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• Simultaneous measurements of aerosol
optical properties and PM2.5 chemical
compositions were investigated in Tian-
jin, China.

• Two typical types of pollution episodes
were identified in spring over the coast-
al megacity.

• Regional transports of both anthropo-
genic pollution and dust aerosols con-
tributed to the spring haze in Tianjin.
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Simultaneousmeasurements of columnar aerosolmicrophysical and optical properties, aswell as PM2.5 chemical
compositions, were made during two types of spring pollution episodes in Tianjin, a coastal megacity of China.
The events were investigated using field observations, satellite data, model simulations, and meteorological
fields. The lower Ångström Exponent and the higher aerosol optical depth on 29March, compared with the ear-
lier event on 26 March, implied a dominance of coarse mode particles— this was consistent with the differences
in volume-size distributions. Based on the single scattering spectra, the dominant absorber (at blue wavelength)
changed from black carbon during less polluted days to brown carbon on 26 March and dust on 29 March. The
concentrations ofmajor PM2.5 species for these two episodes also differed, with the earlier event enriched in pol-
lution-derived substances and the laterwithmineral dust elements. The formationmechanisms of these two pol-
lution episodes were also examined. The 26 March episode was attributed to the accumulation of both local
emissions and anthropogenic pollutants transported from the southwest of Tianjin under the control of high
pressure system. While the high aerosol loading on 29 March was caused by the mixing of transported dust
from northwest source region with local urban pollution. The mixing of transported anthropogenic pollutants
Keywords:
Multi-scale observations
Urban pollution
Dust transport
Formation mechanism
ry & Physics, Chinese Academy of Sciences (KLACP), Chinese Academy of Sciences, Xi'an 710061, China.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2017.01.016&domain=pdf
http://dx.doi.org/10.1016/j.scitotenv.2017.01.016
mailto:cao@loess.llqg.ac.cn
Journal logo
http://dx.doi.org/10.1016/j.scitotenv.2017.01.016
Unlabelled image
http://www.sciencedirect.com/science/journal/00489697
www.elsevier.com/locate/scitotenv


382 X. Su et al. / Science of the Total Environment 584–585 (2017) 381–392
and dust with local emissions demonstrated the complexity of springtime pollution in Tianjin. The synergy of
multi-scale observations showed excellent potential for air pollution study.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Rapid industrialization and urbanization have led to an increase in
air pollution at local to global scales over the last two centuries. The
types and concentrations of air pollutants have also undergone drastic
changes as technology and manufacturing have developed and ad-
vanced (Fenger, 2009). In China, aerosol particles (also called particu-
late matter or PM) have caused severe environmental problems and
attracted increasing interest in recent years (Huang et al., 2014). This
is particularly the case in megacity clusters, such as the Beijing-Tian-
jin-Hebei Province (BTH) area in the North China Plain (NCP); the
Pearl River Delta (PRD); and the Yangtze River Delta (YRD) regions
(Tie and Cao, 2009). Due to the heavy oil and coal consumption need
to support the economic, high aerosol loading have occurred in these
densely populated regions (Zhao et al., 2013a; Mao et al., 2014; Zhang
et al., 2012), and the particles have affected human health, visibility,
ecological health and climate change (Kaufman et al., 2002; Pöschl,
2005; Cao et al., 2012a, b; Wang et al., 2013a; Tie et al., 2016).

The BTH region is one of the most important economic and popula-
tion centers in China, accounting for 10.4% of the national Gross Domes-
tic Product (GDP) and 16.2% of the national population in 2014 (http://
www.stats.gov.cn/). The BTH is also one of the areas most strongly af-
fected by haze pollution in China, if not the world: the visibility there
has decreased regularly from 1980 to 2008, and the number of hazy
days has increased since the 1990s (Zhao et al., 2011). Numerous stud-
ies have been conducted in this region to characterize aerosol pollution
and investigate the formation mechanism of haze events, (He et al.,
2009; Quan et al., 2011; Zhao et al., 2013b, c; Zhang et al., 2013; Liu et
al., 2013;Wang et al., 2016), especially since January 2013when an his-
toric severe fog-haze event occurred over central and eastern China
(Guo et al., 2014; Wang et al., 2014a; Tao et al., 2014). That severe
haze event was attributed to the rapid conversion of gaseous precursor
to secondary aerosols under stagnantmeteorological conditions (Zhang
et al., 2014a) inWang et al. (2014b). A study by Zhang et al. (2014b) also
highlighted the contribution of regional transport to that pollution epi-
sode through the analysis of data from chemical analyses. Using both
trajectory-cluster and receptor models, Wang et al. (2015) showed
that long-distance transportation contributed 35.5% of the PM2.5 in Bei-
jing from 2005 to 2010. This was comparable to the contribution of 26%
to 35% from transport for cities inside the BTH reported by Wang et al.
(2014c). Despite the considerable amount of researches on BTH haze
episodes, themechanism responsible for the aerosol pollution remained
unclear (Hu et al., 2015). Specifically, with regard to the regions outside
Beijing, such as Tianjin and Hebei Province, even the microphysical and
optical properties as well as chemical characteristics of haze aerosol are
not well characterized. Furthermore, previous studies have mostly fo-
cused onwintertime haze events, and they have rarely investigated pol-
lution episodes in spring. The spring and winter events are both
characterized by low visibility and high PM concentrations, but those
in spring are complicated by the mixing of mineral dust with local an-
thropogenic aerosols (Yuan et al., 2008; Tie and Cao, 2009).

For the present study, simultaneous investigations of aerosol micro-
physical and optical properties were conducted at three sites in Tianjin
during March 2012. Two types of high aerosol loading were identified,
and we used a combination of in-situ measurements, satellite observa-
tions, model simulations, and meteorological analyses to explore the
factors that led to the pollution episodes.Moreover, a techniquewas de-
veloped and applied to assess the contribution of different aerosol com-
ponents to the total aerosol extinction, and this provided insights into
the different causes for pollution events. The objectives of this study
were to identify the main factors responsible for urban pollution at a
coastal megacity; these results may lead to improvements in environ-
mental policies in China.

2. Instrumentation and methodology

2.1. Site description

Tianjin is one of the largest municipalities in China, having a popula-
tion of ~15 million and covering an area of 11,919 km2. It is located to
the southeast of Beijing and adjacent to the Bohai Sea. As an important
industrial center and a well-developed economic hub, Tianjin has expe-
rienced increasing aerosol pollution in recent years (Ji et al., 2012), but
the studies on air quality have been rather limited. According to Zhao et
al. (2011), the averaged visibility in Tianjin from 1980 to 2008 was only
13.6 km, and that is considerably less than in Beijing (21.7 km). More-
over, Tianjin has experienced a continuous decreasing trend in visibility
beginning 2005 (Chen and Xie, 2014). Fugitive dust, motor vehicle ex-
haust, industrial emissions, and biomass burning all pollute the air,
and PM is the principal pollutant in the region (Bi et al., 2007).

In this study, three sites were chosen in urban, industrial and coastal
areas of Tianjin, and aerosol microphysical and optical properties were
simultaneouslymeasured at these sites alongwith the chemical charac-
teristics of fine PM. As shown in Fig. 1, the Hexi site was located down-
town in the Hexi district (orange area in Fig. 1), ~55 m from the urban
ring expressway and surrounded by residences, restaurants, shops and
heavy traffic. The industrial site was situated in the Dongli district
(marked in blue) where there were numerous small- and medium-
sized factories nearby; these include machinery, chemical manufactur-
ing plants, automotive fitting factories, and electronics facilities. The
third site was located in Tanggu district (green portion in Fig. 1), and
it was contiguous with the Tianjin Economic-technological Develop-
ment Area where there were 271 industrial enterprises that accounted
for N100 million yuan of total industrial production value in 2012. Sev-
eral coal-fired power plants and gas stations, alongwith these industries
near Tanggu, consumed large quantities of energy and that has resulted
in high pollution emissions in the region (Kong et al., 2010). In this
paper, the Hexi, Dongli and Tanggu sites were abbreviated as HX, DL
and TG, respectively.

2.2. Instrumentation and datasets

2.2.1. Ground-based columnar aerosol physical properties
Columnar aerosol microphysical and optical properties were simul-

taneously retrieved from observations made with CIMEL CE-318 sun-
sky radiometer (Cimel Electronique, Paris, France) deployed at each of
the three sites. The automatic radiometer use eight wavelengths for
aerosol observations, nominally centered at 340, 380, 440, 500, 675,
870, 1020 and 1640 nm with bandwidth from 2 to 10 nm. In addition,
it also worked at 940 nm, which was used to derive the column-inte-
grated water vapor (WV, in cm). Measurements of direct solar irradi-
ance were automatically scheduled every 15 min and the variability of
those measurements was used to detect clouds (Smirnov et al., 2000).
The comprehensive aerosol retrieval code developed by Dubovik et al.
(2000, 2006)was used for data processing. Based on the direct sunmea-
surements, aerosol optical depth (AOD) was retrieved at each nominal
wavelength, and the AODs at 440 and 870 nm were used to calculate
the Ångström Exponent (AE) (Holben et al., 1998; Dubovik et al.,
2000). Sky radiance scanned in almucantar and solar principal plane
were used to retrieve aerosol microphysical properties, including size

http://www.stats.gov.cn
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Fig. 1. Locations of the Hexi (HX, urban), Dongli (DL, industrial) and Tanggu (TG, coastal)
sites in Tianjin.
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distribution (typical uncertainty of 25%), complex refractive index (typ-
ical uncertainty of ±0.04 for real parts and 40% for imaginary parts),
and single scattering albedo (SSA, typical uncertainty of±0.03), togeth-
er with direct solar measurements at 440, 675, 870, and 1020 nm
(Dubovik et al., 2000, 2006; Dubovik and King, 2000; Li et al., 2009).
The calibration of the instrument and derivation of AOD have been de-
scribed in detail in Holben et al. (1998) and Li et al. (2008). The accuracy
in AOD retrievals from the above algorithms was about 0.01–0.02
(Dubovik et al., 2000).

The main columnar aerosol optical and microphysical data used in
this paper were the AODs, AE and volume size distribution (from 0.05
to 15 μm). Tomatch the aerosol physical properties with PM2.5 chemical
compositions, we used Mie theory to calculate the fine mode AOD
(FAOD) for a cut-off radius of 1.0 μm as this corresponded to an aerody-
namic diameter of 2.5 μm (Zhang and Li, 2015). The fine mode fraction
(FMF) was also computed as the ratio of FAOD to the total AOD (TAOD).
Finally, to investigate the characteristics of absorbing particles, the
absorption aerosol optical depth (AAOD) was calculated as
AOD × (1− SSA).

2.2.2. Samples collection and chemical analyses
Aerosol fine particle samples (PM2.5, particulatematterwith aerody-

namic diameter ≤ 2.5 μm) were simultaneously collected on both pre-
fired (900 °C, 3 h) 47 mmWhatman QM-A quartz-fiber filters and Tef-
lon™ filters (Whatman Ltd., Maidstone, England). Samples were collect-
ed every 12 h during daytime (8:00 to 20:00 local time) at three sites
from 24 to 30March 2012. The quartz-filters were used for the analyses
of the carbonaceous species and water-soluble inorganic ions while the
Teflon™ filters were used for the element analyses.

Chemical analyses of the PM2.5 samples were conducted at the Insti-
tute of Earth Environment, Chinese Academy of Sciences in Xi'an, China.
Water-soluble ions were determined by ion chromatography (Chow
and Watson, 1999) (IC, Dionex 600, Dionex Corp, Sunnyvale, CA) using
one-fourth of each quartz filter sample for the analyses. Detailed pre-
treatment and analytical procedures were described in Shen et al.
(2008) and Zhang et al. (2011). The method detection limits (MDLs)
were 4.0, 15.0, 20.0, 8.7 and 1.1 μg L−1 for NH4

+, NO3
−, SO4

2−, Cl− and
K+, respectively (Zhang et al., 2014c). The concentrations of carbona-
ceous species (organic carbon and element carbon, OC and EC, respec-
tively) were determined on a 0.526 cm2 punch from each quartz
sample filter with the use of a DRI (Model 2001) Carbon Analyzer
(Atmoslytic Inc., Calabasas, CA, USA) following a thermal optical reflec-
tance (TOR) protocol (Chow andWatson, 2002). To determine the con-
centrations of elemental components, the Teflon™ filter samples were
analyzed directly without any preparation procedures using an Energy
Dispersive X-ray Fluorescence (ED-XRF) instrument (Epsilon 5,
PANalytical B. V., The Netherlands) (Watson et al., 1999). Quality assur-
ance/quality control (QA/QC) procedures of the XRF analysis have
been described in Xu et al. (2012), and more detailed descriptions of
the QA/QC procedures for the other methods may be found in Cao et
al. (2003).

To clearly investigate the chemical variations of PM2.5 species, we
calculated the concentrations of soil dust as the sum of the oxides of
Al, Si, Ca, Mg and Ti (i.e., soil dust = 1.89Al + 2.14Si + 1.4Ca +
1.43Fe + 1.66Mg+ 1.67Ti) based onmeasurements of these elements
in mineral dust (Zhao et al., 2007). Organic matter (OM) was also esti-
mated by multiplying the OC concentration by 1.6 (Cao et al., 2003) in
this study.

2.2.3. Satellite observations, model simulations andmeteorological datasets
As a complement to ground measurements, satellite observations

have provided valuable insights into regional air pollution (Chu et al.,
2003). The Moderate Resolution Imaging Spectroradiometer (MODIS,
King et al., 1992) aboard Terra and Aqua satellite has retrieved compre-
hensive aerosol datasets from spectral reflectance at 36 bands (0.4 to
14.4 μm)with a swathwidth of ~2330 km, and it provides global cover-
age in one or two days. In this study, we used the MODIS Collection 6
AODproductswith a spatial resolution of 3 km (Levy et al., 2013) to cap-
ture regional characteristics of air pollution events. Additionally, vertical
detections from Cloud-Aerosol Lidar with Orthogonal Polarization
(CALIOP) aboard the Cloud-Aerosol Lidar and Infrared Pathfinder Satel-
lite Observation (CALIPSO) satellite (CALIPSO V3.02, Omar et al., 2009)
were used to help understand the causes for regional pollution.

In addition to the ground-based and satellite observations, simula-
tion results from an operational Chemical weather FORecasting System
(RIAM-CFORS)were used when the satellite aerosol retrievals were not
available due to cloud contamination. This system integrated a 3-di-
mensional on-line, regional-scale, chemical transport model fully
coupled with the Regional Atmospheric Modeling System, and it has
widely used to study regional transport of air pollutant and especially
dust transport (Uno et al., 2004; Miura et al., 2014). A detailed descrip-
tion of this system may be found in Uno et al. (2003) and on the
website: http://www-cfors.nies.go.jp/~cfors/outline.html. In addition,
wind vectors from the European Centre for Medium-Range Weather
Forecasts reanalysis datasets (ERA-interim) on 0.125 × 0.125 degree
grids (http://www.ecmwf.int/) and surface weather patterns from
KoreaMeteorological Administration (KMA)were also used to examine
the roles of meteorological conditions in the aerosol pollution episodes.

2.3. Radiometric model

To identify the dominant sources of the aerosol pollutants, the tech-
nique of Satheesh and Srinivasan (2005) has been improved and ap-
plied to evaluate the main components contributing to the columnar
AOD (Pavese et al., 2015). Following the approach of Hess et al.
(1998), the atmospheric aerosol was assumed to be composed of a vari-
ety of components characterized by different size distributions and

http://www-cfors.nies.go.jp/~cfors/outline.html
http://www.ecmwf.int
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refractive indices. The components defined by Hess et al. (1998) were
considered in the present study; there were (1) water soluble ions
(WS); (2) soot (BC); (3) accumulationmode sea salt (SSacc); (4) coarse
mode sea salt (SScoa); (5) transported mineral matter (MT); (6) nucle-
ation mode mineral matter (Mnucl); (7) accumulation mode mineral
matter (Macc); (8) coarse mode mineral matter (Mcoa), and (9) other
insoluble materials (Ins). Each aerosol component was assumed to
have a log-normal size distribution with a fixed mean radius and
mode width, as well as characteristic refractive indices (Hess et al.,
1998).

The AODs were calculated using the Mie theory from the specific
physical and optical parameters mentioned-above.

τcalλi ¼ τcali ¼ ∑k
j¼1∫

∝
0πr

2Qextj mj; r;λ j
� �

Sjn j rð Þdr; ð1Þ

where Qextj is the extinction coefficient, mj is the complex refractive
index and Sj is the scaling factor for the j-th aerosol component which
represented the contribution of each aerosol component to the total co-
lumnar AOD. The Sj values were calculated by means of a least-square
technique applied to the radiometric measurements over the spectral
range minimizing the following quantity (Satheesh and Srinivasan,
2005):

χ2 ¼ ∑N
i¼1

τmea
i −τcali

� �2

Δτmea
i

� �2 ; ð2Þ

where τimea, τical are themeasured and calculated AODs at the i-thwave-
length, respectively; and Δτimea is the experimental error.

3. Results and discussion

3.1. Columnar aerosol optical and microphysical properties

Continuous observations were made with sun photometers at three
sites (Fig. 1) during March 2012, and daily averages of AOD at 500 nm,
AE440–870 nm, and WV were calculated (Fig. 2). Error bars in that figure
denoted the daily standard deviations and therefore were a measure
of the diurnal variation for a given day. Note that several gaps appeared
in the time-series of daily AOD, AE and WV; these were due to cloud
Fig. 2.Daily variation of aerosol optical depth (AOD) at 500 nm, ÅngströmExponent (AE) for 44
photometer measurements over HX, DL and TG sites.
contamination and instrument problems. As shown in Fig. 2, similar
trends were found for three sites for both aerosol optical properties
(AOD and AE) andWV, suggestingwidespread air pollution over the re-
gion during the study period.

The AOD is defined as the integral of extinction coefficient from the
earth's surface to top of atmosphere, and as such it is an indicator of the
columnar aerosol loading. In contrast, the AE is ameasure of the spectral
dependence of AOD, and so it provides information on the sizes of the
atmospheric particles that affect the AOD. A larger AE indicates a dom-
inance of smaller particles while smaller AEs are found for larger parti-
cles. The average AOD and AE (arithmetic mean ± standard deviation)
over the HX site for the wholemonthwere 0.69± 0.50 and 1.04± 0.28
respectively, and these values were comparable with the ones made at
the other two sites. The AODs exhibited high values (N1.0) on six days
in March, but the corresponding AEs during those events varied sub-
stantially, ranging from 0.5 to ~1.5. This large variability in AE suggested
the dominance of coarsemode aerosols (AE b 1) during some of the pol-
lution episodes and finemode pollution aerosols (AE N 1) in others (Eck
et al., 2010).

The averageWVwas only 0.48 cm for all the three sites, presumably
due to the temperate-continental monsoon climate in Tianjin. More-
over, the dailyWV followed a consistent trend, with higherWV coincid-
ing with higher AODs, and this may be related to the humidification of
the aerosol during pollution events. Summary statistics for AOD, AE
and columnar WV at three sites were presented in Table 1. We focused
our data analyses on the last week (24 to 30) of March because contin-
uous recordswere available at all of the sites at that time. Two pollution
episodes were characterized by high AODs (AOD N 1.0) in that week;
these occurred on 26 and 29 March, respectively, but the two events
showed markedly different AEs. That is, on 26 March the AE exceeded
1.50 while on 29 March it was lower by almost half. This presented us
with an opportunity to investigate the mechanism responsible for
spring pollution events, and our approach was based on a combination
of multisource data and various interpretive techniques.

The aerosol volume-size distribution dV(r)/dlnr (unit: μm3/μm2) is
an important parameter that is useful for understanding the behavior
of aerosols in the climate system. Daily average aerosol volume-size dis-
tributions over three sites from 24 to 30Marchwere presented in Fig. 3,
and the two pollution episodes were marked in blue and red for the
26th and 29th, respectively. It was evident that the volume
0–870 nmand columnarwater vapor content (WV, cm) inMarch 2012 retrieved from sun-

Image of Fig. 2


Table 1
Summary of statistics for aerosol optical depth (AOD), Ångström Exponent (AE), and co-
lumnar water vapor (WV) at three sites in Tianjin, March 2012.

Sites Parameters Mean ± SDa Minimum Maximum Nb

Hexi (HX) AOD, unitless 0.69 ± 0.50 0.17 1.99 23
AE, unitless 1.04 ± 0.28 0.50 1.52
WV, cm 0.48 ± 0.29 0.09 1.26

Dongli (DL) AOD 0.72 ± 0.55 0.15 2.25 24
AE 1.08 ± 0.27 0.50 1.53
WV 0.47 ± 0.27 0.10 1.27

Tanggu (TG) AOD 0.71 ± 0.55 0.13 2.23 20
AE 1.09 ± 0.29 0.54 1.59
WV 0.48 ± 0.25 0.13 1.06

a SD stands for standard deviation.
b N stands for the number of the days with no less than three available measurements.
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concentrations in finemodewere higher on 26March than coarsemode
for the HX and DL sites, but in contrast, higher volume concentrations
were found in the coarsemode on 29March. For the TG site, the aerosol
volume concentration in coarse mode was considerably higher on 29
March despite the relatively similar fine mode aerosol volume concen-
trations on the two days. The ratios of volume fraction in fine mode
(Vf) to the coarse mode (Vc) on 26 March at HX, DL and TG sites were
1.05, 1.16 and 0.66, respectively, while on 29 March, the ratios de-
creased to 0.19, 0.41 and 0.22, suggesting an increase in the particle
size of the aerosol populations. This trend was consistent with the de-
crease in AE which fell from ~1.5 on 26 March to ~0.5 on 29 March
(Fig. 2).

In addition to the AOD, AE and aerosol volume distributions, we an-
alyzed the spectral SSA as part of our investigation into the variation in
aerosol components during the two pollution episodes (Fig. 4). Defined
as the ratio of scattering to total aerosol extinction, the SSA spectrum is
sensitive not only to the variance in aerosol size but also to changes in
aerosol type (Dubovik et al., 2002). The spectral SSAwavelength depen-
dencies generally vary for different aerosol mixtures, and this can help
distinguish among absorbing aerosol components (Wang et al.,
2013b). As shown in Fig. 4, SSA generally decreased with wavelength
for the range from 440 to 1020 nm at three sites except on 26 and 29
March. In this regard, Bond and Bergstrom (2006) showed that it's the
case when BC was the dominant absorber. During pollution episodes,
the spectral variations in SSA were markedly different relative to the
clear conditions, and these differences were seen not only between
the two cases but also among the three sites.

On 26March (blue line in Fig. 4), the SSA increasedwithwavelength
from440 to 670 nmand decreased slightly from670 to 1020 nmat both
HX and DL sites; this was indication that brown carbon aerosols were
present (Wang et al., 2013b). In contrast, the SSA for TG site presented
a similar trend on 26 March with less polluted days. On 29 March (red
line in Fig. 4), the SSA at three sites also followed an increasing pattern
Fig. 3. Daily variation in aerosol volume-size distrib
from440 to 670 nmbut unlike the earlier event, it continued to increase
or stabilized between 670 and 870 nm. As demonstrated in Wang et al.
(2013b), this type of SSA spectra pattern was an indication that mineral
dust dominated the aerosols population.

Overall, based on the analyses of aerosol optical and microphysical
properties, we can conclude that two episodeswith high AODs occurred
during the last week of March 2012. The sharp decrease in AE between
events and the clear increase of the volume concentration in the coarse
mode both indicated the dominance of anthropogenic particles in the
fine mode on 26 March versus coarse mode particles (such as natural
dust) on 29March. Additionally, themajor contributors to the enhanced
absorption at blue wavelengthswere found to bemarkedly different for
the two events. For the pollution event on 26 March, the presence of
brown carbon was revealed by the spectral variation of SSA. For the
later event on 29 March, dust particles showed its predominance in
aerosol absorption (at blue wavelength). For other days when the aero-
sol loadingwere not so high, BCwasmost likely the dominant absorber.

3.2. PM2.5 chemical compositions

Alongwith radiometricmeasurements, PM2.5 sampleswere simulta-
neously collected for chemical analyses during the daytime at each of
the sites during the last week of March 2012. To understand the varia-
tions in PM2.5 chemical compositions during the high PM episodes, we
defined three types of cases based on the AOD and AE values as follows.
On 26 March, high values were found for both AOD (N1.0) and AE
(~1.5), and that event was identified as “haze” case. In contrast, the 29
March was considered as “dust” case due to the high value for AOD
(N1.0) and low values for AE (~0.5). The AODs on 24 and 25 March
were b0.3, and these were identified as “clear” cases.

The mass concentrations of water soluble ions, carbonaceous com-
ponents, and elements at three sites for the three cases were presented
in Fig. 5. In general, all three sites showed comparable concentrations
and similar variability for the water-soluble ions and carbonaceous
components during the three types of cases (top panels in Fig. 5). Com-
pared with the clear case, both water-soluble ions and carbonaceous
species exhibited substantially higher concentrations in the haze and
dust cases, especially the former. For example, the concentrations of
water-soluble ions on the hazy days were 5–19 times higher compared
with those on the clear days, and the concentrations during dusty days
were elevated over the clear conditions but this difference was lower
than the hazy conditions, b8-fold. The lower concentrations of NO3

−,
SO4

2− and NH4
+ during dusty days compared with the hazy days may

be related to the dilution effect of dust storms on these secondary spe-
cies (Zhao et al., 2007; Huang et al., 2010).

The concentrations of major ions followed the order of NO3
− N SO4

2−

N NH4
+ N Cl− N K+ at all of the sites. The higher concentration of nitrates

relative to sulfate probably resulted, at least in part, from the
utions at three sites from 24 to 30 March 2012.

Image of Fig. 3


Fig. 4. Spectral variation in single scattering albedo (SSA) at three sites from 24 to 30 March 2012.
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comparatively rapid heterogeneous formation of nitrate (approximate-
ly 10 times faster than sulfate, Hewitt, 2001). Carbonaceous species also
showed increases during the haze and dust events, but there were not
so pronounced as for the water-soluble ions (~3–4 times higher than
on clear days). Higher concentrations of both OC and EC were found
on the hazy day comparedwith the dusty day, and this can be explained
by the fact that most of the OC and EC were emitted from pollution
sources, especially fossil fuel combustion, biomass burning, vehicular
exhaust and cooking (Zhao et al., 2013c).

With reference to the elements analyses (bottom panels in Fig. 5),
we separated eight elements into three groups based on the results of
enrichment factor (EF) analysis in a study by Huang et al. (2010). The
first group included Al, Ca, Fe, Mg and Si; these are typically associated
with mineral matter from the earth's crust. The second group consisted
of Zn and Pb, which were moderately enriched and likely from both
Fig. 5.Mass concentrations (μg m−3) of major water-soluble ions and carbonaceous componen
hazy, and dusty days.
crustal and pollution sources. The last element, S, had EFs larger than
100, and it was classed as pollution element. As shown in Fig. 5, the el-
emental concentrations differed to varying degree during the haze and
dust cases. Moreover, the concentrations of S, Zn and Pbwere higher on
the haze day than the dusty day at all the sites, while the crustal ele-
ments exhibited an opposite trends, except at the DL site where high
emissions of metallic elements from iron and steel industries probably
affected the elements that were typically classified as both crustal and
pollution-derived.

3.3. Different causes for the two pollution episodes

3.3.1. Overview of two particle pollution episodes
The following analyses combined multi-scale observations with

modeling techniques and also used meteorological data to highlight
ts (top panels) and selected elements (bottom panels) in PM2.5 at three sites during clear,

Image of Fig. 4
Image of Fig. 5
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possible causes for the two high PM episodes. Themajor PM2.5 chemical
species for the 26 and 29 March events were presented along with the
corresponding aerosol optical properties results as group-contrast dia-
grams in Fig. 6. The methods used for the calculation of FAOD, FMF
and AAOD were given in the Section 2.2.1 above.

As shown in Fig.6, unlike the carbonaceous components and second-
ary inorganic species (such as nitrate, sulfate and ammonium), soil dust
increased to varying degrees over all the sites on 29 March compared
with 26 March. This feature coincided with the lower AE, FAOD and
FMF for the later event. Furthermore, the cumulative concentration of
major contributors to aerosol extinction, that is, the sum of the second-
ary inorganic species, carbonaceous components and soil dust (Cao et
al., 2012a), decreased by ~30% from the first event to the second, but
the total AODs were similar. This may have resulted from the humidifi-
cation of aerosols at HX and DL sites where the water vapor was higher
during the second event (Fig. 6). A layer or layers of dust above the
earth's surface probably also contributed to the columnar AODs, but
these would not have been detectable through our surface-level chem-
ical sampling. As regards the variation in aerosol absorption, both the
lower SSA and the higher AAOD on 29 March compared with the haze
event indicated that an increasing contribution of absorbing aerosols
during the dust episodes at HX and TG sites.
Fig. 6. General descriptions of PM2.5 species (stacked columns in the left panels) and aeros
3.3.2. Multi-scale observations, model estimations, and meteorological
fields

Diurnal variations of ground-based aerosol optical properties along
with the satellite observations, model simulation results, and synoptic
maps were shown in Fig. 7 for both 26 and 29 March (left panels, a–c
and right panels, d–f, respectively). The aerosol optical properties exhib-
ited similar trends at the three sites, and therefore, only the results for
AOD, AE andWV at the HX site were shown. On 26March, AOD showed
a decreasing trend from 1.86 at ~9:17 (local time) to 0.88 at ~14:47 and
then the AOD increased slightly up to 1.07 at ~16:16 (Fig. 7a). Columnar
water vapor content followed a trend similar to that of AOD. Variations
in AE were not pronounced but maintained a high value of ~1.50; this
implied high loading of anthropogenic fine PM on that day.

The contribution of regional transport during the first pollution epi-
sode was evaluated by examining the variability in the spatial distribu-
tion of MODIS/Terra AOD (Fig. 7b) along with the corresponding wind
vectors at 850 hPa from ECMWF reanalysis dataset. On 25 March,
most of the high AOD values appeared in eastern, central, and southern
China while AODs over northern China, such as Tianjin, was quite low.
Driven by southwesterly winds, the heavy aerosol loadings were
transported to north China on 26 March, and that resulted in a wide
swath of high AOD that spread over northern and eastern China. The
ol optical properties (grouped columns in the right panels) on 26 and 29 March 2012.

Image of Fig. 6


Fig. 7.Diurnal variation of ground-based aerosol optical properties alongwith thematching satellite observations, wind vectors, model simulations results, and synoptic maps on 26 (left
panels, a–c) and 29 March (right panels, d–f), 2012. (a, d) Diurnal variation of AOD, AE, WV and temperatures; (b) MODIS AOD along with ECMWF wind fields at 850 hPa on 25 and 26
March; (e) dust concentrations simulated by RIAM-CFORS; (c, f) KMA synoptic maps (see text for abbreviations).
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area with high AODs over Southern China approached and nearly
merged with the plume in the northeast, and so aerosol pollutants
were probably transported to our study sites from southwest. More-
over, a stagnant high-pressure system (generally associated with
weak subsidence and light winds) over the Tianjin area (Fig. 7c) likely
promoted the accumulation of air pollutants from both local emission
and regional transport, and this, too, probably contributed to severity
of the pollution episodes on 26 March.

Similar analyses were performed for the 29 March dust event
(Fig. 7d–f) except that model simulations were used instead of satellite
observations because no MODIS AOD retrievals were available on that
day due to cloud contamination. As shown in Fig. 7d, AOD showed
its maximum of 2.15 at ~11:16 and then rapidly decreased to 1.40 at
~13:16, followed by minor fluctuation, both AE and WV exhibited
the similar trends with AOD. Nevertheless, AE always showed lower
values by roughly half compared with those during the haze event,
and this suggested an increase in the aerosol size during the dust
event. The concentration of dust (in μg m−3) estimated by RIAM-
CFORS model (Fig. 7e) indicated that tons of dust particles were
transported to Tianjin from sources region in northwest China. The
possibility for long-range dust transport would also have been favored
by the presence of a cold front (Fig. 7f) because these conditions are
generally associated with dust storm (Tao et al., 2006).

Vertical retrievals from space-borne Lidar CALIOP aboard CALIPSO
satellite were also used in this study to complement the ground-based
measurements. Designed to acquire the vertical structure of aerosols
and clouds, CALIPSO has showed unique advantages for evaluating re-
gional transport in air pollution monitoring (Huang et al., 2008; Qin et
al., 2016). Three types of CALIOP images were considered in this section;
these included the total attenuated backscatter coefficient (TABC, Fig. 8a,

Image of Fig. 7
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d), the volume depolarization ratio (VDR, Fig. 8b, e) at 532 nm, and ver-
tical feature masks (VFM, Fig. 8c, f). These data were obtained from the
CALIPSO website (http://www-calipso.larc.nasa.gov/).

The rectangular boxes shown in each frame in Fig. 8 showed the
sampling sites and their surrounding areas along with the satellite
swaths that covered the study region (Fig. 8a, d). Note that the CALIOP
detection at ~02:30 (night time) was used for the 29 March event be-
cause the daytime images were unavailable. Dust concentrations esti-
mated by the RIAM-CFORS model at the time closest to the satellite
overpasswere also presented as an inset (Fig. 8e). Thick external aerosol
layers were observed on both 26 and 29 March (Fig. 8a and d), passing
over Tianjin andmixing downward into the local aerosol emissions. The
height of the aerosol layer on 26Marchwas ~5 kmwhile the thick aero-
sol layer on 29March extended up to ~10 km. These features were con-
sistent with the information obtained from the VFM images (Fig. 8c, f);
in addition, the external aerosol layers with high VDR values on 29
March can be conditionally identified as dust aerosols because they
were typically nonspherical (Huang et al., 2008).

To further characterize the two pollution episodes, the contribution
of different aerosol species was quantified using the technique de-
scribed in Section 2.3. Fractional AODs for five species were calculated
and the results were presented in Fig. 9. Note that the contributions
from SS and MD covered all the modes of the corresponding species.
Water-soluble species dominate the total AODon thehazyday (contrib-
uting ~70% on 26 March, Fig. 9) while both insoluble components and
Fig. 8. Time-height cross-section of CALIPSO products during pollution episodes on 26March (l
showed the presence of aerosol transport layer over the study region. (a, d) Total attenuated bac
in the insets were (a, d) the satellite orbital tracks around Tianjin and (e) and the dust concen
mineral dust made significant contribution on 29 March (~18% and
~13% respectively). According to the description in Hess et al. (1998),
insoluble species also included soil particles, and that can cause an un-
derestimation of MD AOD fraction. The contribution of BC to the total
AOD showed relatively small differences between two events. Addition-
ally, sea-salt particles showed negligible contributions to the columnar
AODs even though the sampling site was in a coastal region.

4. Conclusions

Simultaneousmeasurements of columnar aerosolmicrophysical and
optical properties as well as PM2.5 chemical compositions weremade at
Tianjin, a coastal megacity in China to investigate springtime pollution
events. Two types of episodes were observed during the last week of
March 2012 based on aerosol optical properties and PM2.5 chemical
compositions. During the first event, which appeared on 26 March, the
daily average AOD was ~1.18 and ranged from 0.88 to 1.86, while AE
varied from 1.35 to 1.55 and showed a daily average N1.50. By contrast,
the mean AOD on 29 March event was 1.35 ± 0.28, showing the maxi-
mum of 2.15, and the AE (0.84)wasmuch lower than during the earlier
event. The high AODs combined with different AEs implied different
sizes of the dominant aerosols during these two pollution episodes,
and this was confirmed by measurements of volume-size distributions.
Moreover, the SSA spectra indicated that brown carbon and dust were
themajor contributors to the enhanced absorption at blue wavelengths
eft panels, a–c) and 29March 2012 (right panels, d–f). The rectangular boxes in the panels
kscatter at 532 nm; (b, e) depolarization ratio; and (c, f) vertical featuremask. Also shown
tration simulated by RIAM-CFORS.

http://www-calipso.larc.nasa.gov
Image of Fig. 8


Fig. 9. Contributions of selected aerosol species to the columnar AOD estimated by the technique developed in this study (see text for details).
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on 26 and 29March, respectively. Comparedwith clear conditions, both
of the pollution events showed increases to varying degrees in concen-
trations of water-soluble ions, carbonaceous components, and selected
elements. Generally, the increases in water-soluble ions and carbona-
ceous components were greater for the earlier event than the later
one. For the elements, however, only the pollution elements followed
the samepattern, and the crustal elements fromdesert dustwere higher
in the second event.

Satellite observations were combined with model simulations and
analyses of meteorological fields to investigate the causes of these two
particulate pollution episodes. The 26 March event was attributed to
the accumulation of local pollution emissions combined with sub-
stances transported from the southwest of Tianjin due to the presence
of a high-pressure system. By contrast, the high aerosol loading on 29
March probably resulted from the mixing of local urban pollution with
dust transported long distances from source regions northwest. The
two different types of pollution episodes that occurred in one week
demonstrated the complexity of processes responsible for high aerosol
loading over this region and the rapidity with which conditions change.
The combination of multi-scale observations showed an excellent po-
tential for investigating the causes for particle pollution. The results of
this study have improved our knowledge on the causes for spring parti-
cle pollution over Tianjin and they should also aid in framing regional
air-quality management policies.
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