
Atmos. Chem. Phys., 23, 14609–14626, 2023
https://doi.org/10.5194/acp-23-14609-2023
© Author(s) 2023. This work is distributed under
the Creative Commons Attribution 4.0 License.

R
esearch

article

Trace elements in PM2.5 aerosols in East Asian outflow in
the spring of 2018: emission, transport, and

source apportionment

Takuma Miyakawa1, Akinori Ito1, Chunmao Zhu1, Atsushi Shimizu2, Erika Matsumoto3,
Yusuke Mizuno3, and Yugo Kanaya1

1Research Institute for Global Change, Japan Agency for Marine-Earth Science and
Technology (JAMSTEC), Yokohama, 236-0001, Japan

2Regional Environment Conservation Division, National Institute for
Environmental Studies (NIES), Tsukuba, 305-8506, Japan

3HORIBA Ltd., Ohtsu, 520-0102, Japan

Correspondence: Takuma Miyakawa (miyakawat@jamstec.go.jp)

Received: 23 June 2023 – Discussion started: 30 June 2023
Revised: 6 October 2023 – Accepted: 13 October 2023 – Published: 27 November 2023

Abstract. Trace metals in aerosol particles impact Earth’s radiative budget, human health, and ocean biogeo-
chemistry. Semi-continuous measurements of the elemental composition of fine-mode (PM2.5) aerosols were
conducted using an automated X-ray fluorescence analyzer on a remote island of Japan during the spring of
2018. Temporal variations in mass concentrations of geochemically important elements for this period, such as
Pb, Cu, Si, Fe, and Mn, and their relationships with the emission tracers, carbon monoxide (CO) and black car-
bon (BC), were reported. The Integrated Massively Parallel Atmospheric Chemical Transport (IMPACT) model
was used to evaluate the source apportionment of these components and was evaluated in terms of emissions and
wet removal processes. Pb and Cu originated mainly from anthropogenic sources (98 % and 93 % on average,
respectively) over the East Asian continent. Positive correlations of Pb and Cu with BC and CO and the simi-
larity of their concentration-weighted trajectories indicated that the emission sources of these metals share the
region where the large CO (and BC) emission sources are located and that CO can be regarded as a tracer of
continental anthropogenic emissions. The air masses with minimized impacts of the wet removal during trans-
port were extracted to elucidate the “top-down” emission ratio of Pb and Cu to CO, which were, for the first
time, evaluated as 152.7 and 63.1 µg g−1, respectively, during the spring of 2018 in the East Asian outflow. The
analysis of the tagged tracer simulations by the IMPACT model confirmed that BC and Si could be used as trac-
ers for anthropogenic and dust emissions, respectively, during the observation period. The source apportionment
of Fe and Mn in PM2.5 aerosols was conducted using Si and BC tracers, which revealed that the anthropogenic
contribution was 17 % and 44 % on average, respectively. Based on the air mass origins of Fe and Mn, their an-
thropogenic fraction varied from 2 % to 29 % and 9 % to 68 %, respectively, during the high-PM2.5-concentration
periods. However, despite the non-dominant anthropogenic contributions of Fe, they could adversely affect hu-
man health and ocean biogeochemistry, owing to their higher water solubility. The modeled BC, Pb, Cu, and Fe
were evaluated by separately diagnosing their emission and transport. Ratios of modeled to observed concen-
trations for these components were analyzed in terms of the accumulated precipitation along the transport from
the East Asian continent. The current model simulations were found to overestimate the emissions (based on
the Community Emissions Data System, CEDS v2021-02-05) of BC by 44 % and underestimate Cu by 45 %,
anthropogenic Fe by 28 % in East Asia, and the wet deposition rates for BC and Pb. Overall, Cu in East Asia
exhibited a different nature from BC and Pb in terms of emission sources and wet removal.
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1 Introduction

Aerosol particles play essential roles in the atmosphere, as
they affect Earth’s radiative balance (Szopa et al., 2021, and
references therein), human health (e.g., Pope and Dockery,
2006), and ocean biogeochemistry (e.g., Tagliabue et al.,
2017). The significance of metallic elements in aerosol par-
ticles is under debate, even though their contribution to total
aerosol masses or aerosol optical depth is not always dom-
inant in various atmospheric environments (Myhre et al.,
2013). Recent studies suggest that airborne anthropogenic
iron oxide (FeOX) (e.g., magnetite) particles efficiently ab-
sorb solar radiation and have a significant impact on the re-
gional radiative forcing (Ito et al., 2021; Lamb et al., 2021;
Moteki et al., 2017). Transition metals in fine particles, such
as Cu, Mn, and Fe, have strong impacts on the formation
of reactive oxygen species (ROS) in cells (e.g., Charrier and
Anastasio, 2012). The oxidative potential of aerosol parti-
cles, which have the potential to generate ROS in cells and
cause oxidative stress to cells, has been a concern. Using the
mass concentrations of the PM2.5 aerosols (particulate matter
with an aerodynamic diameter smaller than 2.5 µm) obtained
from more than 60 sites worldwide, Lakey et al. (2016)
demonstrated a model simulation of ROS production in the
epithelial lining fluid (ELF) and showed that the ROS con-
centrations in the ELF increase with the increase in PM2.5
concentrations. They further suggested that the ROS con-
centrations greatly varied at the same levels as the PM2.5
concentrations and that this variability was attributed to the
constituents of the PM2.5 aerosols, such as transition met-
als and organics. In the ocean biogeochemical cycles, Fe
and Mn play a role as growth-limiting nutrients for marine
phytoplankton in high-nitrate, low-chlorophyll (HNLC) re-
gions such as the northwestern Pacific Ocean and Southern
Ocean, and the leachable fraction of Fe is a key to assessing
the bioaccessibility of Fe in the surface seawater (Mahowald
et al., 2018, and references therein). Some other trace met-
als can limit microbial biogeochemistry (e.g., Zn, Co, and
Mn; Moore et al., 2013), and their higher concentrations can
be toxic to some plankton (e.g., Cu; Jordi et al., 2012; Yang
et al., 2019). This indicates that atmospheric depositions of
these trace metals onto the ocean surface can alter the com-
munity composition and potentially inhibit biological pro-
ductivity.

Asia is recognized as one of the massive anthropogenic
emission regions of metallic aerosols (Pacyna and Pacyna,
2001). The concentration levels of trace metals in the East
Asian outflow have been characterized in some islands fac-
ing the Sea of Japan during 1988–1990 (Mukai and Suzuki,
1996) and the East China Sea during 2012–2014 (Shimada
et al., 2018). These studies suggested that the metal con-
centrations are elevated in the air masses transported from
the continent, while they are lowest in the summer when the

background air masses are frequently advected from the Pa-
cific Ocean. Mukai and Suzuki (1996) used monthly mean
data sets of almost 3 years (1988–1990) and reported the im-
portance of the effects of precipitation on the transbound-
ary transport of metallic elements, especially in fine-mode
aerosols, through the wet removal processes. They did not
rigorously investigate the impacts of the wet removal dur-
ing transport from the source regions due to technical data
limitations (e.g., longer-term filter sampling and the fol-
lowing chemical analyses). The wet removal of black car-
bon (BC) aerosols originating from combustion sources has
been investigated using high-temporal-resolution measure-
ments of BC and carbon monoxide (CO), which is inert
against wet removal processes and thereby considered a re-
liable tracer for the combustion sources (Choi et al., 2020;
Kanaya et al., 2016; Verma et al., 2011). They suggested that
the transport efficiency of BC from the continent to the out-
flow varied according to the air mass histories (e.g., trans-
port altitude below or above the cloud, strength of the pre-
cipitation during the transport). A recent study revealed the
decadal decreasing trends (2009–2019) of total PM2.5 and
BC aerosol concentrations in East Asian outflow, which can
be attributed to the rapid reduction of anthropogenic emis-
sions in China (Kanaya et al., 2020). Because atmospheric
concentrations of metallic aerosols emitted from combustion
sources are expected to be reduced, further studies are ur-
gently needed on recent concentration levels with high tem-
poral resolution (e.g., Fang et al., 2015; Liu et al., 2019) and
their atmospheric behaviors such as transport and removal
(e.g., Yoshida et al., 2020) to understand the responses of
metallic aerosols in East Asia to the emission regulations and
predict future climate change affecting atmospheric trans-
port.

Modeling attempts for the simulation of the multi-
elemental compositions of atmospheric aerosols have been
challenging. Only limited studies have tackled this issue, es-
pecially in East Asia (Chatani et al., 2021; Kajino et al.,
2020, 2021). The Integrated Massively Parallel Atmospheric
Chemical Transport Model (IMPACT; e.g., Ito et al., 2023)
can accurately simulate the concentrations of Fe aerosols
and the variations in its bioaccessibility by considering the
chemical aging process. Recently, the IMPACT model was
refined to simulate the multi-elemental compositions of at-
mospheric aerosols, and the IMPACT model was evaluated
in terms of its global-scale applicability in a previous study
(Ito and Miyakawa, 2023).

The conventional way to accurately quantify the elemen-
tal compositions, for example, by inductively coupled plasma
mass spectrometry (ICP-MS), requires large-volume air sam-
pling and time- and cost-consuming destructive pretreatment
steps for the analyses. Unlike ICP-MS, the X-ray fluores-
cence (XRF) technique has the benefit of easily conducting
non-destructive analysis of many samples. A continuous par-
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ticulate monitor with the XRF analysis (PX-375) has been
developed by HORIBA Ltd. (Asano et al., 2017). In this
study, to investigate the emission and transport of trace met-
als in PM2.5 aerosols from the East Asian continent, PX-375
was deployed on Fukue Island (Kanaya et al., 2016, 2020;
Miyakawa et al., 2017, 2019) in the spring (March–April–
May) of 2018. Furthermore, co-located measurements of BC
and CO concentrations (Kanaya et al., 2016) were integrated
into the detailed data analyses to investigate the emission and
transport of targeted metallic elements. The IMPACT model
was evaluated in terms of emission and transport of the tar-
geted metallic elements in PM2.5 aerosols and was used to
investigate the source apportionment of metals in East Asian
outflow based on tagged tracer simulation results.

2 Material and methods

2.1 Observations

Continuous measurement of trace gases and PM2.5 aerosols
has been conducted on Fukue Island, which is a remote is-
land in western Japan, since February 2009 (Kanaya et al.,
2016). The observation site was located at the Fukue Is-
land Atmospheric Environment Monitoring Station (Fukue
site; 32.75◦ N, 128.68◦ E). The mixing ratio of CO was mea-
sured using a nondispersive infrared (NDIR) CO monitor
(model 48C, Thermo Scientific, Inc., USA), and mass con-
centrations of fine particles (PM2.5) and BC were measured
using the Synchronized Hybrid Ambient Real-time Particu-
late (SHARP) monitor (model 5030, Thermo Scientific, Inc.,
USA) and Multi-Angle Absorption Photometer (MAAP;
model 5012, Thermo Scientific, Inc., USA), respectively. Ac-
cording to the intercomparison studies between MAAP and
other independent instruments (Kanaya et al., 2013, 2016;
Miyakawa et al., 2019), the mass absorption cross section
for the MAAP was modified from the manufacturer’s recom-
mendation of 6.6 to 10.3 m2 g−1. The BC observations using
the MAAP were evaluated by the Single-Particle Soot Pho-
tometer (SP2; Droplet Measurement Technologies, Long-
mont, Colorado, USA) (Miyakawa et al., 2019). Details of
the CO and PM2.5 measurements are outlined in Kanaya et
al. (2016, 2020), some of which revealed that the elevated
concentrations of CO, BC, and PM2.5 at the observation site
were mainly affected by the transboundary transport of pol-
luted air masses from the Asian continent (i.e., long-range
transport), with negligible impact of local emission sources
(e.g., Kanaya et al., 2016).

Elemental compositions of PM2.5 aerosols were measured
using a continuous particulate monitor with the XRF analy-
sis (PX-375, HORIBA Ltd., Kyoto, Japan). The instrumental
design is described in Asano et al. (2017). However, the in-
strument can be briefly described as follows: PX-375 consists
of a collection unit for aerosol particles on a filter, the mea-
surement unit for the mass of the collected aerosol particles,
and an XRF analysis chamber; the filter tape used for the

particle collection was fabricated by HORIBA Ltd. (TFH-
01, HORIBA Ltd.); and TFH-01 is a polytetrafluoroethylene
(PTFE) filter with non-woven fabric polyethylene (PE) and
polyethylene terephthalate (PET) backing, which was de-
signed to mechanically strengthen the filter structure. The
total mass of PM2.5 aerosols collected on the filter was ana-
lyzed using a radiocarbon-based beta-ray attenuation method
during the particle collection. The 4-hourly PM2.5 mass con-
centrations measured using the PX-375 were compared with
those measured using the SHARP monitor. PX-375-derived
PM2.5 mass concentrations were found to be in good agree-
ment (within 10 %) with those observed by the SHARP mon-
itor. After sampling, a particle-laden spot on the filter was
transferred into the XRF analysis chamber by advancing the
filter roll tape and then analyzed by the XRF technique. The
ambient air was drawn at 16.7 L min−1 through the PM2.5 cy-
clone (URG-2000-30EH, URG Corp., North Carolina, USA)
into the PX-375 instrument. During the observation period,
the PM2.5 aerosol particles were collected for 4 h, and the
XRF analyses were performed with 4000 s of X-ray irradi-
ation at 15 and 50 kV. The typical volume of the sampled
air was 4 m3 per particle-laden spot. The limits of detection
(LODs) were evaluated by repeated measurements placing
the high-efficiency particulate air (HEPA) filter in front of the
PX-375 to introduce particle-free air into the PX-375. The
LODs were defined as 3 times the standard deviations of the
measured values by the PX-375 at the observation site and
were evaluated to be 1.57, 0.28, 0.70, 0.69, 25.6, 18.3, 1.95,
8.50, and 9.50 ng m−3 for Fe, Pb, Cu, Mn, K, Cl, Ca, Si, and
S as sulfate, respectively. The particle-laden spots on the fil-
ter roll tape were cut into pieces after the observation period
and then stored in the refrigerator (at approximately−20 ◦C).
The particle spots can be reanalyzed by different techniques
(e.g., Zhu et al., 2021). In this study, particle spots collected
before these observations were reanalyzed for the recalibra-
tions of the on-site measurements using different chemical
analysis techniques: ion chromatography (IC) for Cl (as chlo-
ride) and S (as sulfate) and ICP-MS for Fe, Pb, Mn, Cu, Mn,
K, and Ca. Based on the intercomparison results (linear re-
gression slopes and their variances), the relative errors in the
on-site measurements of the concentrations of Cl, S, Fe, Pb,
Mn, Cu, K, and Ca were evaluated to be 66 %, 6 %, 26 %,
15 %, 23 %, 30 %, 28 %, and 33 %, respectively.

Lidar-derived aerosol extinction coefficients at 532 nm
(e.g., Shimizu et al., 2015) were analyzed to investigate the
impacts of Asian dust on the measured aerosol concentra-
tions. The lidar measurements at the same site were part of
the lidar network over Asia and are maintained by the Na-
tional Institute for Environmental Studies in Japan (Shimizu
et al., 2004; Sugimoto et al., 2003). The contribution of dust
to the lidar-derived aerosol extinction coefficient was esti-
mated using the aerosol depolarization ratio, assuming that
dust particles are externally mixed with spherical particles.
All the lidar data were obtained with 15 min temporal and
30 m vertical resolutions. The dust aerosol extinction coeffi-
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cients near the surface were estimated by averaging the dust
extinction coefficients between heights of 120 and 240 m (the
contribution below 120 m was not measured and, thereby,
was omitted in this study) and were merged into 4-hourly el-
emental composition data sets. Note that the lidar measured
the particles for the whole size range, including coarse parti-
cles (> 2.5 µm in diameter), unlike the in situ measurements
using the PX-375.

2.2 Meteorological data and air mass origin analyses

Backward trajectories were calculated from the observation
site to elucidate the impact of Asian outflow. The 5 d back-
ward trajectories from the observation site (at a starting alti-
tude of 0.5, 1.0, and 1.5 km) were calculated every hour us-
ing the NOAA Hybrid Single-Particle Lagrangian Integrated
Trajectory Model (Stein et al., 2015) with the meteorologi-
cal data sets with a resolution of 1◦ in latitude and longitude
(NCEP’s GDAS). The accumulated precipitation along tra-
jectories (APT) for 3 d before the measurement was calcu-
lated to discuss the wet removal during transport (Kanaya
et al., 2016; Miyakawa et al., 2017). The concentration-
weighted trajectory (CWT) for a pollutant in a particular grid
of latitude and longitude (i,j ) was measured to determine
the pollutant source strength in a grid of a receptor site. In
this study, this analysis was applied to the 4-hourly aerosol
mass concentrations observed at the observation site. The
CWT for the aerosol concentrations was determined as fol-
lows (Kabashnikov et al., 2011):

CWTi,j =
∑L

k=1

(
Ck · τi,j,k

)
/
∑L

k=1
τi,j,k, (1)

where Ck is the mass concentrations of total and selected
contents in PM2.5 aerosols corresponding to the arrival of
backward trajectory k; τi,j,k is the residence time of trajec-
tory segment endpoints in the grid cell (latitude i and longi-
tude j ) for backward trajectory k; and L is the total number
of backward trajectories (6600).

Since the 4-hourly concentrations are discussed in this
study, the same values of Ck for hourly-calculated backward
trajectories for a 4 h duration were used for calculating the
CWT. The resolution of a grid cell was 1◦ in latitude and
longitude. τi,j,k was determined by counting the number of
the calculated hourly trajectory segment endpoints only be-
low 2 km altitude in each grid cell for each trajectory. The
reason for limiting the altitude for counting backward tra-
jectories to below 2 km was to investigate the impact of the
surface emission sources over the land area.

2.3 Integrated Massively Parallel Atmospheric Chemical
Transport model

In this study, the IMPACT model (Ito and Miyakawa,
2023, and references therein) was deployed to simulate
three-dimensional distribution of the atmospheric composi-
tion including targeted aerosol species, such as Fe. Ito and

Miyakawa (2023) modified the IMPACT model to expand
its capability to simulate elements other than Fe, including
Pb, Cu, Mn, and Si. They improved the IMPACT model to
include metal smelting as an emission source of Fe, which
has not been evaluated well in previous studies. The simu-
lated atmospheric constituents of CO, BC, sulfate, Pb, Cu,
Mn, and Fe concentrations were compared with the observa-
tions of this study. Source apportionment of trace elements
in PM2.5 aerosols was also analyzed based on the tagged
tracer simulations using the IMPACT model, which can sepa-
rately simulate lithogenic (i.e., mineral dust), pyrogenic (i.e.,
biomass burning), and anthropogenic (combustion and non-
combustion) contributions of the selected species such as sul-
fate, BC, and Fe in PM2.5 aerosols. A brief description of the
IMPACT model related to BC and the trace metals is given
in the following.

The model simulations were performed using a horizontal
resolution of 2.0◦× 2.5◦ (latitude× longitude) and 47 verti-
cal layers. An emission inventory, the Community Emissions
Data System (CEDS v-2021-02-05; O’Rourke et al., 2021),
was used for fine particulate matter and BC emitted from an-
thropogenic sources. The metal content of PM2.5 aerosols
from lithogenic, pyrogenic, and anthropogenic sources was
obtained from the compilation of source-specific aerosol
measurements (Ito et al., 2018; Kajino et al., 2020; Reff et
al., 2009). Because the CEDS does not include the emission
of BC (a combustion source tracer) from the metal produc-
tion sector (e.g., the production of iron and steel, aluminum,
and other non-ferrous metals), Fe emissions from the metal
production sector were estimated by scaling sulfur dioxide
(SO2) emission from the CEDS based on the relative emis-
sions of Fe to SO2 (Rathod et al., 2020) in each country.
The simulation with the low estimate of smelting Fe emis-
sion factors showed the best agreement with the observa-
tions at the Fukue site, suggesting efficient and effective air
quality management control strategies for the smelting facil-
ities in East Asia (Ito and Miyakawa, 2023). Thus, we did
not consider the smelting sources for other elements in the
base version of the IMPACT model. Nevertheless, the filter-
ing units only have a certain efficiency, leading to an avoid-
able release of air pollutants from the smelting facilities (e.g.,
Barcan, 2002; Sorooshian et al., 2012). In this study, the
concentrations of Cu emitted from the Cu smelting sources
(CuCuSmelt) were estimated in the following way. We calcu-
lated the averages of Cu content (11.35± 6.53 wt %) and Fe
content (1.37± 0.47 wt %) in stack particulates emitted from
three Cu smelters (Skeaff et al., 2011) and then used their ra-
tio, (Cu/Fe)CuSmelt, of 8.31 wt % wt %−1 as a scaling factor
to estimate the CuCuSmelt concentrations using the Fe emis-
sions from the Cu smelting sources in the improved version
of the IMPACT model. Note that the resuspended road dust
from mechanically generated tire or brake wear, which can
be an important non-combustion source of Cu, is not explic-
itly simulated by the IMPACT model.
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The IMPACT model simulated the wet removal processes
through the in-cloud (e.g., Ito and Xu et al., 2014) and below-
cloud scavenging (Ito and Kok, 2017). All the metal compo-
nents are removed at the same rates as BC (i.e., no differences
in the removal efficiencies among elements in anthropogenic
aerosols) in the model simulations, assuming internal mixing
of BC and trace elements (e.g., Ito and Feng, 2010), which
will be discussed in the later section.

3 Results and discussion

3.1 Meteorology

During the spring season, typical meteorological conditions
in East Asian outflow were reported in our previous stud-
ies (Kanaya et al., 2016; Miyakawa et al., 2017, 2019). The
mid-latitude region (35–50◦ N, 120–140◦ E) in East Asia is
influenced by a modest monsoonal northwesterly flow from
the continent to the observation area, whereas the subtropical
region (20–30◦ N, 110–130◦ E) is influenced by a persistent
southwesterly flow, part of which converges into the obser-
vation area, confluent with the north westerlies from the con-
tinent. As the low-level southerly flow transports warm and
moist air into the observation area to sustain a large amount
of precipitation, the transport efficiency of aerosol particles
in these air masses is low due to wet removal. These sim-
ilar transport patterns were observed in the spring of 2018
(Fig. S1 in the Supplement). From March to May 2018, the
air masses were frequently transported directly from the East
Asian continent (not via mainland Japan) to the observation
site on Fukue Island (Fig. S2). The APT had no distinct sea-
sonal progressions in the spring of 2018 and had no corre-
lation with the residence time over the continent (Fig. S3).
Thus, there was no significant bias of air mass origins and
pathways concerning the data selection of air masses with
non-zero or zero APT.

3.2 Springtime PM2.5 aerosols in the East Asian outflow
in 2018

The temporal variations of PM2.5 aerosols, sulfate, Si, Fe, Ca,
Mn, Pb, Cu, BC, and CO concentrations in the spring of 2018
are shown in Fig. 1. The multi-elemental characterizations
of PM2.5 aerosols successfully captured the source-specific
temporal variations among elements. For example, in the
middle of April (15–19 April 2018), at a strong dust event,
no large impact of anthropogenic emissions (no large en-
hancement of CO, BC, and sulfate) was observed by the PX-
375. At the end of March (25–26 March 2018), BC, CO, Pb,
Cu, and sulfate concentrations were found to be enhanced,
whereas dust-related elements such as Si and Ca showed rel-
atively low concentrations compared to the middle of April
2018. Furthermore, three selected periods (P1, 25–26 March
2018; P2, 15–18 April 2018; and P3, 29 April 2018) when
the Japanese short-term air quality standard (AQS) for PM2.5

was violated (daily concentration > 35 µg m−3) are high-
lighted in this study. The 5 d backward trajectories for P1, P2,
and P3 are also shown in Fig. 1. For P1 and P3, large com-
bustion source areas (Fig. S4) were the air mass pathways,
whereas the Gobi Desert could be a possible dust source area
for P2. This is consistent with the observed temporal changes
in the concentrations of atmospheric compositions, including
anthropogenic combustion tracer (CO and BC), dust tracer
(Si), and secondary formation tracer (sulfate). During P2, Si,
Ca, Mn, and Fe were abundant in the compositions of dust
particles and showed the highest concentrations in the study
period.

The CWTs of PM2.5, sulfate, Pb, Cu, BC, and Fe are
shown in Fig. 2. The spatial distributions of CWTs of Pb
and Cu were similar to those of BC and emissions of CO
(Fig. S4), indicating that these elements share strong emis-
sion regions with CO, where anthropogenic combustion
sources dominate. On the contrary, the CWTs of Fe were
found to be clearly different from them. The dust aerosols
were found to be transported from the desert regions (e.g.,
the Gobi Desert) and be important for the large enhancement
of Fe concentrations in the East Asian outflow.

3.3 Outlook on the concentrations and source
apportionment of selected components simulated
using the IMPACT model

The performance of the IMPACT model predicting the con-
centrations of selected aerosol components (BC, Fe, Si, Pb,
and Cu) in PM2.5 aerosols has already been described by Ito
and Miyakawa (2023). The normalized mean biases, NMBs
(Pearson’s correlation coefficients, r), were calculated to be
52 % (0.74), 11 % (0.69), 10 % (0.65), −14 % (0.79), −51 %
(0.67), −15 % (0.65), and −66 % (0.59) for BC, Fe, Si, Pb,
Cu, Ca, and Mn, respectively. This indicated that (1) the con-
centrations of Fe, Si, Pb, and Ca were reasonably well pre-
dicted (NMB<±20 %) as their r values were high (0.65–
0.79), (2) the concentrations of Cu and Mn had large neg-
ative NMB values (NMB<−50 %) with moderately high r
values (0.59–0.67), and (3) the concentrations of BC were
overestimated but with a high r value (> 0.7).

The tagged tracer analyses using the IMPACT model
simulations suggested that the observed concentrations
of BC, Pb, and Cu on Fukue Island were dominated
by anthropogenic sources over the East Asian continent
(concentration-weighted averages of 94 %, 99 %, and 93 %,
respectively), and Si originated from desert areas over the
East Asian continent (concentration-weighted average of
92 %) during the study period. Miyakawa et al. (2019) used
radiocarbon and molecular marker analyses for the carbona-
ceous aerosols and found that fossil fuel combustion was
the dominant source of BC (approximately 90 %) in East
Asian outflow in the spring of 2015, which is consistent
with the dominant anthropogenic contribution to BC con-
centrations modeled in this study. Ca in PM2.5 aerosols was
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Figure 1. Temporal variations of concentrations of (a) PM2.5 (black) and sulfate (red); (b) black carbon (BC) (black), Pb (magenta), Cu
(blue), and carbon monoxide (CO) (gray); and (c) Si (brown), Ca (orange), and Fe (black). The selected periods when the Japanese short-term
AQS for PM2.5 was violated (daily PM2.5> 35 µg m−3) are highlighted by the shaded areas. (d, e, f) The 5 d backward trajectories for the
selected periods P1 (25–26 March 2018), P2 (15–18 April 2018), and P3 (29 April 2018).

also primarily affected by dust (concentration-weighted av-
erage of 71 %), whereas sea sprays contributed secondarily
(concentration-weighted average of 17 %), which is higher
than anthropogenic contributions (concentration-weighted
average of 10 %). It was found that natural sources were im-
portant for the observed Ca concentrations in PM2.5 aerosols
and that Si is a better tracer for dust aerosols than Ca.

In this study, the emission and transport of the anthro-
pogenic components BC, Pb, and Cu in PM2.5 aerosols and
the source apportionment of Fe and Mn in PM2.5 aerosols
were investigated using specific tracers for the anthropogenic
and dust emissions via the evaluations of the IMPACT model
performances. The former, as discussed in Sect. 3.4, included
the evaluations of the emission ratios of Pb and Cu with BC
and CO, the wet removals of Pb and Cu, and the compar-
isons of the observations with the model simulations. The
latter, as discussed in Sect. 3.5, included the analyses of the
source apportionment results in terms of the elemental com-
position of PM2.5 dust aerosols and the enhancement ratios
of anthropogenic Fe and Mn to BC in the springtime East
Asian outflow.

3.4 Emissions and transport of anthropogenic aerosol
components (BC, Pb, and Cu)

Pb, Cu, and a combustion tracer, BC, were analyzed in terms
of their emission and transport in the East Asian outflow, con-
sidering the dominance of their anthropogenic sources based
on the IMPACT model results (Sect. 3.3). Pb and Cu showed
a positive correlation with BC (r2

= 0.72 and 0.66, respec-
tively; Fig. 3), which is consistent with their temporal vari-
ations (Fig. 1b). Because BC aerosol particles in the East
Asian outflow are efficiently removed from the atmosphere
by the in-cloud scavenging and the subsequent precipitation
(Kanaya et al., 2016; Miyakawa et al., 2017; Moteki et al.,
2012), Pb and Cu can also be affected by these processes dur-
ing transport. The correlations of Pb and Cu with CO were
investigated to examine the removal of Pb and Cu relative
to CO. In this study, the enhancement of CO from its back-
ground was used for this analysis because CO has a longer
lifetime of approximately 2 months than a typical transport
timescale from the East Asian continent to Fukue Island (ap-
proximately 2d; Kanaya et al., 2016) and does not get af-
fected by wet deposition processes. The enhancement of CO
from its background CObkg (1CO≡CO−CObkg) was cal-
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Figure 2. Concentration-weighted trajectories of PM2.5, sulfate (SO2−
4 ), Pb, Cu, black carbon (BC), and Fe during the study period. Color

scales are adjusted to the same range of 10 %–90 % of their concentration values for all the plots. The location of Fukue Island is indicated
by open circles.

culated following Kanaya et al. (2016, 2020). Figure 3c and d
depict the correlations of Pb and Cu with1CO, respectively,
and show that Pb has a better correlation with BC and CO
than Cu. This indicates that Cu possibly has different emis-
sion sources from BC, Pb, and CO in East Asia, even though
the similarity of their geospatial patterns was indicated by
the CWTs for BC, Pb, and Cu. The data sets of Pb and Cu
were classified into APT> 1 and≤ 1 mm (i.e., more and less
affected by the wet removal, respectively) to roughly diag-
nose the effects of wet removal on the transport of Pb and Cu
(Fig. 3c and d). Notably, the relative enhancement of Pb to
1CO was smaller for the APT> 1 mm than for that ≤ 1 mm.

To compensate for the concentration changes induced by
the atmospheric dilution during the transport, the concen-
trations of X (X =BC, Pb, and Cu) normalized by the

longer-lived species concentrations were analyzed to diag-
nose the transport efficiency. The enhancement ratios of com-
ponent X to CO, 1X/1CO, during the observation pe-
riod were evaluated by selecting the data with an APT of
zero (Table 1). The background levels for BC, Pb, and Cu
were assumed to be zero (Kanaya et al., 2016; Miyakawa
et al., 2017). The emission ratios of X to CO (ERXtoCO)
were determined by selecting the data points of 1X/1CO
when1CO was> 20 ppb, continental air masses were trans-
ported, concentrations of Pb and Cu were higher than their
LOD, and the APT equaled zero (i.e., no precipitation dur-
ing the transport), which was basically the same as the
method given by Kanaya et al. (2016). The ERXtoCO values
for X=BC, Pb, and Cu during the entire observation pe-
riod (March, April, and May; MAM) were evaluated to be
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Figure 3. Correlations of black carbon (BC) with Pb (a) and Cu (b) and the enhancement of carbon monoxide above the background (1CO
≡ CO−CObkg) with Pb (c) and Cu (d). In (c) and (d), the data points with the accumulated precipitation along trajectories (APT) higher
than 1 mm are highlighted as black circles.

4.75 (±1.39) ng m−3 ppb−1, 177.8 (±88.8) pg m−3 ppb−1,
and 73.5 (±42.2) pg m−3 ppb−1, respectively. Because no
significant difference (p> 0.05) was found in the ERXtoCO
for BC, Pb, and Cu between April and May in 2018, they
were merged into one data set group “April–May” in 2018.
The ERXtoCO for Pb and Cu had relatively large and signifi-
cant differences (p < 0.01) between March and April–May
in 2018 compared to that for BC, indicating the seasonal
variations in emission ratios of the anthropogenic sources of
Pb and Cu over the East Asian continent. To the best of our
knowledge, this is the first attempt to evaluate the emission
ratios of Pb and Cu to CO in East Asia.

ERXtoCO values were used to calculate the transport ef-
ficiency of X (TEX) as (1X/1CO) /ERXtoCO. Figure 4
depicts TEBC, TEPb, and TECu as functions of the APT.
As a reference, the long-term mean TEBC–APT relationship
(2009–2015) evaluated by Kanaya et al. (2016) was com-
pared. While TEPb showed a similar relationship with the
APT to TEBC, the decreasing trend of the TECu–APT rela-
tionship was not steep, probably because Cu has character-
istics of emission, size distributions, and mixing states dif-
ferent from BC and Pb. Previous studies in urban cities il-
lustrated that Cu exhibited different size distributions from
other components such as Pb (e.g., Yang et al., 2023) and BC
(e.g., Fang et al., 2017). Kinase et al. (2022) reported con-

tinuous observations of trace metals in PM2.5 aerosols in an
urban area of western Japan and showed that Cu concentra-
tions were poorly correlated (r2

= 0.17) with Pb concentra-
tions when the local impact was significant and that approxi-
mately 60 % of Cu-containing particles did not contain Pb as
analyzed using an electron microscopic technique. Because
the length of the observation periods and the number of data
points were limited, the development of robust fit functions
was difficult in this study. TEPb decreased with an increase
in the APT, similar to TEBC. Although the tendency of TECu
was not as steep as that of TEBC and TEPb, its values were
significantly less than unity (p < 0.01) for the data points
with APT values higher than 0.5 mm. Consequently, the con-
centrations of BC, Pb, and Cu in PM2.5 aerosols can be con-
cluded to be affected by the wet removal during transport in
the East Asian outflow in the spring of 2018.

Modeled BC, Pb, and Cu concentrations were evaluated
in terms of the APT (Figs. 5 and S5). The IMPACT model
reasonably predicted the concentrations of Pb and overesti-
mated those of BC by 44 % for the data with APT< 1 mm
(i.e., small impact of the wet removal during the transport).
For BC and Pb, the ratios of modeled to observed concen-
trations (M/O) with wet removal impacts were higher than
those with no precipitation. This result and the observed de-
creasing trend of TEBC and TEPb with the increasing APT
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Table 1. ERXtoCO in the East Asian outflow.

ERBCtoCO ERPbtoCO ERCutoCO

[ng m−3 ppb−1] [pg m−3 ppb−1] [pg m−3 ppb−1]

Month Avg. SD N Avg. SD N Avg. SD N

March 4.22 1.04 42 157.6 82.0 42 46.7 19.7 42
April 5.27 1.53 42 190.2 89.6 42 94.7 40.8 41
May 4.94 1.13 4 258.4 76.5 4 137.0 43.4 4
Apr–May 5.24 1.49 46 196.1 91.7 46 98.5 42.3 45
MAM∗ 4.75 1.39 88 177.8 88.8 88 73.5 42.2 87

∗ MAM indicates March, April, and May of 2018 (i.e., the entire observation period).

Figure 4. Transport efficiency for black carbon (BC) (a), Pb (b), and Cu (c) as a function of accumulated precipitation along trajectories
(APT) during the observation period. Shaded markers for 4-hourly data points are differentiated by the month (circles, March; squares, April;
and triangles, May). Filled black markers and error bars represent the binned averages and standard deviations. As a reference of the long-
term tendency, the relationship between TEBC and the APT in East Asia evaluated by our previous study (Kanaya et al., 2016) is overlaid in
all the figures (solid lines).

indicate that the wet removal processes for BC and Pb were
weaker in the IMPACT model than in reality. The IMPACT
model systematically underestimated the concentrations of
Cu by 45 % on average, indicating that the anthropogenic
Cu emission inventory used in this study needs revision. We
analyzed the observation–model differences for Cu in the
base simulation, with CuCuSmelt calculated in the improved
simulation (Fig. S6). Although the correlation for 4-hourly
data set is scattered (r2

= 0.22), the bias can be mostly (at
least > 60 % on average) accounted for by the Cu smelting
sources. The large variability in the bias–CuCuSmelt correla-
tion is likely caused by that (Cu/Fe)CuSmelt can be highly
variable depending on the phase of processes and the types
of the smelting facilities (e.g., Barcan, 2002; Skeaff et al.,
2011) and size-dependent (Sorooshian et al., 2012), the lat-
ter of which showed the smaller values of (Cu/Fe)CuSmelt
for submicron particles than supermicron particles. Given
the large uncertainties, the improved simulation evaluated
the average contribution of CuCuSmelt to total Cu as 40.5 %
(±5.2 %). The tire or brake wear emissions from road trans-
port (i.e., road brake, Kajino et al., 2020) are other possible
causes of the underestimation because a laboratory experi-

ment study indicated that most Cu-containing particles from
brake wear existed in the fine mode (i.e., PM2.5) (Hagino
et al., 2016). Therefore, more detailed characterizations of
Cu emissions from non-combustion sources such as smelt-
ing and road brakes are critically needed.

The trend of M/O ratios against the APT for Cu in the base
and improved simulations showed no substantial increasing
trend, similar to BC and Pb. This is caused by the difference
in the TE–APT relationship for BC, Pb, and Cu between the
observation and the model simulations (Fig. S7). Although
the APT was not a strong forcing factor of TECu, the re-
moval processes of Cu were not properly simulated by the
IMPACT model, as indicated by the relationship between the
M/O ratios and TE for BC, Pb, and Cu, as shown in Fig. S8.
We found that the wet removal of aerosols in the IMPACT
model needs to be revised.
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Figure 5. Model / observed (M/O) ratios for (a) black carbon (BC),
(b) Pb, (c) Cu (base simulation), and (d) Cu (improved simula-
tion) as a function of the accumulated precipitation along trajec-
tories (APT) during the observation period. Shaded cross markers
represent all 4-hourly data points with data higher than the limits of
detection of BC, Pb, and Cu. Circles with the error bars are binned
averages and standard deviations and are colored by the statistical
significance of the differences in the M/O ratios from that at an
APT of 0 (Student’s t test results of p < 0.01, red, 0.01< p < 0.05,
black, and p > 0.05, blue). The dashed lines depict the boundaries
of a factor of 2.

3.5 Source apportionment analyses

3.5.1 Validation of multiple linear regression analysis for
source apportionment

Based on the IMPACT model simulations, Si and BC can be
used as excellent tracers for dust and anthropogenic primary
emission sources, respectively; therefore, the source appor-
tionment of Fe and Mn in PM2.5 aerosols can be performed
using these tracers. Source apportionment of PM2.5 aerosols

was conducted using the observed BC, Si, and sulfate con-
centrations ([BC]t , [Si]t , and [SO2−

4 ]t , respectively) to val-
idate the use of these tracers for the source apportionment
of Fe and Mn. Because [BC]t showed a positive correlation
with [SO2−

4 ]t (Fig. S9), the temporal variations of BC may
not be completely independent of those of sulfate. However,
BC showed a better correlation with an independent combus-
tion source tracer of CO than sulfate (Fig. S9), indicating that
the temporal variations of BC concentrations can account for
those of both anthropogenic aerosols and a part of secondary
aerosol concentrations. Additionally, sulfate concentrations
can be used to constrain the secondary formation component
in PM2.5 aerosols through the aqueous phase reactions inside
aerosol particles and cloud droplets, which cannot be repre-
sented by the temporal variations of BC concentrations. Con-
sequently, it can be concluded that both BC and sulfate can be
used for the multiple linear regression (MLR) analysis. The
validity of selecting Si, BC, and SO2−

4 as the input variables
for the MLR models is described in Sect. S1 of the support-
ing information. The observed temporal variations of PM2.5
aerosol concentrations ([PM2.5]t ) were fitted in the following
MLR model:

[PM2.5]t = gBC ·[BC]t+gSi ·[Si]t+gsulfate ·[SO2−
4 ]t+C (2)

The coefficients gX (X =BC, Si, and sulfate) and C (i.e.,
constant term) were determined by the least-squares method.
As the coefficient of determination of the correlation be-
tween reconstructed and observed PM2.5 concentrations was
0.85 (Fig. S11), this linear combination model accounts for
most of the observed variances in PM2.5 concentrations. C
was evaluated to be 4.95 (±0.60) µg m−3, which can corre-
spond to the background level of PM2.5 concentration (in-
cluding sea-salt aerosols) in the East Asian outflow in the
spring of 2018. Figure 6a depicts the temporal variations of
the observed and source-classified concentrations of PM2.5
aerosols during the observation period. The concentrations
and contributions of BC-, sulfate-, and dust-related aerosols
in PM2.5 aerosols for the entire and selected periods are
shown in Fig. 6b. The highest concentrations and dominant
contributions of dust-related aerosols were observed during
P2, which is consistent with the air mass transport presented
in Sect. 3.2. An independent method, co-located lidar mea-
surement at the same site, was applied to validate our source
apportionment results for the dust contribution (Fig. 6c and
d). Lidar-derived dust contribution to total extinction near
the surface was positively correlated with the estimated dust
contributions to total PM2.5 (i.e., gSi· [Si]t/[PM2.5]t ) for the
selected periods (P1, P2, and P3) at higher aerosol loadings
during the observation periods. These considerations indicate
that this approach can successfully analyze the source ap-
portionment of PM2.5 aerosols, especially dust and non-dust
contributions, using the temporal variations of tracer com-
pounds.
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Figure 6. (a) Temporal variations of the observed PM2.5 (black) and estimated BC-related PM2.5 (blue), sulfate-related PM2.5 (red),
and dust-related PM2.5 (brown) on Fukue Island. The selected periods when the Japanese air quality standard for the short-term (daily
PM2.5> 35 µg m−3) was violated are highlighted by shaded areas. (b) Average observed concentrations of PM2.5 (black bars) and those
reconstructed using the tracers (colored bars: BC-related, blue, sulfate-related, red, dust, brown, and background, white) for the entire period
and selected periods (P1, P2, and P3). The error bars are standard deviations. (c) Temporal variations of the observed total extinction coef-
ficient (black) and classified dust extinction coefficient (brown) at the altitude of 120–240 m on Fukue Island. (d) Correlation between the
estimated contribution of dust to PM2.5 mass and the lidar-derived contribution of dust to total extinction at the altitude of 120–240 m (black
for the selected periods (P1, P2, and P3) and shaded for other periods).

3.5.2 Source apportionment of Fe and Mn

Because the estimation of the dust contribution using Si as
a tracer was validated in Sect. 3.5.1, the same approach was
applied to the observation-based source apportionment of Fe
and Mn. The IMPACT model simulations suggested that the
Fe and Mn concentrations at the observation site were af-
fected by anthropogenic and lithogenic sources, with negli-
gible impact from biomass burning during the spring of 2018
(Ito and Miyakawa, 2023). Equation (2) for the source appor-
tionment of PM2.5 was modified into the following:

[Y ]t = gBC,Y · [BC]t + gSi,Y · [Si]t +CY , (3)

where gX,Y (X =BC and Si; Y =Fe and Mn) and CY (con-
stant term) were determined by the least-squares method.
Notably, the BC-related components of Fe and Mn can be re-
garded as their anthropogenic contributions due to the lack of
secondary formation processes for Fe and Mn. CFe and CMn
were almost zero in this study. As the coefficients of determi-
nation of the correlation between reconstructed and observed
Fe and Mn concentrations were 0.97 and 0.92, respectively

(Fig. S11), this linear combination model also accounts for
almost all the observed variances of Fe and Mn concentra-
tions. The anthropogenic contribution to total Fe in PM2.5
aerosols was 17 % (±11 %) on average, which was similar
to that simulated by the IMPACT model (22± 17 %). Fur-
thermore, the derived range was comparable to that (10 %–
50 %) estimated using the stable isotope ratio of Fe (δ56Fe)
of PM2.5 aerosols transported from the East Asian continent
to the northwestern Pacific Ocean (Kurisu et al., 2021). The
anthropogenic contribution to total Mn in PM2.5 aerosols was
44 % (±20 %) on average, which was in reasonable agree-
ment with that simulated by the IMPACT model (42± 23 %)
and was higher than that of Fe. Variations in the anthro-
pogenic and dust contributions to total Fe and Mn concentra-
tions in PM2.5 aerosols are discussed further in the following
section.

The derived anthropogenic- and dust-Fe concentrations
showed reasonable agreements with those simulated by the
IMPACT model (most of the data points fell into the range
of the factor of 2; Fig. S12). The M/O ratios for both anthro-
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pogenic and dust Fe with no precipitation (APT= 0) were
approximately 0.7, which was lower than expected from the
M/O ratios for total Fe for all the data with or without the
impacts of the precipitation, as indicated in Sect. 3.3. Be-
cause the deviation was approximately 30 %, which can be
accounted for by the observation uncertainty of Fe, Si, and
BC, both anthropogenic Fe and dust emissions and Fe con-
centration in dust aerosol particles were underestimated in
the model simulations. The derived anthropogenic- and dust-
Mn concentrations were systematically higher than those
simulated by the IMPACT model (Fig. S12), suggesting that
both anthropogenic- and dust-Mn concentrations were un-
derestimated by the IMPACT model. The underestimation
of anthropogenic- and dust-Mn concentrations can be ac-
counted for by the uncertainties in the anthropogenic emis-
sions of Mn and the Mn content in dust aerosols (described
in Sect. 3.5.4) prescribed in the IMPACT model.

3.5.3 Enhancement ratios of anthropogenic Fe and Mn
to BC in the springtime East Asian outflow

gBC,Fe represents the enhancement ratio of anthropogenic Fe
to BC and was determined to be 0.13 (±0.03) µg µg−1. This
value is significantly higher than the Fe/BC ratios derived
from biomass burning (0.02 µg µg−1) observed for fine-mode
aerosols in the Amazon (Luo et al., 2008), which is consistent
with the IMPACT’s model prediction of a negligible influ-
ence of biomass burning on the observed Fe concentrations.
However, the derived value here is lower than the magnetite-
Fe/BC ratio of 0.25 observed at the same observation site in
the spring of 2020 (Yoshida et al., 2020). The contribution of
magnetite-Fe to total anthropogenic Fe was evaluated to be
approximately 40 % (Matsui et al., 2018; Ito and Miyakawa,
2023), indicating a large difference in anthropogenic Fe/BC
ratios between this and the previous study (Yoshida et al.,
2020). The possible reasons for this may be the differences
in the year of the observations (2018 vs. 2020), analytical
technique, and sampling condition. In the last decade, BC
emissions from China substantially decreased (Kanaya et
al., 2020, 2021), indicating that anthropogenic emissions of
primary aerosols in China also decreased. However, if the
anthropogenic-Fe emissions are not majorly reduced over
time, the ratio of anthropogenic Fe to BC might increase.
Since the recent reduction of BC emissions was primarily
attributed to the industrial sector and then the residential sec-
tor (Kanaya et al., 2020), the emission changes cannot ac-
count for all the differences in the ratio of anthropogenic Fe
to BC. Yoshida et al. (2020) applied the laser-induced incan-
descence technique to detect airborne single particles con-
taining iron oxide in the size range of 170–2100 nm of mass-
equivalent diameter, whereas this study applied the XRF
analysis to the bulk aerosol samples collected through the
PM2.5 cyclone. As concluding the major factor accounting
for the discrepancy is difficult, integrated studies applying
other independent analytical techniques are needed in the fu-

ture. Chemical speciation of Fe-containing aerosols based on
X-ray absorption fine structure spectroscopy (Kurisu et al.,
2019, 2021; Sakata et al., 2022; Takahashi et al., 2011) could
be promising for further investigating the anthropogenic Fe
in East Asian outflow.
gBC,Mn represents the enhancement ratio of anthropogenic

Mn to BC and was determined to be 17.1 (±1.1) ng µg−1. To
the best of our knowledge, this is the first time that the en-
hancement ratios of Mn to BC are evaluated from the ambi-
ent measurements of anthropogenic sources in the East Asian
outflow, which can be used as a useful constraint to estimate
the anthropogenic contribution to Mn in East Asian outflow
regions.

3.5.4 Elemental concentrations of Si, Fe, and Mn in
PM2.5 dust aerosols

Based on the source apportionment results, elemental con-
centrations of Si, Fe, and Mn were estimated and com-
pared with those evaluated in previous studies that analyzed
Asian dust samples collected at Andong, Deokjeok Island,
and Seoul in South Korea (Jeong, 2020) and Yulin in China
(Wang et al., 2011) and those simulated by the IMPACT
model (Ito and Miyakawa, 2023) (Fig. S13). Note that these
observation-based characterizations of dust elemental com-
positions were not significantly affected by non-dust compo-
nents, as expected from enrichment factor analyses (Jeong,
2020; Wang et al., 2011). g−1

Si (= [Si]t/(gSi · [Si]t )) can be
regarded as the concentration of Si in PM2.5 dust aerosols
and was determined to be 21.6 % (20.4 %–23.1 %) in this
study. This value is consistent with that given in a previous
study (26.99± 1.24 %) that analyzed Asian dust in total sus-
pended particulate matter (TSP) collected from South Korea
(Jeong, 2020). Note that 22.1 % of PM2.5 dust aerosols was
prescribed for Si content in the model for comparison with
the observations (Ito and Miyakawa, 2023). Although the
uncertainty in the quantification of [Si]t was not evaluated
prior to the observation, the derived values of g−1

Si were rea-
sonably comparable to the other independent evaluations. On
changing the [Si]t by ±20 %, the values of g−1

Si were deter-
mined to be 17.3 %–26.0 % (−20 % to +20 % cases), with-
out significant changes in the fitted values of gBC, gsulfate,
and C. This indicates that the source apportionment of PM2.5
aerosol concentrations was not strongly affected by the un-
certainty of [Si]t , and the uncertainty of [Si]t was estimated
to be not so high (∼ 15 % at most).
gSi,Fe · g

−1
Si (i.e., gSi,Fe · [Si]t/(gSi · [Si]t )) represents the

concentration of Fe in dust aerosols (7.3± 0.5 %), which
was evaluated in South Korea (5.27± 0.25 %) and China
(3.98 % of PM2.5 aerosols collected at Yulin, China) and
was compared with that simulated by the IMPACT model
(3.83± 0.26 % at the observation site). gSi,Mn·g

−1
Si (= gSi,Mn·

[Si]t/(gSi · [Si]t )) represents the concentration of Mn in
dust aerosols (0.21± 0.01 %), which was evaluated to be
0.12± 0.01 % by Jeong (2020) and 0.11 % by Wang et
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al. (2011). Note that 0.077 % of PM2.5 dust aerosols was
prescribed for Mn content in the model for comparison with
the observations (Ito and Miyakawa, 2023). The concentra-
tions of Fe and Mn in PM2.5 dust aerosols estimated in this
study were higher than those given in the independent eval-
uations. However, the orders of the evaluated elemental con-
centrations of all the selected elements (Si, Fe, and Mn) were
the same as in all the independent evaluations. On chang-
ing [Si]t by ±20 %, the derived values of gSi,Fe · g

−1
Si and

gSi,Mn ·g
−1
Si would not change without the significant changes

in the determinations of gBC,Fe, gBC,Mn, CFe, and CMn be-
cause the increases (decreases) in gSi,Fe and gSi,Mn were al-
most completely compensated for by decreasing (increasing)
[Si]t . This indicates that the source apportionment of Fe and
Mn aerosol concentrations and their elemental mass concen-
trations in dust aerosols were not significantly affected by
the uncertainty of [Si]t . The uncertainty of [BC]t (22 %) also
did not affect the calculations of the fitting coefficients in
the MLR model. The possible causes of higher Fe and Mn
concentrations may be the contributions of anthropogenic Si-
containing particles with higher Fe and Mn contents, such as
fly ash (e.g., Li et al., 2012; Liu et al., 2019), and the con-
tributions of “anthropogenic” dust sources associated with
the agricultural land use change (∼ 40 % in East Asia; e.g.,
Ginoux et al., 2012). Due to limited knowledge of the differ-
ence in dust elemental composition between natural and an-
thropogenic sources, further investigations of the elemental
compositions of both natural and anthropogenic dust aerosol
particles are needed in the future. Note that the discrepancies
can also be partly accounted for by the uncertainties in mea-
suring [Fe]t and [Mn]t (26 % and 23 %, respectively) using
the PX-375.

3.5.5 Variations in the anthropogenic contribution of
total Fe and Mn in PM2.5 aerosols

Figure 7 depicts the temporal variations of the observed and
source-classified concentrations of Fe and Mn during the ob-
servation period. During P2 (the strong dust period), both el-
ements showed the highest concentrations in the entire obser-
vation period. The estimated dust Fe and Mn also showed the
highest concentrations in the entire observation period. The
anthropogenic sources contributed to 2.1 % (±1.2 %) and
8.8 % (±4.3 %) of total Fe and Mn, respectively, in PM2.5
aerosols during P2. During P1 and P3, the anthropogenic
contributions increased by approximately 30 % and 65 % of
total Fe and Mn, respectively, in PM2.5 aerosols. It was found
that depending on the air mass origin, the anthropogenic or
dust contributions to the observed Fe and Mn concentrations
greatly varied, and the anthropogenic contributions to total
Fe and Mn were inversely proportional to the total concen-
trations of Fe and Mn in the spring of 2018 (Fig. 8). Be-
cause Asian dust aerosols are frequently transported from the
desert region (e.g., the Gobi Desert) over the East Asian con-
tinent towards the outflow area, such as the Pacific Ocean, in

the spring season (e.g., Wan et al., 2020), the large spring-
time enhancements in the concentrations of Fe and Mn in
the East Asian outflow are substantially affected by the dust
emissions over the East Asian continent.

In the East Asian outflow, the fractional solubilities of
combustion-derived and dust-derived Fe were estimated to
be 11 % and 0.9 %, respectively (Kurisu et al., 2021). As-
suming that these fractional water solubilities (fsol) of Fe
are applied to our data, the estimated water-soluble Fe con-
centration (17.7 ng m−3) during P1 and P3 (the periods with
fewer impacts of dust) was comparable to 19.0 ng m−3 dur-
ing P2 (the dust-dominated period), even though the total Fe
concentrations during P1 and P3 were almost 30 % of the
concentration during P2. Because the fsol of Fe can be af-
fected by atmospheric processing during transport and can
be as high as ∼ 50 % for fine-mode aerosols over the remote
ocean (Sholkovitz et al., 2012, and references therein), the
evaluations of water-soluble Fe contributions during P1 and
P3 might be substantially underestimated. These considera-
tions supported the importance of anthropogenic sources that
deliver water-soluble Fe to the East Asian outflow region, as
suggested in previous studies (e.g., Ito and Miyakawa, 2023).
The fsol of Mn is typically higher than that of Fe and does
not exhibit the same large variabilities in fsol as Fe (Baker
et al., 2013, 2014; Shelley et al., 2018). The enhancements
of Mn concentrations originating from both anthropogenic
and dust sources can lead to substantial impacts of the water-
soluble fraction of Mn on adverse health effects (i.e., ROS
production) in the East Asian outflow region (e.g., Nishita-
Hara et al., 2019) and ocean biogeochemistry as a micronu-
trient to limit or co-limit microbial activities (e.g., Ahlgren
et al., 2014; Moore et al., 2013). Further characterizations of
the fsol of Mn are critically needed to elucidate their vari-
abilities and the differences between anthropogenic and dust
sources.

4 Conclusions

In this study, semi-continuous measurements of the elemen-
tal composition of fine-mode (PM2.5) aerosols were con-
ducted on Fukue Island in western Japan during the spring
of 2018. An automated XRF analyzer, PX-375, was suc-
cessfully deployed, which has the capability to measure the
aerosol’s elemental compositions with a temporal resolution
of a few hours, even in remote regions after long-range trans-
port from emission source regions. The 4-hourly mass con-
centrations of climatologically and geochemically important
elements, such as S, Pb, Cu, Si, Ca, Fe, and Mn, in PM2.5
aerosols were reported during the observation period. Fur-
thermore, measurements of other atmospheric compositions,
such as BC and CO, were conducted to analyze the emis-
sion and transport from the combustion sources over the East
Asian continent. Positive correlations of Pb and Cu with BC
and CO and the similarity of their CWTs indicated that the
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Figure 7. (a) Temporal variations of the observed Fe (black) and estimated anthropogenic Fe (blue) and dust Fe (brown) on Fukue Island.
(b) Average observed concentrations of Fe (black bars) and those reconstructed using the tracers (colored bars: anthropogenic, blue, and dust,
brown) for the entire period and selected periods (P1, P2, and P3). The blue open markers and dashed lines are the estimated anthropogenic
contribution to total Fe for the entire period and selected periods (P1, P2, and P3), respectively. (c) Temporal variations of the observed
Mn (black), estimated anthropogenic Mn (blue), and dust Mn (brown) on Fukue Island. (d) Average observed concentrations of Mn (black
bars) and those reconstructed using the tracers (colored bars: anthropogenic, blue, and dust, brown) for the entire period and selected periods
(P1, P2, and P3). The blue open markers and dashed lines are the estimated anthropogenic contribution to total Mn for the entire period
and selected periods (P1, P2, and P3), respectively. The selected periods when the Japanese air quality standard for the short-term (daily
PM2.5> 35 µg m−3) was violated are highlighted by shaded areas in (a) and (b). The error bars in (c) and (d) are standard deviations for the
concentrations and the anthropogenic contributions.

Figure 8. Relationship between the observed concentrations of Fe (a) and Mn (b) and their estimated anthropogenic contributions. The data
points are colored by the values of the enhancement of carbon monoxide above the background (1CO≡CO−CObkg). The open markers
and error bars in the figure show the averages, standard deviations of the concentrations, and the anthropogenic contributions of Fe and Mn
for the entire period and selected periods (P1, P2, and P3).
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emission sources of these metals share the region where the
large CO (and BC) emission sources are located. The use of
CO, which is physicochemically stable on the timescale of
atmospheric transport of aerosol particles, enabled us, for the
first time, to successfully analyze the emissions of Pb and Cu
and the impacts of the wet removal during the transport on
their concentrations through the observations at the receptor
site. The continental outflow air masses with minimized im-
pacts of the wet removal during the transport were extracted
to elucidate the emission ratio of Pb and Cu to CO, which
were evaluated for the spring of 2018 in the East Asian out-
flow to be 152.7 and 63.1 µg g−1, respectively. With an in-
creasing APT, the transport efficiency of Pb was found to de-
crease similar to that of BC, suggesting that the wet removal
rates of Pb were almost the same as those of BC during the
springtime East Asian outflow. Notably, Cu possessed a na-
ture different from BC and Pb in terms of emission sources
and wet removal in the East Asian outflow. Further simulta-
neous time-series characterizations of size-resolved elemen-
tal concentrations and mixing states are highly desirable to
elucidate the mechanisms controlling their wet removal rates.
The source apportionment of these elements was evaluated
by comparing the simulations obtained from the IMPACT
model with those observed by the PX-375 and was verified
in terms of the emission and wet removal processes. From
the analysis of the tagged tracer simulations by the IMPACT
model, BC and Si could be used as tracers for anthropogenic
and dust emissions, respectively, during the observation pe-
riod. The source apportionments of Fe and Mn in PM2.5
aerosols were found based on MLR analysis that used ob-
served Si and BC tracers and revealed that the anthropogenic
contribution to total Fe and Mn in PM2.5 aerosols was 17 %
and 44 %, respectively, on average in the spring of 2018, cor-
responding to the range of 2 %–29 % and 9 %–68 % during
the high-PM2.5-concentration periods depending on their air
mass origins. However, the anthropogenic contributions of
Fe were not dominant; the variations of anthropogenic Fe can
regulate adverse health effects and ocean biogeochemistry
due to its higher water solubility. The modeled BC, Pb, Cu,
and Fe were evaluated by separately considering their emis-
sion and transport. Ratios of modeled to observed concen-
trations for these components were analyzed in terms of the
APT from the East Asian continent. This indicated that the
current model simulations overestimated the CEDS (v2021-
02-05)-based emissions of BC by 44 % and underestimated
Cu by 45 %, anthropogenic Fe by 28 % in East Asia, and the
wet deposition rates for BC and Pb. The Cu smelting sources
can account for most of the model underestimation of Cu
emissions. This study provides insights into the importance
of removal process investigations, source apportionment of
Fe, and high-temporal-resolution measurements of aerosol
trace elemental compositions.
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