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a b s t r a c t

Elemental concentrations of ambient aerosols are commonly sampled over 12e24 h, and the low time
resolution puts a great limit on current understanding about the temporal variations and source
apportionment based on receptor models. In this work, hourly-resolved concentrations of eighteen el-
ements in PM2.5 at an urban site in Nanjing, a megacity in Yangtze River Delta of east China, were ob-
tained by using a Xact 625 ambient metals monitor from 12/12/2016 to 12/31/2017. The influence of
traffic activities was clearly reflected by the spikes of crustal elements (e.g., Fe, Ca, and Si) in the morning
rush hour, and the firework burning and sandstorm events during the sampling periods were tracked by
sharp enrichment of Ba, K and Fe, Ca, Si, Ti in PM2.5, respectively. To evaluate the advantage of hourly-
resolved elements data in identifying impacts from specific emission sources, positive matrix factor-
ization (PMF) analysis was performed with the 1-h data set (PMF1-h) and 23-h averaged data (PMF23-h),
respectively. The 4- and 6-factor PMF23-h solutions had similar factor profiles and consistent factor
contributions as the corresponding PMF1-h solutions. However, due to the limit in inter-sample vari-
ability, PMF analysis with 23-h average data misclassified some major (e.g., K, Fe, Zn, Ca, and Si) and trace
(e.g., Pb) elements in factor profiles, resulting in different absolute factor contributions between PMF23-h
and PMF1-h solutions. These results suggested the use of high time-resolved data to obtain valid and
robust source apportionment results.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Particulate matter (PM) with aerodynamic diameter less than
2.5 mm (PM2.5) is a complex mixture of chemicals often emitted
from biomass burning, fossil fuel combustion, industrial processes,
and atmospheric transformation of gaseous species. Both short-
and long-term exposures to PM2.5 are related to increased risk of
mortality, as well as diseases of the respiratory and cardiac systems
e by Dr. Haidong Kan.
, Jiangsu, 210044, China.
Jiangsu, 210023, China.
g), mingjie.xie@nuist.edu.cn,
(Dockery et al., 1993; Pope et al., 2002; Pope and Dockery, 2006;
Zanobetti and Schwartz, 2009). To examine the health effect of
distinct PM2.5 sources, compositional data were widely used as
input for receptor modeling to retrieve PM2.5 source contributions
(Laden et al., 2000; Ito et al., 2006; Stanek et al., 2011; Bell et al.,
2014). Ito et al. (2006) found some evidence of positive associa-
tion of respiratory disease emergency department visits with PM2.5
contributions from biomass burning in four U.S. cities; PM2.5 road
dust contributions were associated with cardiovascular hospitali-
zations in four counties in Connecticut andMassachusetts (USA) for
persons� 65 years of age. As such, identifying and quantifying
PM2.5 sources that are responsible for health effects is valuable in
developing effective regulatory strategies to control specific
sources.
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Trace elements comprise a minor fraction (~10%) of ambient
PM2.5 (Marcazzan et al., 2001; Chang et al., 2018), far less than
inorganic ions (e.g., SO4

2�, NO3
�, NH4

þ) and carbonaceous compo-
nents (e.g., organic carbon). A number of studies reported that trace
elements could serve as potential contributors to PM2.5 toxicity
(Pope et al., 2002; Li et al., 2010; Cho et al., 2012; Bell et al., 2014),
and the trace elements are useful markers in resolving PM2.5 source
contributions, especially for dust related to traffic, crustal weath-
ering and industrial processes, and/or soil resuspension (Xie et al.,
2012; Dall'Osto et al., 2013; Chang et al., 2018; Wang et al., 2018).
The elemental data used in most previous aerosol source appor-
tionment studies were 24-h average concentrations (Kim et al.,
2005a; Kim et al., 2005b; Qin et al., 2006; Kong et al., 2015). The
limitation in time resolution might lead to the failure in identifying
sources varying at different hours of the day. Wang et al. (2018)
compared the source apportionment results of trace elements in
PM2.5 derived from hourly, 4- and 6-h averaged data. The results
indicate that using hourly data will lead to more robust source
apportionment than using data with lower time-resolution.
Because the measurement data with high time-resolution (e.g., 1-
h) have greater inter-sample variability than those integrated
over long time periods (e.g., 24-h) (Dall'Osto et al., 2013). This is
particularly important in resolving local aerosol sources (e.g, traffic)
with peak contributions lasting for only a short time (e.g., 1e3 h).

Nanjing (118�220 and 119�140E, 31�140 and 32�370N), a typical
mega-city located in Yangtze River Delta of east China with a
population of over 6 million, is one of the fastest growing cities in
China. The industries in Nanjing with substantial PM emissions
include but not limited to petrochemicals, electronics, automobile,
iron and steel, and thermal power. In this study, a Xact 625 ambient
metals monitor (Cooper Environmental Services, OR, USA) was
deployed at an urban site in Nanjing, China. Hourly concentrations
of 23 elements in PM2.5 were recorded for around one year, and the
data set was prescreened and used for source apportionment with
positive matrix factorization (PMF). No previous study measured
PM2.5 elements at 1-h resolution in urban area of Nanjing city, and
two pollution episodes were captured during the measurement
campaign with sharp increase in distinct mixtures of PM2.5 ele-
ments. The one-year hourly resolved data (1-h data set) ensure
representative observations of diurnal variations of PM2.5 elements,
and robust PMF source/factor profiles and contributions. In addi-
tion, the 23-h averages (1:00e24:00 for each day) of elements
concentrations were calculated to simulate daily filter sampling
and generate a new data set (23-h data set) for PMF analysis.

A number of previous studies performed hourly measurements
of trace elements in PM2.5 followed by source apportionment with
receptor modeling (Dall'Osto et al., 2013; Park et al., 2014; Phillips-
Smith et al., 2017; Chang et al., 2018; Wang et al., 2018). However,
due to the lack of long-term hourly measurements, very few of
them evaluated the advantage of using 1-h data for source appor-
tionment compared to using daily average data. The primary goals
of this work are to (1) characterize the high time-resolved varia-
tions of PM2.5 elements in urban Nanjing, (2) retrieve distinct
element sources using the 1-h data set from PMF analysis, and (3)
illustrate the advantage of using high time-resolved data for source
apportionment through the comparison of PMF results derived
from 1-h and 23-h data sets.

2. Methods

2.1. Sampling site characteristics

The hourlymeasurements of PM2.5 elements were performed on
the rooftop of Nanjing Environmental Protection Building (NEPB,
118.75�E, 32.06�N), a six-storey building located in the downtown
area of Nanjing city, China (Fig. S1, supplementary information).
The NEPB site is surrounded by residential buildings, parks and
schools, and is around 200m to the west of Huju road, a heavily
traveled surface street (average traffic count, ~5500 vehicles per
hour with an estimated truck percentage of 3.63%). Most of the
petrochemical industries and coal-fired power plants are located
more than 30 km to the north of NEPB. As such, besides the regional
PM2.5 sources characterized by long-term influences and long-
range transport, the NEPB site is impacted by traffic substantially.

2.2. Data collection

A Xact 625 ambient metals monitor was configured to quantify
23 elements (K, Fe, Zn, Ca, Si, Mn, Pb, Cu, Ti, As, V, Ba, Cr, Se, Ag, Cd,
Ni, Au, Co, Sn, Sb, Tl, Hg, plus Pd for quality assurance). Details of the
instrumentation were introduced in Chang et al. (2018) and Furger
et al. (2017). Briefly, the Xact 625 ambient metals monitor is an X-
ray fluorescence spectrometer designed for continuous sampling
and analyzing elements in aerosol. In this work, ambient air was
sampled by the Xact 625 through a PM2.5 cyclone inlet (Model
VSCC-A, BGI Inc., MA, USA) at a flow rate of 16.7 Lmin�1. The PM2.5

was deposited onto a Teflon filter tape. After each sampling inter-
val, the filter tape loaded with PM2.5 was moved and analyzed with
an X-ray fluorescence spectrometer automatically, and the next
sampling was initiated on a clean spot of the filter tape. This
sampling and analyzing cycle was configured to be 1 h in this work,
and the filter tape reel was replaced every 25 days. In the current
work, the concentrations of elements measured for 0:00e1:00 a.m.
at midnight were not included for analysis, as the automated in-
ternal quality control checks were programmed to take place dur-
ing that period on each day (30min).

To ensure data quality, the working conditions (e.g., flow rate) of
the Xact 625 were monitored through remote login in the morning
and afternoon of each day. The instrument maintenance was per-
formed at least once a week, and the sampling flow rate and X-ray
fluorescence response were calibrated periodically. Moreover, the
elemental mass concentrations obtained by Xact 625 were vali-
dated by comparing to 23-h filter measurements with inductively
coupled plasma-mass spectrometer (ICP-MS, Agilent, CA, USA).
Details of the comparison between online Xact 625 and offline 23-h
filter measurements were provided in supplementary information
and Table S1.

In the current work, the hourly elements concentrations were
recorded from 12/12/2016, 12:00 at noon (local time, GMTþ8 h)
until 12/31/2017, 23:00. The detection limits for 1-h sampling of the
23 target elements ranged from 0.2 (As) to 17.8 ng m�3 (Si). During
the measurement campaign, several interruptions occurred due to
instrument maintenance and/or power failure. The multi-element
data set consists of 7025 valid 1-h samples out of 8844 theoret-
ical samples (79.4% coverage). Missed measurements of Au, Sn, Sb,
Tl, and Co accounted for more than 50% (range 63.1e100%) of the
7025 valid 1-h samples, and the concentrations of these five ele-
ments were not reported or discussed in this work. At the same
sampling site, concentrations of PM2.5 mass and gaseous pollutants
(SO2, NO2 and CO) were also monitored at 1-h intervals during the
same periods. The PM2.5 was measured using a BAM1020 Contin-
uous Particulate Monitor (MetOne, OR, USA). SO2, NOX, and CO
concentrations were determined using EC9850B, EC9841B, and
EC9830B, respectively. All the gaseous pollutants monitors are from
Ecotech (Vic, Australia). Meteorological data, including ambient
temperature (Temp), relative humidity (RH), and wind speed (WS)
and direction (WD)were recorded and synchronizedwith elements
measurements at the NEPB site. The time series for hourly con-
centrations of eighteen elements, PM2.5 and gaseous pollutants, as
well as the hourly values of Temp and RH are shown in Fig. S2. The
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23-h, weekly and monthly patterns of elements, PM2.5 mass,
gaseous pollutants, Temp and RH are presented using boxplots in
Fig. S3 e S7, from which K and Si are selected as illustrative ex-
amples and shown in Fig. 1. The WS and WD information are
summarized using a wind rose plot in Fig. S8.
2.3. Preliminary source identification

The enrichment factor (EF) was calculated to assess whether a
certain element had anthropogenic sources other than the natural
source using Si as the reference. EFs compare elemental concen-
trations in ambient particles with corresponding elemental con-
centrations in the crust (Zoller et al., 1974; Cheung et al., 2011;
Clements et al., 2014). Details for the EF calculation were provided
in supplementary information. EF values close to unity indicate the
dominance of crustal source, and EF values greater than 10 suggest
influences from anthropogenic activities. Moreover, bivariate polar
plot (BPP) and conditional probability function (CPF) plot were
performed to gain a graphical impression of potential source in-
fluences at the monitoring site. In BPP, elements concentrations are
shown to vary byWS andWD; the CPF plot presents whichWDs are
dominated by high concentrations with probability. Details of the
plotting methods for BPP and CPF were given in several previous
studies (Carslaw and Ropkins, 2012; Carslaw and Beevers, 2013;
Chang et al., 2017; Chang et al., 2018). In this work, the BPP and CPF
were performed on the hourly resolved data of eighteen elements,
three gaseous pollutants and PM2.5 mass in Figs. S9 and S10,
respectively. The BPP and CPF results of Zn and Cr were selected as
illustrative examples and plotted in Fig. 2.
Fig. 1. Diurnal, weekly and monthly variations of K (aec) and Si (def) based on hourly measu
quartile range (box), 10th and 90th percentiles (whiskers) and the mean (red diamond). (For
the Web version of this article.)
2.4. Source apportionment

Positive matrix factorization (PMF), a multivariate receptor
model, resolves the factor profiles and contributions byminimizing
the sum of the squared, scaled residues (Q), and was commonly
used to apportion PM2.5 components to factors representing
pollution sources or atmospheric processes (Jaeckels et al., 2007;
Shrivastava et al., 2007; Xie et al., 2012; Wang et al., 2017; Wang
et al., 2018). In this work, the U.S. Environmental Protection
Agency (EPA) PMF version 5.0 was used as the primary source
apportionment tool with three error estimation methods including
bootstrapping (BS), displacement (DISP), and bootstrapping
enhanced with DISP (BS-DISP) (Norris et al., 2014; Paatero et al.,
2014; Brown et al., 2015).

Out of the 23 elements, Au, Co, Sn, Sb and Tl were not included
for PMF analysis due to their high fractions of missing values. The
measurements below detection limit (BDL) of Ag and Cd accounted
for 59.2% and 86.8% of the 7025 valid 1-h samples, so theywere also
excluded during PMF analysis. The measurement campaign was
impacted by firework burning during the Spring Festival (January
26eFebruary 16, 2017) and sandstorm in late spring (May 6e11,
2017), resulting in spikes of several elements concentrations. As
such, the PMF input data did not contain the hourly elements
concentrations collected during those two events periods. The final
input hourly data for PMF analysis had 6456 measurements of 16
elements (K, Fe, Zn, Ca, Si, Mn, Pb, Cu, Ti, As, V, Ba, Cr, Se, Ni and Hg),
and were termed “1-h data set”. The generation of uncertainty data
set and treatment of missing and BDL values for PMF analysis were
provided in supplementary information.

In this work, the 23-h averages of hourly elements
rements for the whole sampling period. The boxes depict the median (dark line), inner
interpretation of the references to colour in this figure legend, the reader is referred to



Fig. 2. Bivariate polar plots and conditional probability function plots of Zn (a, c) and Cr (b, d) concentrations for the whole sampling period.
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concentrations were calculated to simulate daily filter sampling
data, and were also used as inputs for PMF source apportionment.
The elements data selection, uncertainty estimation, and treat-
ments of missing and BDL values were conducted in a samemanner
as the 1-h data set. The final input 23-h data contained 297 daily
averages of 16 elements. The PMF solutions derived from 1-h and
23-h data sets were compared to illustrate the advantage of using
high time-resolved data set in source apportionment. In this work,
PMF solutions using 3e9 factors were considered for both the 1-h
and 23-h data sets, with the final factor number chosen primarily
based on interpretability as well as the error estimation results.
Details of the error estimation using BS, DISP, and BS-DISP methods
were provided in supplementary information.

3. Results and discussion

3.1. Overview of Xact 625 measurements

The statistics of PM2.5 elements concentrations detected by Xact
625, as well as the EFs are summarized in Table 1. Among the 18
elements, K, Fe, Ca, and Si were the most abundant species (average
280± 254e610± 513 ngm�3), totally accounting for 80.9%± 6.17%
of all elements concentrations during the whole period. Elements
As, V, Ba, Cr, Se, Ag, Cd, Ni, and Hg had low hourly mass concen-
trations, with averages and medians close to or lower than
10 ngm�3. The hourly concentrations of total elements accounted
for 10.1± 10.4% of PM2.5 mass (37.7± 33.8 mgm�3) on average.
Compared to other high time-resolved elements measurements,
the average concentrations observed in this study were in similar
magnitude as other mega cities in East Asia (Park et al., 2014; Chang
et al., 2018; Wang et al., 2018), but were up to150 times higher than
those measured in Europe and North America (Dall'Osto et al.,
2013; Sofowote et al., 2015; Visser et al., 2015a; Visser et al.,
2015b; Phillips-Smith et al., 2017).

In Table 1, the average EFs of K, Fe, Ca, Ti, and Ba are in the range
of 9.69± 6.31 to 30.5± 71.3, suggesting that anthropogenic activ-
ities have some contributions to these elements, although they are
typical crustal elements (Wu et al., 2007; Dall'Osto et al., 2013;
Clements et al., 2014; Phillips-Smith et al., 2017). The other ele-
ments (e.g., Zn, As) have large EF values close to or higher than 100,
indicating the dominant influences from anthropogenic activities.
Fig. S9 shows the BPP results of hourly elements concentrations at
the NEPB site. Nearly all elements have higher concentrations at
lowWS, which is reasonable at urban sites where higher pollutants
concentrations are more likely associated with stable atmospheric
conditions (Elminir, 2005). A number of elements also have
elevated concentrations when the wind was from specific di-
rections (Fig. S9). For example, higher concentrations of Zn, Cr, V,
and Ni are more likely from east or northeast (0e45ο) emissions
(Figs. 2a, b and S9k, q), which might be ascribed to the heavy traffic
in the east/northeast of the sampling site. The CPF was calculated to
show the wind directions that dominated specified high concen-
trations of elements with probability. As shown in Fig. S10, the 90th
percentile of elements concentrations is set as the threshold cri-
terion. The source directions reflected by CPF were generally
consistent as those inferred from BPP. For example, Zn, Cr, V, and Ni
also had high CPF values with wind direction from east or northeast
(Figs. 2c, d and S10k, q).

3.2. Temporal variations

The high time-resolved data obtained from Xact 625 enabled



Table 1
Statistics of hourly measurements (N¼ 7025) of ambient elements (ng m�3) and their enrichment factors (EFs), PM2.5 mass (mg m�3) and gaseous pollutants (mg m�3).

Mean± stdeva median min max missing%b BDL%c EFsd

K 610± 513 478 39.6 10055 0 0 27.7± 20.0
Fe 577± 419 470 17.7 4822 0 0 19.8± 9.47
Zn 199± 188 145 1.38 3276 0 0 3514± 2904
Ca 316± 334 236 4.43 4398 0.04 0 11.1± 4.30
Si 280± 254 216 33.6 6275 0 0 /
Mn 48.9± 38.3 38.8 0.30 427 0 0.014 101± 63.4
Pb 50.8± 47.6 37.5 0.81 861 0 0 3260± 2829
Cu 27.2± 38.4 18.5 2.40 1034 0 0 1375± 1770
Ti 25.9± 24.2 20.1 1.07 442 0.67 0 9.69± 6.31
As 11.9± 11.0 9.05 0.030 182 1.64 0.26 9493± 7714
V 6.05± 5.90 4.08 0.064 65.9 12.0 1.85 144± 146
Ba 13.8± 39.2 7.21 0.0030 1055 2.38 6.14 30.5± 71.3
Cr 6.00± 6.82 3.96 0.0040 94.6 0.40 3.36 219± 259
Se 5.15± 3.82 4.23 0.0020 33.7 0.19 0.53 127± 77.5
Ag 7.54± 2.45 7.18 1.33 20.2 0.00 59.2 239296± 167784
Cd 6.99± 2.88 6.71 0.30 33.1 0.01 86.8 112± 87.8
Ni 3.62± 3.49 2.63 0.0010 45.9 0.10 2.18 253± 253
Hg 2.04± 1.22 1.90 0.0010 10.2 0.73 4.58 NAe

PM2.5 37.7± 33.8 29.0 3.00 341 0.45 0
SO2 0.019± 0.014 0.016 0.0010 0.61 0.47 0.028
NO2 0.045± 0.024 0.040 0.0010 0.16 0.87 0.014
CO 0.96± 0.49 0.91 0.038 9.28 0.23 0.13

RH (%) 60.3± 17.8 61.0 16.0 94.0 1.04
Temp. (�C) 17.6± 9.35 17.4 �1.40 40.3 1.15

a Standard deviation.
b Missing%¼No. of missed observations/7025, the missed observations were not included for data analysis.
c BDL%¼No. of measurements below detection limit/7025, the BDL measurements were included for data analysis.
d Average± standard deviation, where Si is used as the reference element; e the average mass content of Hg in upper continental crust (UCC) is not available.
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the visualization of elements diurnal variation. In Figs. S3eS6, the
23-h variations of elements are exhibited using boxplots. Except Cd
and Ag, all the elements had elevated hourly median concentra-
tions in themorning (6:00e10:00) and evening (18:00e21:00), and
decreased concentrations in the afternoon (13:00e16:00). How-
ever, due to the difference in emission sources, the diurnal patterns
of elements concentrations are not exactly the same. The peak
concentrations of Fe, Ca, and Si in the morning (Figs. S3d, j and 1d)
reflected the influence of traffic during rush-hour times. Elements
Zn, Pb, and As showed a sinusoidal pattern (Figs. S3g, S4g, and S5a),
which is likely shaped by constant industrial emissions and the
changes in planetary boundary layer height (PBLH). In this work,
nearly all elements had lowest concentrations at around
13:00e16:00, when the ambient temperature (Fig. S7m) and PBLH
(Zhang and Cao, 2015) are both the highest during the day.

In Figs. S3eS6, the weekly variations are calculated based on
hourly elements concentrations and no weekend decrease has been
observed for any element. One possible explanation is that the NEPB
site is located in the downtown area where the traffic and industrial
influences have little weekday-weekend variation, as supported by
the weekly patterns of SO2, NO2, and CO (Figs. S7b, e, h). Figs. S3eS6
also provide the monthly variations of elements concentrations,
mostly exhibiting summertime decreases and wintertime eleva-
tions, which is partly associated with the lower PBLH inwinter than
in summer (Venzac et al., 2009; Seidel et al., 2012). No seasonal
trendwas observed for Ag and Cd (Figs. S6c and f), and this might be
due to their high fractions of BDL measurements. The elevated
concentrations of many elements, especially for crustal species (e.g.,
Fe, Ca, Si, Ti) in spring (MarcheMay) can be attributed to the drier
conditions (Fig. S7l) favoring the re-suspension of mineral dust and
the influences of sandstorm (Zhao et al., 2008; Zhang et al., 2018).
Firework combustion can emit particles enriched with Ba and K
(Moreno et al., 2010; Kong et al., 2015; Furger et al., 2017). The
monthly average concentrations of Ba and K in January and February
(Figs. S5i and 1c) were dominated by the firework events between
the 2017 Chinese Spring Festival (SF) and Lantern Festival (LF)
(Figs. S2a and l).
3.3. Influences from firework and sandstorm events

As mentioned above, predominant firework emissions were
identified with the hourly measurements of Ba and K. In this work,
the firework period was postulated to be continuous from the first
increase in Ba (>20 ngm�3) on January 26, 2017 to February 16,
2017. The peak hourly concentrations of Ba (0.49e1.06 mgm�3) and
K (5.21e10.1 mgm�3) were observed between January 27, 21:00 LT
and January 28, 2017 3:00 LT, during the Chinese New Year's Eve,
when themost intensive firework event occurred across the nation.
However, burning firework was prohibited in the urban area of
Nanjing city since January 1st, 2015, so the firework emissions
observed at the sampling site in this work should come from the
surrounding suburban and rural areas. The 23-h patterns of Ba and
K during the firework and non-firework periods were compared in
Fig. S11, suggesting increased firework events at midnight during
the SF period. The ratios of hourly average concentrations of ele-
ments and EFs during the firework periods to the rest of the mea-
surements (“non-firework periods”) are presented in Fig. 3. The
hourly average concentrations of Ba (78.7± 139.5 ngm�3) and K
(1382± 1226 ngm�3) during the firework periods are 8.26 and 2.46
times higher than non-firework periods (Fig. 3a). While the hourly
average PM2.5 concentration only increased by 43%, supporting that
firework emissions were enriched with Ba and K (Fig. 3b). Signifi-
cant elevations (p< 0.01) in hourly average concentrations were
also observed for Pb and Hg (19e28%) during the firework periods,
which is likely related to the enhancement in PM2.5 concentrations.
Due to the holiday effect, the hourly average concentrations of el-
ements related to crustal dust (Fe, Ca, Si, and Ti) and industrial or
traffic activities (Zn, Mn, V, Cr, and Ni) were depleted by 30e50%.



Fig. 3. Hourly average elements (a) concentrations and (b) EFs ratios for firework/non-firework and sandstorm/non-sandstorm periods.
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Zhang et al. (2018) reported a severe sandstorm event origi-
nating from Gobi Desert in Central and East Asia during May 2e7,
2017, and analyzed the transport and influences of dust using
simulation techniques. The hourly measurements of elements in
this work also captured the influences from the sandstorm event,
which was supposed to start from May 6, 2017, with substantial
increases of Fe, Ca, Si, and Ti concentrations, to May 11, 2017. The
peak concentrations of Fe (4.82 mgm�3), Ca (4.40 mgm�3), Si
(6.28 mgm�3), and Ti (442 ngm�3) were observed on May 6, 2017,
when the PM10 concentrations in Shanghai and Nanjing tripled as
compared with preceding days (Zhang et al., 2018). However, the
hourly average concentration of PM2.5 during the sandstorm pe-
riods was only 15% (p< 0.01) higher than non-sandstorm periods,
suggesting the dominance of coarse particles (PM2.5-10) during
sandstorm periods. In this work, elements concentrations were
only measured in PM2.5, and the sandstorm event would be better
visible if PM10 mass and associated elements concentrations were
obtained. The hourly average concentrations of Fe, Ca, Si, and Ti
during the sandstorm periods were 2.23 (Fe) e 4.14 (Si) times
higher than non-sandstorm periods (Fig. 3a). Other elements with
more contributions from anthropogenic emissions (e.g., Zn, Pb) had
comparable concentrations between sandstorm and non-
sandstorm periods (Fig. 3a). Since Si had the highest elevation
from non-sandstorm to sandstorm periods and was used as the
reference for EF calculation, all elements showed lower EFs during
the sandstorm periods than non-sandstorm periods with EFs ratios
ranging from 0.27 (Zn) to 0.93 (Ti) (Fig. 3b). During the sandstorm
periods, Ca had the lowest hourly average EF (7.22), followed by Ba
(8.63), Ti (9.01), K (10.6) and Fe (12.2). The high EFs for crustal el-
ements (~10) in this work might be explained by the fact that only
PM2.5 elements were measured, which is more influenced by
anthropogenic activities than elements in coarse particles
(Upadhyay et al., 2011; Clements et al., 2014).
3.4. Overview of PMF results

The 4- to 6-factor solutions were chosen for the PMF analysis
with the 1-h data set (PMF1-h solution) as they had interpretable
resulting factors and acceptable error estimation diagnostics. For
each of the three PMF1-h solutions, all factors weremapped in >90%
of BS runs (N¼ 100), and nearly no factor swapping was found for
DISP and BS-DISP analysis (Tables S2eS4). The 7-factor solution
contained a factor that did not have distinctive groupings of com-
pounds (Fig. S12g). Other details on error estimation and factor
number determination were provided in supplementary informa-
tion. Fig. 4 compares the normalized factor profiles of the 4- to 6-
factor solutions, and the factor profiles have been normalized by:

F*kj ¼
Fkj

Pp
k¼1Fkj

(1)

where F is relative weighting of species j in factor k to all other
factors. The hourly resolved factor contributions of the three PMF
solutions are presented in Figs. S13eS15. Figs. S16eS18 show the
23-h variations of individual factor contributions of the 4- to 6-
factor solutions, and the corresponding monthly variations are
summarized in Figs. S19eS21. The overall factor contributions
agreed with the sum of input elements concentrations (PMF
simulation/input¼ 0.90± 0.10e0.93± 0.09, r> 0.95, p< 0.01). The
four factors linked with coal burning, crustal dust, heavy oil com-
bustion and motor vehicle emission were resolved in all the three
PMF1-h solutions (Fig. 4). The 5-factor solution contained a factor
related to mechanical abrasion, and an Hg emission factor was
identified from the 6-factor solution. The crustal dust had the
highest average contribution (37.5± 17.3e42.7± 19.0%) to total el-
ements mass, followed by the coal burning
(17.6± 12.1e27.2± 15.8%) and motor vehicle emission
(13.4± 9.76e17.2± 10.5%) factors.

To compare with the PMF1-h solutions, four to six factors were
also selected for PMF solutions determined with the 23-h data set
(PMF23-h solution). Except the motor vehicle emission factor in the
4-factor solution, all factors across the three PMF23-h solutions were
mapped in >90% of BS runs (N¼ 100), and no factor swapping was
observed for DISP analysis (Tables S5eS7). However, the 6-factor
PMF23-h solution had a number of swaps for BS-DISP analysis
with only 58% of the BS-DISP runs accepted (Table S7). The



Fig. 4. Normalized factor profiles of the 4- to 6-factor PMF1-h solutions.
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normalized factor profiles of the 4- to 6-factor PMF23-h solutions are
provided in Fig. S22, and the overall factor contributions also
reproduced the total mass of input elements (PMF simulation/
input¼ 0.94± 0.069e0.95± 0.067, r> 0.95, p< 0.01). The time se-
ries andmonthly variations of individual factor contributions of the
4- to 6-factor solutions are visualized in Figs. S23eS25 and
S26eS28, respectively. The input data for PMF analysis did not
include those impacted by firework emissions (January
26eFebruary 16, 2017), and the hourly measurements were missed
for more than 50% during each day from February 17 to 27, 2017. So
the 23-h average concentrations of elements are only available for
February 28, 2017 and the factor contributions during February
2017 are not shown in any plots of Figs. S26eS28.
3.5. Interpretation of PMF1-h solutions

In the 4-factor solution, the coal burning factor was character-
ized by the highest loadings of As, Se, and Pb (Fig. 4a), and exhibited
higher contributions in cold than in warm seasons (Figs. S13a and
S19a). This factor also had the strongest correlation with SO2

(r¼ 0.52, p< 0.01) among the 4 factors, supporting the association
of this factor with coal burning. The 23-h pattern of the factor
contributions had a unimodal distribution with a broad peak in the
morning (Fig. S16), which might be ascribed to the accumulation of
elements from coal burning in the boundary layer during night
time and atmospheric dilution after sunrise with increased
boundary layer height. Besides As, Se, and Pb, typical trace elements
from coal burning (Tian et al., 2011; Tian et al., 2012; Tian et al.,
2014; Cao et al., 2014), the coal burning factor also had substan-
tial contributions to K and Zn in this work. K in PM2.5 was
Fig. 5. Linear regressions of factor contributions for pairs of matched
commonly related to biomass burning or fugitive dust (Dall'Osto
et al., 2013; Clements et al., 2014; Phillips-Smith et al., 2017).
However, K can also exist as K2O (0.30e046wt%) in coal fly ash
(Koukouzas et al., 2006; Dai et al., 2010), which might be one
explanation for the high loadings of K in the coal burning factor. The
crustal dust factor consisted mainly of Fe, Ca, Si, and Ti (Fig. 4b), and
had elevated factor contributions in both spring and winter
(Figs. S13b and S19b). As mentioned before, the elevated contri-
butions of crustal elements in spring and winter might be attrib-
uted to dry atmospheric conditions and low PBLH, respectively.
Unlike other three factors, the 23-h pattern of the crustal dust
factor exhibited a drop from midnight (23:00) to early morning
(5:00) (Fig. S16b), which is possibly due to the decrease in traffic or
construction activities during the second half of the night. The
heavy oil combustion factor was distinguished by the highest per-
centages of V ad Ni (Fig. 4c), two tracers for the combustion process
of heavy oil (Jang et al., 2007; Becagli et al., 2012). Similar as the coal
burning factor, the 23-h variations of the heavy oil combustion
factor also had a sinusoidal pattern (Fig. S16c). The motor vehicle
emission factor was dominated by Cr and Mn, and contained sub-
stantial percentages of Fe, Zn, Ni, and Hg (Fig. 4d). The factor con-
tributions correlated significantly with NO2 (r¼ 0.46, p< 0.01) and
CO (r¼ 0.41, p< 0.01) with similar 23-h pattern (Figs. S7d,g and
S16d), reflecting the influences from traffic during rush-hour
times in the morning and evening.

Besides the four factors mentioned above, an additional factor
was identified with the highest fractions of Cu when the factor
number increased to 5 (Fig. 4), and was linked with mechanical
abrasion. Because the 23-h variations of its median factor contri-
butions were similar as the motor vehicle emission factor
factors between 6-factor PMF1-h and 6-factor PMF23-h solutions.
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(Figs. S17d and e), and Cu in PM2.5 can be linked with the me-
chanical abrasion of brake and tire wear (McKenzie et al., 2009). In
the 6-factor PMF1-h solution, an Hg emission factor was identified
consisting mainly of Hg, K, and Pb (Fig. 4). This factor was likely
related to coal combustion and non-ferrous metals smelting, which
are the two major Hg emission categories in China (Streets et al.,
2005; Zhang et al., 2015).

3.6. PMF1-h vs. PMF23-h solutions

The factors identified in PMF23-h solutions were matched to
those from PMF1-h solutions based on factor profiles and temporal
patterns of factor contributions. The 23-h average factor contribu-
tions of the PMF1-h solutions were calculated and regressed with
the factor contributions of the PMF23-h solutions with 4e6 factors
(Figs. S29, S30 and 5). The 4-factor PMF23-h and PMF1-h solutions
had consistent factor profiles (Figs. 4 and S22) and monthly varia-
tions in factor contributions (Figs. S19 and S26). In Fig. S29, the
factor contributions of all four factors were strongly correlated
(r¼ 0.93e0.99, p< 0.01) between the PMF1-h vs. PMF23-h solutions.
The contributions of the heavy oil combustion factor in the PMF1-h
solution were around half of those derived from the PMF23-h so-
lution (Fig. S29c). This is because the heavy oil combustion factor of
the PMF23-h solution contains higher fractions of major PM2.5 ele-
ments (e.g., K, Fe, Zn, Ca, and Si) in this work (Figs. S22c and 4c).
Unlike the 5-factor PMF1-h solution, an Hg emission factor, but not
the mechanical abrasion factor, was identified in the 5-factor
PMF23-h solution (Fig. S22f). So only four out of the five factors
were matched and correlated (r¼ 0.93e0.99, p< 0.01) between the
5-factor PMF1-h and 5-factor PMF23-h solutions (Fig. S30). The Hg
emission factor in the PMF23-h solution contributed an average of
25.7± 13.4% to the total elements mass, much higher than me-
chanical abrasion factor (5.85± 6.09%) in the PMF1-h solution,
which might be one reason for the difference in coal burning factor
contributions between the two PMF solutions (Fig. S30a). When the
factor number increased to 6, all factors determined with the 23-h
data set could be matched and correlated (r¼ 0.85e0.99, p< 0.01)
with those from the PMF1-h solution (Fig. 5). However, the Hg
emission factor of the PMF1-h and PMF23-h solutions have distinct
loadings of Pb (Figs. 4f and S22f), and the regression plot of the Hg
emission factor (Fig. 5f) is more scattered that other factors with the
lowest correlation coefficient (r¼ 0.85), suggesting that the con-
tributions of coal burning factor are partially misclassified as Hg
emission factor during the PMF analysis with 23-h data set.

4. Conclusions

In this work, the hourly measurements of PM2.5 elements con-
centrations enabled the identification of the influences from local
aerosol sources (e.g., traffic related) at specific time during the day.
For example, the increase of crustal elements (e.g., Fe, Ca, and Si)
concentrations in the morning suggested an influence from road
dust resuspension due to traffic activities. The diurnal and monthly
variations of elements concentrations reflected a mixture of in-
fluences from different emission sources and the changes in
meteorological conditions (e.g., PBLH). As such, high time-resolved
measurements data (e.g., 1-h) with greater inter-sample variability
should be more capable in extracting the impacts of specific
emission sources than long-time integrated sampling (e.g., daily),
and two data sets of elements concentrations with different time
resolution (1-h and 23-h) were applied for source apportionment
by using PMF model. The 4- and 6-factor PMF23-h solutions had
similar factor profiles and consistent factor contributions as the
corresponding PMF1-h solutions. These similarities provided reas-
surance on the identity of the sources. Although the PMF analysis
with 23-h data set can also identify local as well as regional sources,
it misclassified some elements to certain factors, leading to sub-
stantial difference in absolute factor contributions between PMF23-
h and PMF1-h solutions. For example, the 4-factor PMF23-h solution
over-attributed a number of major elements (e.g., K, Fe, Zn, Ca, and
Si) to the heavy oil combustion factor, and the 6-factor PMF23-h
solution misclassified Pb to the Hg emission factor, which might
be ascribed to the reduced inter-sample variability in the 23-h
averaged data set. These results support the use of high time-
resolved measurements data for PMF analysis to obtain valid and
robust source apportionment results.
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