB products and the RMB errors for DB and DT/DB products are close to 1.0. In general, the
MODIS DT product shows poor ability to retrieve AOD as it has a low PWE of 37.4–50.5% with high
RMSE of 0.233–0.380 and MAE of 0.166–0.283. The reason for seasonal variation in accuracy at these
sites may be due to monsoon and downwind biomass burning sources [44,45].

Figure 4. The percentage within in (PWE), above (PAE) and below (PBE) the expected error and the
number of collocations for the DT, DB and DT/DB products in the four seasons over heavy aerosol
loading area for the years 2000–2016.
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Figure 5. Error statistics for DT, DB, and DT/DB products against AERONET AOD ground-observed
measurements in the four seasons.

3.6. Adaptability of DT, DB and DT/DB Products over Different Land Cover Types

Due to the diurnal variation of the aerosol sources, components and particle size distributions,
assessing the availability of DT, DB and DT/DB products over various land cover types is becoming
imperative. To explore the adaptability of three products over different land cover types, in this study,
the 23 AERONET sites are divided into three land cover types: (1) urban (8 sites: BJS, BJC, KRC, LHR,
DHB, BRN, KUS, and CES); (2) barren or sparsely vegetated (9 sites: THS, HMM, MIS, MZR, MSF, EFS,
DMS, ZAS, and AGF); and (3) vegetated (6 sites: XHS, XLS, GCS, KPR, DJG, and ILR), according to the
MCD12Q1 Land Cover product in 2013 year and the MOD09A1 8-day composited Surface Reflectance
product from 2010 to 2015. Figure 6 illustrated the numbers of collections and the value of PWE, PAE
and PBE for three products over urban, barren or sparsely vegetated and vegetated areas and Figure 7
shows the error statistics.

There were totals of 1616, 6435 and 3432 MODIS/AERONET collections over urban area for the
DT, DB and DT/DB products, respectively. It is easy to find that the DB retrievals have the highest
PWE, the lowest PAE, high correlations with AERONET AOD measurements, and small RMSE and
MAE errors, with a value of RMB close to 1.0. For DT retrievals, only 25.2% of the retrievals falling
within the EE had large RMSE and MAE errors. The DT product has a higher PAE than the DB product,
indicating that DT retrievals seriously overestimated aerosol loading. The DT/DB retrievals have a
good correlation, small RMSE and MAE errors, with 46.3% of the collections falling within the EE.
However, the DT/DB results exhibited an overestimation, the PAE is slightly higher than that for the
DB product. The accuracy of DT/DB retrievals over urban areas is better than the DT product and
worse than the DB product. On the whole, the DB retrievals have better applicability in urban areas.
Unlike DT and DT/DB products, the DB retrievals are somewhat underestimated over this area.

For barren or sparsely vegetated areas, the collections N for the DT algorithm are much less
than other algorithms over this area, with only a small amount at the THS site (N = 52, as shown
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in Table 2). The results show that the DT product has poor ability to retrieve AOD over barren or
sparsely vegetated area. The accuracies of the DB and DT/DB products are similar, with 49.7% and
56.9% of the collections falling within the EE, respectively. However, the collections for DB retrievals
with AERONET are almost 1.7 times those for DT/DB product.

We have collected 3432, 3571 and 4534 collections for DT and DB and DT/DB products over the
vegetated area. Figures 6 and 7 show that the vegetated sites have highest PWE value for each product,
with less overestimation, high correlations, small RMSE and MAE errors, which is not surprising, as
the DT algorithm is tuned to vegetated targets.

Figure 6. The percentage within in (PWE), above (PAE) and below (PBE) the expected error and the
number of collocations for the DT, DB and DT/DB products over different land cover types for the
years 2000–2016.

Figure 7. Error statistics for DT, DB, and DT/DB products against AERONET AOD ground-observed
measurements over different land cover types.
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4. Discussion and Conclusions

The objective of this study was to evaluate the Terra-MODIS C6.1 AOD retrieval product
including Dark Target, Deep Blue and the combined DT/DB product at 10 km spatial resolution using
ground-observed measurements from AERONET 23 sites over heavy aerosol loading areas during the
period 2000 to 2016. The results showed the poorest performance for the DT algorithm over the study
area, with only 45.6% of the collections falling within the EE, and with larger RMSE and MAE errors
than the DB and DT/DB retrievals. The DB AOD retrievals were in good agreement with AERONET
AOD measurements (R = 0.847) at most of the sites, and 53.4% of retrievals fall within in the EE with
low RMSE and MAE errors, but the AOD was significantly underestimated when AOD > 1.0. The
combined DT/DB AOD appeared to be superior to DT AOD due to the greater contribution of DB
retrievals over bright-reflecting source regions. On the whole, over medium- and low-latitude land
areas, the value of PWE for all algorithms was lower than the value on a global scale.

In general, the accuracy of the MODIS aerosol product is related not only to the land cover type
but also to seasonal variation. For the urban and barren or sparsely vegetation areas, the accuracy of
DB and DT/DB algorithms is similar, and better than that of DT retrievals. The performance of three
products is similar over vegetation area. The accuracy of DT product is not significantly better than
that of DB and DT/DB products, which may be related to both underestimation of surface reflectance
and inappropriate use of an absorbing aerosol model in the study area. For the all products, the value
of PWE is the largest in autumn, and the smallest in summer, overall, the performance of DB and
DT/DB are better than DT in most seasons.

This study provided an overview and initial analysis of the three typical products of Terra-MODIS
C6.1 over medium- and low-latitude land areas, where there is heavy aerosol loading and increasing
air pollution. The analysis has shown that the DB algorithm has the best performance in this area, and
while not optimal, the current merged DT/DB algorithm nevertheless does provide a data set which
will be suitable for quantitative scientific applications.
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