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Abstract.

Trace metals in aerosol particles affect the Earth's radiative budget, human health, and ocean biogeochemistry. Semi-
continuous measurements of the elemental composition of fine-mode (PM,s) and total (PM,) aerosols and high-volume air
sampling (5-d)/offline chemical analyses were conducted on a remote island of Japan in winter—spring 2023-2024 to
characterize the source apportionment and water-soluble (i.e., bioaccessible) concentrations/fractions of trace elements such
as Fe in the East Asian outflow region. Temporal variations in PM» s and PM Fe concentrations were classified into dust and
non-dust contributions based on multilinear regression using concentrations of tracer species. Size-segregated water-soluble
Fe fraction (freso1) Was investigated using dust Fe contributions and aging processes (e.g., transport time). Source
apportionment (dust vs. non-dust) was essential to account for freso1 variations for PM, 5 aerosols, whereas those for coarse-
mode aerosols were largely affected by aging processes. Temporal variations in total water-soluble Fe (Fes) concentrations
were strongly correlated with black carbon (BC) concentrations, indicating the role of continental combustion sources in
enhancing Fes concentrations in the outflow regions. The enhancement ratios of Fey, to BC concentrations were 53.8 (£11)
ng pg”' on average during the observation period and increased from ~40 ng pug™' in winter to ~90 ng ug™' in spring. This may
reflect increased dust contributions to Feso and reduced BC emissions from residential sector, as indicated by model analyses.
These offer useful constraints for developing, validating, and refining numerical models of aerosol Fe behavior in the East

Asian outflow.
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1 Introduction

Atmospheric iron (Fe) in aerosol particles has attracted considerable attention because of its multiple effects on climate, air
quality, human health, and marine biogeochemical cycles (e.g., Al-Abadleh et al., 2023; Jickells et al., 2005). Iron is one of
the most abundant transition metals in atmospheric aerosols and is supplied to the atmosphere from both natural and
anthropogenic sources, including emissions from mineral dust, biomass burning, coal combustion, industrial activities, and
shipping. The relative importance of these sources varies spatially and seasonally, particularly in regions strongly affected by
continental outflow (Ito et al., 2023; Mahowald et al., 2018).

From a climate perspective, Fe-containing aerosols influence the Earth’s radiative balance directly and indirectly. Dust
particles containing Fe-bearing minerals absorb and scatter solar and longwave radiation (Tegen and Lacis, 1996) and play a
significant role in cloud formation (Nenes et al., 2014), leading to a large impact on the Earth’s radiative budget (e.g., Di
Biagio et al., 2020; Karydis et al., 2011; McCoy et al., 2017). Anthropogenic iron oxides (FeOx) (e.g., magnetite) particles
efficiently absorb solar radiation and have a significant impact on regional radiative forcing (Ito et al., 2021; Lamb et al., 2021;
Moteki et al., 2017). In addition, Fe can participate in aerosol-phase chemical reactions that form secondary aerosols (e.g.,
Brandt and van Eldik, 1995), contributing to uncertainties in aerosol radiative forcing estimates in current climate models. Fe
is also important in public health because transition metals such as Fe, Cu, and Ni can catalyze the in vivo formation of reactive
oxygen species through redox cycling reactions (Charrier and Anastasio, 2012). Water-soluble Fe in fine aerosol particles may
enhance oxidative stress in the human respiratory system and has been linked to adverse health effects associated with PM, s
exposure (Lakey et al., 2016). Therefore, both total Fe concentration and the water-soluble Fe fraction are important for
evaluating aerosol toxicity. Furthermore, the atmospheric deposition of Fe plays a critical role in marine ecosystems (Tagliabue
et al., 2017). In many oceanic regions, especially high-nutrient low-chlorophyll (HNLC) regions such as the Northwestern
Pacific Ocean (NWPO) and Southern Ocean (Basterretxea et al., 2023), bioavailable Fe is a limiting micronutrient for
phytoplankton growth. Aerosol deposition supplies externally derived Fe to the ocean surface and stimulates marine primary
productivity and carbon uptake. Bioavailability represents the fraction of Fe that marine biota can immediately uptake and use
under realistic oceanic conditions. Bioaccessibile Fe refers to labile Fe in aerosol water and becomes available for biological
uptake under environmentally relevant conditions (i.e., potentially bioavailable) whereas water-soluble Fe refers to Fe released
into water measured through the defined extraction method (Meskhidze et al., 2026). Because water-soluble Fe is more
bioavailable than insoluble forms (e.g., crystalline FeOx in dust particles), water-soluble Fe is regarded as a proxy of
bioaccessible Fe in this study. Although only a small fraction of total aerosol Fe is water-soluble (e.g., Sholkovitz et al., 2012),
the fractional solubility of Fe varies substantially depending on the aerosol source, atmospheric processing such as acidification,
and cloud processing during long-range transport (e.g., Ito et al., 2020; Mahowald et al., 2018). Quantitative investigations of
the variations in the fractional solubility of Fe and its controlling factors are urgently needed to understand the diverse roles of

Fe-containing aerosols in the Earth’s environment.
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East Asia is one of the largest source regions of atmospheric aerosols, including metallic elements (Pacyna and Pacyna, 2001),
emitting large amounts of both mineral dust (i.e., Asian dust) and anthropogenic combustion-derived particles (e.g., Myhre et
al., 2013). During the East Asian winter monsoon season, these aerosols are efficiently transported to the downwind regions
of the continent (e.g., Japan) and the NWPO. Asian dust aerosols are typically enriched in total Fe but exhibit low solubility,
whereas anthropogenic aerosols often contain less Fe but show substantially higher solubility due to atmospheric processing
(e.g., Kurisu et al., 2021). Consequently, distinguishing dust and non-dust Fe contributions and understanding the evolution of
Fe solubility (bioaccessibility) during transport are essential for accurately assessing the environmental impact of East Asian
outflow aerosols. We deployed the Integrated Massively Parallel Atmospheric Chemical Transport Model (IMPACT; e.g., Ito
et al., 2023) to accurately simulate Fe aerosol concentrations and variations in their bioaccessibility by considering a detailed
chemical aging process, thereby improving the role of Fe in the Earth system. Recently, the IMPACT model was refined to
simulate the multi-elemental compositions of atmospheric aerosols (Ito and Miyakawa et al., 2023; Miyakawa et al., 2023),
and it has been evaluated and updated in terms of source apportionment, bioaccessibility, and removal processes of Fe in East
Asian outflow using high-temporal resolution measurements of Fe in fine aerosols and tracer compounds (Miyakawa et al.,
2023) and size-resolved (fine and coarse) characterizations of stable isotope ratios of aerosol Fe and water-soluble Fe (Kurisu
et al., 2026).

Despite the importance of aerosol Fe, observational constraints on the temporal variability, source apportionment, and size-
dependent solubility of aerosol Fe remain limited, especially with continuous measurements in remote outflow regions.
Simultaneous observations of the concentrations and fractional solubility of fine- and coarse-acrosol Fe are necessary to
improve our understanding of Fe cycling in the atmosphere and refine numerical models describing aerosol chemistry and
ocean nutrient supply. In this study, we conducted semi-continuous elemental measurements of PM» s and PM ¢ aerosols using
a newly developed system integrating an aerosol elemental analyzer which has been deployed in our previous studies
(Miyakawa et al., 2023; 2025), together with high-volume aerosol sampling and offline chemical analyses, on a remote island
in Japan during the winter—spring period of 2023-2024. The objectives of this study were (1) to characterize temporal
variations in total and water-soluble Fe concentrations, (2) to distinguish dust and non-dust contributions using tracer-based
source apportionment, and (3) to investigate the relationships among Fe solubility, particle size, and atmospheric aging
processes under the influence of East Asian outflow. The datasets were validated with independent measurements and used to
evaluate and analyze the IMPACT-model simulations. These findings provide useful observational constraints for improving

atmospheric chemical transport models and understanding aerosol roles in regional climate and marine biogeochemistry.

2 Material and methods
2.1 Atmospheric aerosol observations and sampling at Fukue Island

Continuous measurements of trace gases and PM; 5 aerosols have been conducted on Fukue Island, a remote island in western

Japan, since February 2009 (Kanaya et al., 2016; Miyakawa et al., 2023). The observation site (Fukue site), the Fukue Island
3
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Atmospheric Environment Monitoring Station (32.75° N, 128.68° E), was located at the northwestern part of the island. The
mass concentrations of fine particles (PMas) were measured using a Synchronized Hybrid Ambient Real-time Particulate
(SHARP) monitor (model 5030, Thermo Fisher Scientific, Inc., USA) (Kanaya et al., 2016). Black carbon (BC) mass
concentrations were measured using a Continuous Soot Monitoring System (COSMOS, model 3130, Kanomax Corp., JP) and
a Multi Angle Absorption Photometer (MAAP, model 5012, Thermo Scientific, Inc., USA). According to intercomparison
studies between the 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 recommendation of 6.6 to 10.3m?g™!. BC
observations using MAAP and COSMOS were evaluated using a Single Particle Soot Photometer (Droplet Measurement
Technologies, Colorado, USA) (Miyakawa et al., 2017; 2019). Based on the above evaluations, Kanaya et al. (2020) unified
BC concentration records from MAAP and COSMOS to minimize data gaps caused by failures in individual measurements.
In this study, we used a “unified” dataset of BC concentrations. Details of the PM, s and BC measurements are outlined in
Kanaya et al. (2016; 2020), which revealed that the elevated PM, s and BC concentrations at the observation site were mainly
affected by the transboundary transport of polluted air masses from the Asian continent (i.e., long-range transport) with a
negligible impact from local emission sources (e.g., Kanaya et al., 2016).

The elemental compositions of PM, s and PM aerosols were measured using a Continuous Particulate Monitor with X-ray
Fluorescence (XRF) analysis (PX-375, Horiba Ltd., Kyoto, Japan). The basic information on the instrumental design is
described in Asano et al. (2017) and Miyakawa et al. (2023; 2025). However, the instrument can be briefly described as
follows: PX-375 consists of a collection unit for aerosol particles on a filter, a measurement unit for the mass of the collected
aerosol particles, and an XRF analysis chamber; the filter tape used for particle collection was fabricated by Horiba Ltd. (TFH-
01, Horiba Ltd.); and TFH-01 is a polytetrafluoroethylene filter with non-woven fabric polyethylene and polyethylene
terephthalate backing, which was designed to mechanically strengthen the filter structure. The total aerosol mass collected on
the filter was analyzed using a radiocarbon-based beta-ray attenuation method during particle collection. 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 based on XRF. During the observation period, aerosol particles were collected for 4 h, and XRF analyses were
performed with 4000 s of X-ray irradiation at 15 and 50 kV. The typical volume of the sampled air was 4 m® per particle-laden
spot. The limits of detection (LODs) were evaluated by repeated measurements placing the high-efficiency particulate air filter
in front of the PX-375 to introduce particle-free air into the PX-375. The LODs were defined as three times the standard
deviations of the measured values by the PX-375 at the observation site and were evaluated to be 1.07, 0.07, 0.08, 0.16, 0.33,
1.28,4.26, 4.80, 1.75,0.36, 0.07, 0.10, 0.26, and 0.35 ng m> for Fe, Ni, Cu, Zn, As, Si, S as sulfate, K, Ca, Ti, V, Cr, Mn, and
Pb, respectively. The particle-laden spots on the filter roll tape were cut into pieces after the observation period and stored in
a refrigerator (at approximately —20 °C). Particle spots can be reanalyzed using different techniques (e.g., Miyakawa et al.,
2023; 2025; Zhu et al., 2021). In this study, particle spots collected during the observations were reanalyzed for calibrations
using ambient aerosols with different chemical analyses: ion chromatography (IC) for S (as sulfate) and Inductively Coupled

Plasma Mass Spectrometry (ICP-MS) for Ti, V, Fe, Mn, Ni, Cu, Zn, As, and Pb (Miyakawa et al., 2025).

4
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We placed PX-375 in a newly developed shelter (Figs. S1) on the rooftop of the observation container at Fukue site. The
shelter had two sampling lines for collecting PM> 5 and PM aerosols, which were alternately changed in conjunction with the
operation of the PX-375 pump. A PM, s very sharp cut cyclone (VSCC, Mesa Lab. Inc., Colorado, USA) and EPA Louvered
PM,o impactor (SSI2.5, Mesa Lab. Inc., Colorado, USA) were used in this study. The specification and performance of the
measurement system were described in Section S1.

Fine and coarse aerosol particles were collected using a high-volume air sampler (HVS; HV-120SL, Kimoto Electric, Ltd.,
Osaka, Japan) with a single-stage impactor (TE-231, Tisch Environmental, Inc., Ohio, USA). Air sampling was conducted for
approximately 5 days on an 8 x 10-inch pre-combusted (900 °C for 3 h) quartz fiber filter (PALLFLEX TISSUQUARTZ
2500QAT-UP, Pall Corp., New York, USA) for fine-mode (PM, s) particles. We also used a pre-combusted quartz fiber filter
with slits (TE-230-QZ, Tisch Environmental, Inc.) on the impaction plate of the TE-231 to collect coarse-mode (>2.5 pm in
aerodynamic diameter) particles. For the evaluations of PM;o aerosol elemental compositions by PX-375, the analyzed
concentrations of PM» 5 and coarse-mode samples collected by the HVS were integrated to derive the total concentrations of
element X ([X];o¢ = [X]fine + [XIcoarse)- The filter samples were stored at —20 °C until further analysis. The sampling log is
summarized in Table S1.

Lidar-derived aerosol extinction coefficients at 532 nm (e.g., Shimizu et al., 2016) were analyzed to investigate the impact of
Asian dust on the measured aerosol concentrations. The lidar measurements at the same site were part of the lidar network in
Asia and were maintained by the National 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 estimated using the aerosol
depolarization ratio, assuming that dust particles were externally mixed with spherical particles. All lidar data were obtained
with 15 min temporal and 30 m vertical resolutions. Near-surface dust and total aerosol extinction coefficients were estimated
by averaging the corresponding extinction coefficients between 120 and 240 m; measurements below 120 m were unavailable

and therefore omitted. The resulting values were then merged with the 4-hourly elemental composition datasets.

2.2 Aerosol sampling near anthropogenic emissions in Japan

Ground-based aerosol sampling was performed from October 17 to November 21, 2022, at the Japan Agency for Marine-Earth
Science and Technology campus (35.32N, 139.65E, ~10 m ASL) (Yokosuka site), located in an industrialized region along
the Tokyo Bay, ~30 km south of the Tokyo metropolitan center (Miyakawa et al., 2016; 2020). Fine and coarse aerosol particles
were collected using the same setup as the sampler and filters at the Fukue site. Air sampling was conducted for 2—3 days per
each sample. As the air masses observed at the Yokosuka site are not strongly affected by local emissions and are representative
of mixtures of those affected by multiple sources in the industrialized region (Miyakawa et al., 2020), the collected samples
from this site were analyzed to investigate the levels and variations in the concentrations and fractional solubility of Fe near

anthropogenic emission sources in Japan. The sampling log is summarized in Table S2.
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2.3 Chemical analyses

In this study, we analyzed the fine- (PM,s) and coarse-mode aerosol chemical compositions. Chemical analyses of inorganic
compounds (ions) and trace metals were conducted at Murata Keisokuki Service Co., Ltd. (Kanagawa, Japan). Thermal—optical
analyses were conducted to quantify the mass concentrations of elemental carbon (EC) and organic carbon (OC) using a carbon
analyzer (DRI model 2001; Desert Research Institute, Nevada, USA). The modified interagency monitoring of protected visual
environments (IMPROVE A; Chow et al. 2007) temperature protocol with the thermal-optical reflectance (TOR)
measurements was used for the analyses. A filter aliquot was separated into a 1 x 1-cm piece for fine-mode and a slit for
coarse-mode particles to analyze the water-soluble ions. Water-soluble ions—ammonium (NH4"), sodium (Na*), potassium
(K™, calcium (Ca*"), magnesium (Mg?"), sulfate (SO4>), nitrate (NO5"), and chloride (CI")—in fine mode aerosols were
analyzed using IC (Dionex ICS1000, Thermo Fisher Scientific K.K., Tokyo, Japan) for the validation of S measurements using
the PX-375. The total and water-soluble metals in fine- and coarse-mode aerosols were analyzed using ICP-MS (7700X,
Agilent Technologies, Inc., US). The acid digestion method was used to quantify the total metal concentrations (Miyakawa et
al., 2019). A comparison between these offline analyses and online measurements using PX-375 will be discussed later. Further
to the analysis of total metal masses, a leaching method using ultrapure water, as described by Buck et al. (2006), was applied

to analyze water-soluble (bioaccessible) metal concentrations.

2.4 Meteorological and satellite data analyses

Backward trajectories were calculated from the observation site to elucidate the impact of Asian outflows. Five-day backward
trajectories from the observation site (at a starting altitude of 0.5 km) were calculated every hour using the NOAA Hybrid
Single-Particle Lagrangian Integrated Trajectory Model (Stein et al., 2015) with meteorological datasets at a resolution of 1°
in latitude and longitude (NCEP’s Global Data Assimilation System (GDAS1)). The accumulated precipitation along the
trajectories (APT) for three days before the measurement was calculated to discuss wet removal during transport (Kanaya et
al., 2016; Miyakawa et al., 2017; 2023). The relative humidity averaged for a day before the observations (RH-14) and at the
time of observations (RH;) were also analyzed to investigate the impacts of liquid-phase processes (including cloud processing)
during the transport and hygroscopic growth of aerosols, respectively.

The daily mean aerosol optical depth (AOD) at a wavelength of 550 nm (AODsso) measured by the Moderate Resolution
Imaging Spectrometer (MODIS) aboard the Aqua satellite was analyzed to investigate the spatial distribution of aerosols over
East Asia. AODssy was retrieved using the dark target (DT) and deep blue (DB) algorithms (Sayer et al. 2014). We used the
final product, called MODIS-Aqua Combined DT and DB AOD at 550 nm for land and ocean (MYD08 M3 v6.1).
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2.5 Integrated Massively Parallel Atmospheric Chemical Transport Model

In this study, the IMPACT model (Ito and Miyakawa, 2023; Kurisu et al., 2026; Miyakawa et al., 2023; Ito et al., in preparation)
was deployed to simulate the three-dimensional distribution of atmospheric composition, including targeted aerosol
species/elements such as Fe. [to and Miyakawa (2023) and Miyakawa et al. (2023) modified anthropogenic Fe emission sources
by including metal smelting and expanded its capability to simulate elements other than Fe (e.g., Si, Mn, Cu, and Pb). Kurisu
et al. (2026) further modified anthropogenic Fe emission sources beyond smelting processes, leading to increased aerosol Fe
content from the road transport and railway sectors (Dubois et al., 2025). The simulated total and water-soluble Fe
concentrations were compared with the observations of this study. Source apportionment of Fe in PM»s, PMs, and PMyg
aerosols was also analyzed based on the tagged tracer simulations using the IMPACT model, which can separately simulate
lithogenic (i.e., mineral dust), pyrogenic (i.e., biomass burning), and sector-resolved anthropogenic contributions of Fe to
PM, s, PMs, and PM»o. A brief description of the IMPACT model is described as follows.

The model simulations were performed using a horizontal resolution of 2.0° x 2.5° (latitude x longitude) and 47 vertical layers.
An emission inventory, Community Emissions Data System (CEDS, v-2025-04-18, Hosely et al., 2025), was used for fine
particulate matter and BC emitted from anthropogenic sources. The metal content of PM; s acrosols from lithogenic, pyrogenic,
and anthropogenic sources was obtained by compiling source-specific acrosol measurements (Ito and Miyakawa, 2023; Dubois
et al., 2025; Li et al., 2026). The IMPACT model simulated wet removal processes through in-cloud (e.g., Ito and Xu, 2014)
and below-cloud scavenging (Ito and Kok, 2017) processes. In the model simulations, all the metal components for pyrogenic
and anthropogenic aerosols in the smallest size bin were removed at the same rates as BC from pyrogenic and anthropogenic
sources, respectively, assuming internal mixing of BC and trace elements; thus, removal efficiencies did not differ among

elements in anthropogenic aerosols in the smallest size bin (e.g., [to and Feng, 2010).

3 Results and discussion
3.1 Evaluations of the online measurements of trace elements in PM2.5s and PMy aerosols
3.1.1 Comparison with the different measurements using collocated instruments

We evaluated the online measurements of total, elemental, and BC concentrations of PM, s and PM, aerosols using PX-375
and MAAP/COSMOS with collocated instruments (SHARP) with offline chemical analyses of the filter samples collected by
the HVS with a PM> s impactor (Figs. S3—S4). The PM, s mass concentrations measured using PX-375 were compared with
those measured using the SHARP monitor. The results were in good agreement (within ~30 %) (Fig. S3a). The MAAP/
COSMOS-derived unified BC concentrations were well correlated (r> = 0.91) with the EC mass concentrations from thermal-
optical analyses of the filters collected by the HVS (Fig. S3b). The EC mass concentrations were systematically higher than
the BC concentrations because of the uncertainties related to the temperature-rising protocols and the charring corrections in

the thermal-optical analyses (Chow et al., 2001; Miyakawa et al., 2016). In this study, we used BC data (not EC) to investigate
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the impacts of combustion sources in the East Asian continental region. Sulfate concentrations were calculated using sulfur
element concentrations measured using PX-375, assuming that all sulfur elements existed as sulfate. Figure S3¢ shows a
comparison of sulfate concentrations between PX-375 and the chemical analyses of the HVS samples. These were in good
agreement (within ~30 %) and had good correlations (12 = 0.89).

The elemental characterization of PM, s and PM ¢ aerosols using PX-375 was evaluated by comparing the chemical analyses
of HVS samples. The intercomparison results for the elemental characterizations of PX-375 and HVS are shown in Fig. S4. In
general, PX-375-derived PM ¢ concentrations for almost all elements (except Cr and Pb) agreed well (<£30 %) with HVS-
derived total concentrations, even though the size cut definition was different between the two methods (PM vs. fine + coarse).
The comparison of PM, 5 concentrations indicated some biases in PX-375 relative to HVS. These agreements indicate that the
quantification of elemental concentrations by PX-375 was reasonable; however, differences in the size-cut performance of the
two instruments may affect the comparison results. The PM, s/PM elemental mass ratios for PX-375 were compared with the
fine mode mass fraction for HVS and showed positive biases for the elements (e.g., Ca, Fe, and Ti) with smaller PM, s/PM
ratios (Fig. S5). As coarse-mode particles significantly contributed to the total masses for such elements, the partitioning of
masses between fine and coarse modes and the contributions of particles larger than 10 um in aecrodynamic diameter affected
the biases shown in the comparison. The partitioning can be affected by the differences in the accuracy of the designed particle
diameters, with 50 % efficiency of the particle collection and the steepness of the particle collection efficiency as a function
of particle diameter between the size-separating devices (the Tisch impactor for HVS (e.g., Willeke, 1975) vs. VSCC for PX-
375 (e.g., Kenny et al., 2004)). Interstage acrosol losses and the lower collection efficiency for accumulation-mode particles
in the impactor used for HVS (Howell et al., 1998) were additional sources of uncertainty in the HVS-derived results. Although
this result alone does not allow the relative contributions of these factors to the observed biases to be determined, uncertainties
related to the performance of the impactor used for HVS are likely considered more significant, as discussed in the following

section (section 3.1.2).

3.1.2 Spatial representativeness of the online measurements of PMz.s5 and PMio aerosols at the observation site

PM, s and PM o mass concentrations measured using the PX-375 were compared with those measured at a different site (32.70°
N, 128.84° E ~16 km east of our site) on Fukue Island, which is one of the observation sites of the Atmospheric Environmental
Observation System (AEROS) managed by the Ministry of Environment, Japan (MoEJ). Our measurements of PM, s and PM o
aerosol mass concentrations were 20—30 % biased to AEROS observations of PM, s and Suspended Particulate Matter (SPM)
concentrations but showed higher correlation coefficients (r> = ~0.85) (Figs. S6a—S6b). As SPM corresponded approximately
to PMj; rather than PM,, differences in the size cut likely contributed to the bias in PM;o concentrations at our site. Mass
concentrations of the key elements (Si, Ti, V, Mn, Fe, Ni, Cu, Zn, As, and Pb) and chemical compositions (sulfate and BC) in
PM, s aerosols at our site were compared with those measured from daily sampling using a low-volume air sampler (LVS)

with a slit-jet PM» s impactor (Murata Keisokuki Service, Co. Ltd., Japan) for January 18 to February 1, 2024, and the following

8
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chemical analyses at a different site, Tamanoura (32.61° N, 128.66° E ~16.5 km south from our site) in Fukue Island, which
is also a part of the atmospheric environmental monitoring activities led by MoEJ. Although measurements/sampling time
resolutions and site locations differed, the levels and temporal variations of most components, except Si and BC, reasonably
agreed well between the two sites, within £30 % (Table S3 and Fig. S7). These results suggest that the measurements of PM 5
and PM, aerosols at our site were not substantially affected by local aerosol sources and provided spatially representative
results to a great extent, as indicated in our previous studies (e.g., Kanaya et al., 2016). The difference in mass concentrations
between BC and EC can be attributed to methodological differences between light absorption measurements vs. thermal-
optical analysis, as also observed in the onsite comparison between BC and EC described in Section 3.1.1. Measurements for
Si quantification using PX-375 were not rigorously calibrated using ambient samples (see Section 2.1). We then evaluated the
uncertainties in the Si concentrations to be approximately 60 %.

The size-cut performance of the slit-jet PM, s impactor used for the LVS was evaluated by the manufacturer to be equivalent
to that of the Federal Reference Method PM» s impactor (e.g., “Well Impactor Ninety-Six (WINS)”) (https://www.murata-
s.co.jp/wp/wp-content/uploads/2020/09/MCAS-SJ.pdf). The VSCC used for PX-375 has a precise size cut at 2.5 um and
steepness as good as WINS (Kenny et al., 2004). The reasonable agreement in the PM; s elemental concentrations between the
LVS and HVS suggests that the uncertainty of the size cut performance suggested in the comparison between PX-375 and

HVS (see Section 3.1.1) can be attributed to the performance of the impactor used for HVS.

3.2 Variations in concentrations of PM2.s and PM1o aerosols in the East Asian outflow

The temporal variations in the total, Si, and sulfate mass concentrations in PM> s and PM ¢ aerosols and BC mass concentrations
are shown in Figs. 1 and S8. The average concentrations of total mass, Si, and sulfate for PM» 5 (PM ) aerosols and BC were
11.8 ngm™ (16.3 pgm), 0.38 pg m=> (0.80 ng m>), 2.47 ug m> (2.65 pg m=>), and 0.18 ug m>, respectively, on average
during the observation period. Si acrosols showed significant differences in mass concentrations among the size cuts (PMa s
and PM,), whereas sulfate did not. The differences in size distributions among the elements (mineral dust vs. secondary
aerosol) likely account for this feature. The concentrations of all components varied significantly during the observation period,
with the total aerosol mass concentration peaking in mid-April 2024 (April 18-20, 2024). The concurrent increase in Si
concentrations indicates the influence of Asian dust transport at the site. In contrast, BC and sulfate mass concentrations peaked
in mid-February 2024 (February 11, 2024) without large enhancements of the Si mass concentrations, suggesting dominant
continental anthropogenic influences. It was found that total PM, s aerosol concentrations exceeded the short-term air quality
standard (daily concentrations > 35 pug m™>) in Japan during two elevated aerosol concentration events with a different cause
(dust vs. anthropogenic). The satellite-derived spatial distributions of AODssy and backward trajectories for February 10-17,
2024, and April 15-22, 2024, are shown in Fig. 2. The extreme event of Si concentration elevation (April 18-20, 2024) was
associated with air mass transport from northeast China and a high AODssg distribution widely spread over the north and

northeast China region and the Sea of Japan. This suggests that the concentrations at the observation site were affected by
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large-scale dust-storm transport from the source region (e.g., Gobi Desert) to the East Asian outflow regions. The event in
mid-February 2024 was characterized by rapid changes in BC and sulfate concentrations within a short period (i.e., ~1 d),
consistent with rapid air-mass transport from densely populated regions (e.g., Qingdao) in east-central China. High temporal-
resolution variations in Fe mass concentrations in PM, s and PM aerosols are shown in Fig. 3. The average concentrations of
290 Fe in PMys and PM aerosols were 0.12 (£0.31) and 0.27 (+£0.84) pg m™3, respectively. Similar to Si, the mass contributions
in the size range of 2.5-10 pm in aerodynamic diameter were significant for Fe during the observation period, owing to the

dominant contribution of dust to Fe mass.
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295 Figure 1. Temporal variations in the concentrations of (a) PMio (red circles) and PM:.s (open circles) total mass, (b)
PMio (red circles) and PMz.s (open circles) Si, (c) PMio (red circles) and PMzs (open circles) sulfate, and (d) black
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carbon (BC) during the observation period. The periods when the Japanese short-term air quality standard for PMz.s
was exceeded (daily PMzs > 35 ug m™) are highlighted by the shaded areas.
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Figure 2. MODIS-derived AOD spatial distributions for the periods: (a) February 10-17, 2024, and (b) April 15-22,
2024. The backward trajectories for the periods (c) February 10-17, 2024, and (d) April 15-22, 2024. The red colored
trajectories were for the high-concentration periods (daily PM2s > 35 pg m™), as indicated in Fig. 1.
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Figure 3. Temporal variations in the concentrations of PMio (red circles) and PMzs (open circles) Fe. The selected
periods when the Japanese short-term air quality standard for PM.s was exceeded (daily PMzs >35 pg m™>) are
highlighted by shaded areas.

3.3 Source apportionment analyses for PMz.s5 and PMi¢ aerosols
3.3.1 Validation of multiple linear regression analysis for source apportionment

The source apportionment of PM» s and PM;, aerosols was conducted using the observed BC, Si, and sulfate concentrations
([BCls, [Si]s, and [SO4* ], respectively). We assumed that the temporal variations in BC concentrations could account for those
of both anthropogenic aerosols and a part of secondary aerosol concentrations, and that sulfate concentrations could be used
to constrain the secondary formation component through aqueous phase reactions inside aerosol particles and cloud droplets,
which cannot be represented by temporal variations in BC concentrations (Miyakawa et al., 2023). The validity of selecting
Si, BC, and SO4*" as input variables for the multiple linear regression (MLR) models was described by Miyakawa et al. (2023).
It was concluded that both BC and sulfate can be used for MLR analysis of total mass concentrations. The observed temporal

variations in PM; s and PM aerosol concentrations ([PMs]; and [PMo];) were fitted to the following MLR model:

log[PM, 5]; = log(gacpmzs [BCTi + gsipmzs  [Sipmas]i + Gsuttaermz.s [SO4* pumas] + Cema.s) (Eq. 1)
log[PM]; = log(gacpmio’ [BCli + gsipmio’ [Sipmiol + Esutaepmio’ [SO4* pmio]c + Cemio) (Eq. 2)

The logarithm of the concentrations was analyzed because the variations in the concentrations were very large, resulting in
bias when the data were analyzed on a linear scale. The coefficients gxy (X = BC, Si, and sulfate; Y = PM, s and PM,¢) and
Cy (i.e., constant term for PM,s or PM, aerosols) were determined using the least squares method. The coefficients of
determination of the correlation (r?) between the reconstructed and observed PM, s and PM;, concentrations were 0.92 and
0.94, respectively (Fig. S9), and the linear combination model accounted for most of the observed variance in PM» s and PM;
concentrations. Cy were evaluated to be 2.34 (+0.30) and 3.75 (£0.48) ug m=, which correspond to the background levels of
PM, s and PM | concentrations (including sea-salt aerosols) in the East Asian outflow in the winter—spring of 2023-2024. An

13
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330 independent method, co-located lidar measurements at the same site, was used to validate our source apportionment results for
the dust contribution. Example time series of lidar- and in situ measurement-based extinction coefficients/concentrations for

dust and non-dust aerosols are shown in Fig. 4.
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335 Figure4. (a, b, and c) Temporal variations in PX-375-derived (brown open and filled circles for PM2.s and PM1o aerosols,
respectively) and lidar-derived (black bars) dust mass concentrations for the selected periods. (d, e, and f) Temporal
variations in PX-375-derived non-dust mass concentrations (red open and filled circles for PMz.s and PMio aerosols,
respectively) and lidar-derived extinction coefficient (black crosses) for the selected periods. The bars in Figs.4a, 4b,
and 4c¢ were derived from the assumption of a mass-to-extinction conversion factor ¢ of 0.5-2 g m? (Shimizu et al.,

340 2011). (g) Correlation between PX-375-derived PMio dust and lidar-derived dust concentrations with an assumed o of
0.5 ¢ m?% (h) Correlation between PX-375-derived PMio non-dust concentrations and lidar-derived extinction
coefficients. The data points at 4h are colored by RH: derived from GDAS.
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Lidar-derived dust extinction coefficients were converted to dust mass concentrations by assuming a mass extinction
conversion factor of dust aerosols of 0.5-2 g m™? (Shimizu et al., 2011). Lidar-derived dust mass concentrations near the
surface were well correlated (12 = 0.95) with the estimated PM o dust (i.e., gsipmio*[Siemio]c) aerosol concentrations during the
observation period. Near-surface lidar-derived spherical aerosol extinction coefficients were positively but poorly (r? = 0.28)
correlated with estimated PM; non-dust (i.e., total — dust) aerosol concentrations during the observation periods. The scattered
feature of this correlation can be accounted for by the effects of hygroscopic growth on the extinction coefficient measurements
using lidar, as indicated by the changes in the ratio with the values of RH; (Fig. 4). These comparisons indicate that this
approach can successfully provide the source apportionment of PM, especially dust and non-dust contributions, using high-

temporal resolution variations of tracer compounds.

3.3.2 Source apportionment of Fe

The estimation of dust contribution using Si as a tracer was validated in Section 3.3.1, and the same approach was applied to
the observation-based source apportionment of Fe following Miyakawa et al. (2023). The Eqgs. (1) and (2) for the source
apportionment of PM3 s and PM aerosols were modified as Egs. (3) and (4), respectively.

log[Fepm2.s]i = log(gpc.repmz.s' [BCle + gsiFermz.s [Sipmas]t + Crepmz.s) (Eq. 3)
log[Fepmio]: = log(grc.repmior [BCi + gsirepmio’[Sipmio]t + Crepmio) (Eq. 4)

gxre (X = BC and Si) and Cr. (constant term) were determined using the least-squares method. Notably, the BC-related Fe
components can be regarded as anthropogenic contributions because Fe does not undergo secondary formation. Cg. for PM, s
and PM;o acrosols were almost zero in this study. The r?> between the reconstructed and observed PM,s and PM;, Fe
concentrations were 0.99 and 0.98, respectively (Fig. S9), and this linear combination model also accounted for almost all
observed variances in PM» s and PM¢ Fe concentrations.

The dust contributions to total Fe in PM, s and PM; aerosols were, on average, 60 % (+25 %) and 72 % (£25 %), respectively.
Kurisu et al. (2021; 2026) estimated the anthropogenic and dust Fe concentrations based on the characterization of §°°Fe over
the remote ocean in the East Asian outflow and at the same site in 2019—2020, which were used to evaluate the results of this
study. The derived ranges were comparable to those estimated using the stable isotope ratio of Fe (5°°Fe) of total (PMas +
coarse mode) aerosols (6090 %) in 2019-2020 (Kurisu et al., 2026) and PM,s (50-90 %) and total aerosols (78-98 %)
transported from the East Asian continent to the northwestern Pacific Ocean (Kurisu et al., 2021). The dust contributions to Fe
showed seasonal variations, increasing from winter to spring (Fig. 5), which can be attributed to the seasonal variations in dust
emissions over the source region (e.g., Kurosaki et al., 2005). Kurisu et al. (2026) also indicated a similar seasonal progression
of dust contributions in 2019-2020. The Fe content of dust aerosols (CFe) is defined as the concentration of Fe in dust aerosol

particles and can be estimated by combining Eqs. 1-4 as follows:
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CFepm2.5 = gsiFepM2.5 [S1pm2.5]/Esipm2.5 [Sipma.s]e X 100 = gsi repm2.5/gsipmz.5 X 100 (Eq. 5)
CFepmio = gsirepmio’[Sipmioli/gsipmz.s [Sipmiole X 100 = gsi pepmio/gsipmio X 100 (Eq. 6)
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Figure 5. Monthly mean dust contribution to total Fe for PM2.s (open bars) and PMio (red bars) aerosols from December
2023 to April 2024. Error bars represent standard deviation.

The CFe values for PM, s and PM;o dust aerosol particles were 4.23 % and 4.87 %, respectively, which are comparable to
those (3.98-5.27 %) from previous observational studies (Jeong, 2020; Wang et al., 2011). ggc repm2.5 and gac repmio represent
the enhancement ratios of anthropogenic Fe to BC for PM, s and PM aerosols, respectively, and were determined to be 0.11
(£0.02) and 0.15 (+£0.03) ug pg’!, respectively. Miyakawa et al. (2023) showed a similar value of gpc repm2.s, 0.13 (£0.03) pug
ng!, evaluated at the same site in 2018 using nearly almost the same method. Using the data provided by Kurisu et al. (2026)
and BC concentrations at the same site in 2019-2020, the §°Fe-based enhancement ratios of anthropogenic-Fe to BC for PM s
and total (PM,s + coarse) aerosols were evaluated to be 0.08 (+0.03) and 0.17 (£0.08) ug pg’!, respectively. Because
enhancement ratios of anthropogenic-Fe to BC showed little variation among years and methods, the evaluated enhancement
ratios can be considered reliable estimates of anthropogenic-Fe to BC emission ratios over continental regions in East Asia. A
potential uncertainty in this analysis is the assumption that the fitted coefficients remained stable during the observation period
(i.e., use fixed values), which will be discussed in Section 3.5. The derived results, seasonal variations in dust contributions,
Fe content of dust aerosols, and anthropogenic Fe-to-BC ratios, suggest the validity of the source apportionment of Fe in PM, s

and PM aerosols using high-temporal resolution datasets.
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Figure 6. Relationship between the water-soluble fraction of Fe (freso) in total aerosols and the dust contribution to
total Fe (Raustre) in PMio aerosols (shaded circles). The value of freso for the certified reference material of Gobi Desert
dust provided by the National Institute for Environmental Studies, Japan (NIES CRM No. 30) is also shown as an open
diamond in the left panel. The freso values for ambient dust aerosols in Qingdao, China (Shi et al., 2020) and over the
East China Sea (Hsu et al., 2010) are shown in the right panel.

3.4 Variations in the fractional contributions and concentrations of water-soluble Fe

The fractional solubility of Fe (fres01) was analyzed as a proxy of bioaccessibility of Fe in terms of the factors considered to
affect their variability, as described in Section 1. The contributions of dust to Fe (Rqustre) for PMa2s and PM ¢ aerosol particles
were evaluated using the MLR analyses of Fe (see section 3.3.2). The Rausire for coarse mode particles was estimated based on
the differences in Raysre between PM, s and PM g aerosol particles. The Ryusre values were compared with fg. so1 for total, fine-,
and coarse-mode particles (Figs. 6 and 7a—b). The variability in fr. 1 for total and fine-mode aerosol particles was negatively
correlated with that in Raysre. The freso1 Of the certified reference material for Gobi Desert dust (NIES CRM No. 30), 0.02 %
(i.e., the diamond marker at Rqustre = 1 in Fig. 6) corresponds well with the lower end of the anticorrelation relationship between
fre,sol and Raustre. The fre o1 0f ambient aerosols for total suspended particulate (TSP) matter during dust events (i.e., the higher
Raustre period) were evaluated in Qingdao, China (Shi et al., 2020) and over the East China Sea (Hsu et al., 2010) to be 0.27 %
and 1.54 %, respectively (Fig. 6), which were comparable to our observations with Rgysre 0f approximately 1. The observed
feature of the strong dependence of Rausre On fresor indicates the importance of the source apportionment of Fe. As the
variability in freso1 for fine-mode particles was much higher than that for coarse-mode particles, frc o1 for total aerosol particles
was weakly but significantly regulated (1> = 0.47, p < 0.01) by the ratios of PMy s to PMo mass ratio for Fe (Fig. S10). We
suggest that the characterizations of Fe with multiple size cuts using an online or semicontinuous instrument (e.g., PX-375)

are also beneficial for estimating the variabilities in freso1 for total aerosol particles with a high temporal resolution (e.g., < 1
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EGUsphere\

d) without chemical analyses of Feo. Variabilities in fresoi for fine-mode particles were also affected by those in Raysre (Fig.
7a); however, their correlations were scattered compared to total aerosol particles. 2-end members of fre o1 for fine-mode

anthropogenic and dust particles were estimated based on 6°°Fe characterizations at the same site in 2019-2020 (Kurisu et al.,

2026), and their mixing partly accounts for the variabilities in fre o1 for fine-mode anthropogenic measured in this study.

c c
.g - - Simple Mixing of 2 endmembers -g 0.9 E
G, 06 (Kurisu et al. 2026) 5. %71 T 5
Ew ~ = e . 0.8 2
235 04 --0_ 0O gEN 0.4 - Q9 @
5= S-a. g | 0.7 5
35 02 o Qcp 25 02 e o 06 3
s 0. _ 98 . — 6 =
5 (a) S CQ?Q 5% ] o 020 ®" © 5
@ ';U 0.0 e 05 g
5 00— T T T T T — ' I T ' |
0.0 02 04 06 08 10 88 o 24 48 72
=
PM, ; dust Fe fraction o 8 Transport time from the continent (hrs)
_E 0.02 _5 0.02 — 80 %
82 (b) g ¢ (YR g
& ° £ o 750
L 0 @0 a
S35 0.01 ] Sc 001 - © o 702
2 0 20 O O o
39 35 © 655
T = - -
5 g 58 & ® 0@ s
ks E 000 oe .u se 609
2 000 T T T = : e a
00 02 04 06 08 1.0 g 0 24 48 72
=
PM; 5.1, dust Fe fraction 3 Transport time from the continent (hrs)

Figure 7. (a) Relationship between the water-soluble fraction of Fe (freso) in PM2s aerosols and dust contribution to
total Fe (Raustre) in PM2s aerosols (open circles). The fresor of 2-end members for anthropogenic and dust aerosols
evaluated by Kurisu et al. (2026) are shown in Fig.7a. (b) Relationship between fresol for coarse aerosols and Raustre for
coarse aerosols (PMio-PM:zs) (black circles). Changes in freso for (¢) PMzs and (d) coarse aerosols as a function of
transport time from the continent. As a reference for freso1 near emission sources (transport time close to zero), freso in
Yokosuka (this study) and Eastern Chinese urban cities (Zhu et al., 2020) for PM:.s and coarse (only for Yokosuka)
aerosols are shown in Figs.7c and 7d, respectively. The data points in Fig. 7c are colored by Raustre for the PM2 5 aerosols.
The data points at Fig. 7d are colored by the RH averaged for a day before the observations (RH-14).

Figures 7¢ and d depict the relationship between fresoi for fine- and coarse-mode particles and the transport time from the
continent, estimated using backward trajectories. These relationships suggest that air mass aging can affect the variability in
fre 01, €specially for coarse-mode particles. At least, freso in both mode particles were systematically higher in more aged air
masses (e.g., >2 d) than in less-aged air masses (e.g., <~1 d). The values of fr. s near the source regions were compared. The
fre 501 Values for fine- (PM 5) and coarse-mode particles were 2.8 % and 0.2 %, respectively, at the Yokosuka site, Japan, in the
fall of 2022. Zhu et al. (2020) evaluated frc 501 for PM, 5 aerosols to be 2.7-5.0 % at 4 urban sites (Beijing, Handan, Hangzhou,
and Zhengzhou) in East China in the winter of 2017. Combining these with the results at the Fukue site, we found that frc ol

rapidly increased within a day, especially for fine-mode particles. The increasing tendency of fr so1 during transport was source-
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dependent, as shown in Figs. 7¢ and 7d. fr. s in dust-dominated air masses (e.g., yellowish markers in Fig. 7¢) showed slower
increases than in other air masses with dust contributions below ~60 %, indicating that the rate of increase in freso1 can be
source-specific. Some data points in Fig. 7d show higher fr., soi values in moderately aged air masses (1-2 d). These data have
different air mass histories. The average relative humidity for a day before the observations (RH-14) and accumulated
precipitation along trajectories (APT) for 3 days before the observations were calculated using backward trajectories with
GDAS data and were compared with fge 501 (Figs. 8a—b). When RH-,4 exceeded 75-80 %, fr. 501 for the coarse-mode particles
significantly increased (Fig. 8b).
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Figure 8. (a) Relationship between water-soluble fraction to Fe (fre;so1) for PM2s aerosols and RH averaged for a day
before the observations (RH-qa) (open circles). (b) Relationship between fre,s0 for coarse aerosols and RH.14 (black circles).
(c) Relationship between fre,so for PM2s aerosols and accumulated precipitation along trajectories (APT) (open circles).
(d) Relationship between fr.;s0 for coarse aerosols and APT (black circles).

As the PM | sulfate-to-dust or BC concentration ratios increased with RH-4 (Fig. S11), the aqueous-phase production of acidic
species under high RH-14 conditions likely affected the increase in fres1. This can be observational evidence that aqueous-
phase processing affects the variability in frc o for mineral dust particles (e.g., Sakata et al., 2025; Shi et al., 2015). APT was
used as an indicator of the wet removal of BC (Kanaya et al., 2016) and trace metals (Miyakawa et al., 2023) during transport.
If the preferential removal of Fes, by cloud processing (including precipitation) dominates, freso1 Would decrease with an
increase in APT. Figures 8¢ and 8d showed no decreasing trend of fre o1 against the APT and suggest no such preference in

the wet removal of Fe. Because particle size as well as water solubility are important in the CCN formation process under
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moderate supersaturation conditions (e.g., Dusek et al., 2006), aerosols containing both water-soluble and insoluble Fe were
likely removed during wet removal processes during transport. The relationships obtained between fr. o1 and air mass histories

can be useful constraints for evaluating and refining model simulations of the processes controlling fr sol.
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Figure 9. Correlation of water-soluble Fe (Feso) concentrations in total (fine + coarse) aerosols with BC concentrations.
The data points are colored according to the date and time (JST) of the observation period. The black solid line depicts
the fitted line for this correlation. The solid and dashed gray lines depict the slopes of the correlations between Fesol
and BC (EC) as reported by Kurisu et al. (2026) and Chuang et al. (2005), respectively.

We found that temporal variations in total water-soluble Fe (Fes1) concentrations derived from HVS were closely related to
those of BC concentrations (Fig. 9). Most of the Fes, masses were in fine-mode particles, which is consistent with the good
correlation (r> = 0.93) between Feso and BC. The enhancement ratio of Feg to BC (AFes/ABC) was 53.8 (£11) ng pg! on
average, and it seasonally increased from winter (~40 ng ug ') to spring (~90 ng pg™!). As the dust contribution to Fe in PMy s
and PM aerosols slightly increased from winter to spring, fresoi for the “bulk” total aerosols slightly decreased from winter
to spring in 2023-2024. However, the dust Fe concentrations increased from winter to spring during the observation period
and were much higher than the anthropogenic Fe in spring, indicating the significant contributions of dust to Fes in spring,
regardless of their low water solubility. Kurisu et al. (2026) analyzed the model-based source attributions of anthropogenic Fe

at the same site in the winter—spring of 2019-2020, indicating that the contributions of coal combustion (i.e., energy, industrial,
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and residential), steel manufacturing, and traffic emissions were dominated and showed no large seasonal variations of their
relative contributions during the studied period. We thus suggest that the observed seasonal changes in AFes/ABC can be
partly attributed to the reduction of BC emissions from the residential sector over China in the seasonal transition (Kanaya et
al., 2016) because of the dominance of residential sector for BC emissions in China (64 % on average, see Kanaya et al. (2021)

for details). The seasonal progress of AFes,/ABC was further analyzed using the model simulation in Section 3.5.

3.5 Evaluations and analyses of the IMPACT model simulations

The simulation results of BC, Fe, and Fe,o concentrations and the source apportionments of Fe using the IMPACT model were
thoroughly evaluated using the observed datasets. All simulated parameters were significantly correlated with those
observed/estimated (Table S4). The normalized mean bias (NMB) for the simulated BC concentrations was 34.9 %, indicating
that the IMPACT model likely overestimated aerosol emissions from anthropogenic combustion sources (Fig. S12). The
positive NMBs for anthropogenic Fe in PM,s and PM,o aerosols can also be attributed to the overestimation of aerosol
emissions from anthropogenic combustion sources (Fig. S13). In contrast, the IMPACT model underestimated the dust Fe
concentrations, especially during the high-concentration period (April 18-20, 2024) (Fig. S14). Overall, the total Fe
concentrations were underestimated because of the underestimation of dust Fe concentrations, which overwhelmed the
overestimation of anthropogenic Fe concentrations (Fig. S15). The model simulations for total Fe aerosols (PMx for the model
and PM, for the observations) showed relatively poor correlations (r> = 0.39) to those for PM, s Fe aerosols (r*> = 0.66). This
can be partly derived from the uncertainties in the dry deposition fluxes of coarse particles in the model (Kok et al., 2021). As
the high temporal resolution variations in the source-resolved Fe concentrations were reasonably well simulated, we concluded
that the removal processes as well as emissions were also reasonably simulated. Variations in Fes concentrations were
reasonably well simulated (r*> = 0.56) using the IMPACT model. However, the Fes, concentrations for PM, s aerosols were

underestimated (NMB of —23.7 %), whereas those for total (PM> 5 + coarse) aerosols were overestimated (NMB of 21 %) by

the IMPACT model (Fig. S16). The underestimation of Feg, concentrations for PM> 5 aerosols can partly be accounted for by
the uncertainties of the size cut performance of the impactor used for the HVS (PM; s Fe characterization was biased by ~30 %,
Fig. S4), as described in section 3.1. Therefore, the comparison results of Fes concentrations for total aerosols can be analyzed
to assess the performance of the IMPACT model with minimized uncertainties in the observations. Ito et al. (2020) indicated
that the IMPACT model well reproduced the values of fre so measured by a leaching method using an ammonium acetate buffer
solution, which showed systematically higher values of fre s than those measured by the leaching method used in this study
(i.e., ultrapure water dissolution) (Tang et al., 2025). This difference can be attributed to the pH of the solution (Perron et al.
2020). Therefore, the possible reason for the discrepancies between the observations and model simulations (NMB of 21 %)
in this study was the type of leaching method used to derive the Fes, concentrations. Further characterization of Fego
concentrations and fre o1 using different leaching methods is needed to observationally derive the range of fre o1 and to compare

them with the model simulations. However, based on these evaluations of the simulation results of the IMPACT model, we
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concluded that the model data of Fes, concentrations and depositions for total aerosols can be further analyzed to draw
regional-scale features of Fe in the East Asian outflow regions.

The correlations between the Feso and BC concentrations simulated by the IMPACT model are shown in Fig. 10. The modeled
AFes/ABC for total Fe varied similarly to those observed, showing seasonal changes from winter to spring (Fig. 10a). In
contrast, the modeled AFes,/ABC for anthropogenic Fe was relatively stable compared to that for total Fe, but with small
increases from winter to spring during the observation period (Fig. 10b). The monthly mean fractional contributions of the
residential sector to the Fes, and BC concentrations at the observation site are shown in Fig. S17. The contributions of the
residential sector decreased by 23 % for BC and 3 % for anthropogenic Feso from December 2023 to April 2024, which can
account for the changes in AFes/ABC for anthropogenic Fe, as shown in Fig. 10b. Therefore, we concluded that the observed
seasonal variations in AFes/ABC can be attributed primarily to changes in the dust contributions to Feso and partly to changes
in the emission source strength of the residential sector for BC. The predicted small contributions of the residential sector to
Feso concentrations during the observation period (1-4 %, Fig. S17) is smaller than those (~30%) on Fes. emissions and
deposition fluxes in East Asia suggested by Cui et al. (2025) and Li et al. (2026). This may be partly accounted for by the
differences in the bioaccessibility of Fe at the emission and aging during transport among model simulations. If our simulations
substantially underestimate Fey, from the residential sector and accurately evaluate the others, the current overestimations of
Fesol concentrations (Fig. S16) become worse by adding the underestimated portion of Fes, from the residential sector. Further
observations integrating the detailed source attribution segregating fuel types and/or emission processes, for example stable
isotope ratio measurements of Fey (Kurisu et al., 2026), are crucially needed for better constraining the model simulations. It
should be noted that the predicted reductions in the BC emissions from residential sectors from winter to spring imply the
potential uncertainty in assuming the fixed fitting coefficients (e.g., gscrepm2s) for the BC component in the MLR model
throughout the observation period (section 3.3.2). These coefficients can be higher (lower) than the calculated values in spring
(winter), but the difference cannot be large (<~20 %). The modeled AFe/ABC well predicted those observed, even though
the modeled concentrations of Fes and BC were positively biased (NMB of 21 % and 34.9 %, respectively). This parameter
can be useful for diagnosing the model performance in predicting both the source apportionment (anthropogenic vs. natural

sources) of Fey, and its atmospheric processing.

22



540

545

550

555

https://doi.org/10.5194/egusphere-2026-3778
Preprint. Discussion started: 8 July 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

40 40 —
(a) Total (b) Anthropogenic
o * ?‘E‘ 2024/04/19
o 0 © e = 2024/03/30
£ £
e ° + n A e 2024/03/10
[}] —]
3 204 +O s 20 2024/02/19
: —
2 Oog +e + 2 2024/01/30
. -
g 104 g 10
g + Obs. k P 2024/01/10
® Modeled S.=298+625 2023/12/21
+ - Fitting for Anth.
0 — T T T T T 1 0 T T T T T 1
00 04 02 03 04 05 06 0.7 00 04 0.2 03 04 05 0.6 0.7
-3 -3
BC (ugm ) BC (ugm )

Figure 10. Correlation of BC and water-soluble Fe (Feso) concentrations for (a) total (fine + coarse) and (b)
anthropogenic Fe simulated using the IMPACT model. The data points in Figs.10a and 10b are colored according to
the date and time (JST) during the observation period. The black cross markers in Fig.10a depict the observed
correlations between Feso and BC (the same data used in Fig. 9). The shaded solid line depicts the fitted line for the
correlation between anthropogenic Feso and BC.

The modeled depositions of dust and Fes, over the NWPO were compared with those investigated by Nagashima et al. (2023)
(Fig. S18). They analyzed quartz-containing mineral particles suspended in surface seawaters at the oceanic observation site
“K2” (47° N, 160° E) during 11 research cruises from 2003 to 2022 and estimated the seasonal variations in the deposition
flux of dust and Fey, over the NWPO by assuming the fixed values of Cr. (5.3 %) and freo (1.1 %) for Asian dust. The
simulated dust Fe and dust Fes, deposition flux at the K2 site in 2024 showed similar seasonal variations (spring maxima) and
the same orders (~0.1 mg m2 d! and ~1 pug m2 d!, respectively) as those observed in 2003-2022. The modeled dust
contribution to total Fey, deposition overwhelmed the others (anthropogenic and pyrogenic sources) in spring (March—April).
Bioavailable Fe can be supplied from Fe-rich intermediate waters to surface seawater in the NWPO, which significantly affects
springtime biological production and biogeochemical cycles in the NWPO (e.g., Nishioka et al., 2007; 2020). In Nagashima
et al. (2023), the intermediate water-sourced bioavailable Fe supply at the K2 site in the spring—summer seasons was also
estimated to be c.a. 2.0 pg m2 d”!, which was comparable to our modeled estimates of the atmospheric water-soluble
(bioaccessible) Fe supply. The model simulations implied that the long-range transport of dust Fe from the continent in East
Asia and its deposition in the outflow oceanic regions over the NWPO can control the atmospheric supply of bioaccessible Fe
to the ocean surface in the HNLC region and contribute to the significant amount of bioavailable Fe required for sustaining

the springtime ocean biological activities in the NWPO.
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4 Implications and future work
4.1 Source apportionments and water-soluble fraction of other elements

In this study, we analyzed the datasets of concentrations and water-soluble fractions only for Fe. We successfully obtained
high-temporal-resolution concentrations and size-resolved water-soluble fraction of multiple metallic elements other than Fe,
such as Ti, V, Cr, Mn, Ni, Cu, Zn, As, and Pb, in PM» s and PM, aerosols. The leachable fractions of these metallic elements
in aerosols are also key parameters for assessing their impacts on ocean microbiology. Mn as well as Fe play a role as growth-
limiting nutrients for marine phytoplankton in HNLC regions, such as the NWPO and Southern Ocean (Mahowald et al., 2018,
and references therein). Other trace metals can also limit microbial biogeochemistry (e.g., Zn; Moore et al., 2013), and their
higher concentrations can be toxic to some plankton (e.g., Cu; Jordi et al., 2012). These indicate that atmospheric deposition
of the trace metals onto the ocean surface can alter community composition and potentially inhibit biological productivity.
Modeling attempts to simulate the multi-elemental compositions of atmospheric aerosols and their deposition have been
challenging. Only a limited number of studies have addressed this issue, especially in East Asia (Chatani et al., 2021; Kajino
et al.,, 2020; 2021; Ito and Miyakawa, 2023). Further characterizations of various trace metals in terms of source
apportionments and bioaccsessibility using our datasets are urgently required to derive a comprehensive understanding of the
environmental impacts of trace metals in East Asian outflow regions through synergetic work using numerical model

simulations.

4.2 Considerations in the methods to analyze water-soluble fraction of Fe

Ultrapure water was used to extract the Feo content from the aerosols collected on the filters in this study. This method was
based on that of Buck et al. (2013). As described in Section 2.3, the value of fr. 1 using ultrapure water is recognized as a
lower estimate. Tang et al. (2025) compiled the results from an inter-laboratory intercomparison study for trace metal leaching
methods that analyzed ambient acrosol samples and clarified the lower estimate of fre so1 based on ultrapure water leaching by
comparing the methods using acetic acid (Berger et al., 2008) and ammonium acetate (Peron et al., 2020) solutions. Previous
studies have suggested that fr. s measured using ultrapure water leaching is comparable to or higher than that measured using
seawater leaching (Buck et al., 2010; Shelley et al., 2018). As the dissolution of Fe into the water phase can be dependent on
the composition of the solution, for example, organic ligand concentrations (e.g., Paris and Desboeufs, 2013), it is difficult to
experimentally mimic seawater dissolution of Fe, which can be applicable to a wide range of oceanic conditions. To derive the
possible range of fresoi and harmonize the fr. s datasets with those obtained in different studies, further studies integrating

multiple Fe leaching methods are needed in East Asian outflow regions.
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4.3 Insights into long-term variations in Feso concentrations in the East Asian outflow regions

Kurisu et al. (2026) analyzed fr. o for fine-mode particles at the same site in the winter and spring of 2019-2020. Using our
BC datasets, the AFeso/ABC in 2019-2020 was evaluated to be 74.7 (+21) ng ug ™' on average. Chuang et al. (2005) found a
similar relationship between Fes, in TSP and EC concentrations at the Gosan supersite on Jeju Island, Korea, during the
Aerosol Characterization Experiment—Asia campaign (March 31-May 2, 2001). The enhancement ratio of Fes to EC
(AFes/AEC) was ~90 ng pg™'. Although the measurement techniques of BC (i.e., light absorption method) and EC (i.e.,
thermal-optical method, Schauer et al., 2003) differed among studies, springtime AFes/AEC in 2001 was comparable to
AFes/ABC in 2023-2024 (Fig. 9). Careful data harmonization for both BC and Fes is needed for a more precise comparison
with previous studies. The observed relationship between Fes,; and BC concentrations reported in this study provides useful
constraints for evaluating model predictions of Fes in the East Asian outflow regions. The recent significant decreasing trend
of BC near the source region over the continent (e.g., Xie et al., 2025) and in East Asian outflow (e.g., Kanaya et al., 2020)
suggests that Fey, concentrations in East Asia may have decreased since 2010-2020s. A climate-change-related decrease in
mineral dust emissions over the continental region has also been indicated (Wu et al., 2022). Satellite-based observations
suggest that recent climate change (2003—2021) has significantly affected air-pollution transport from continental sources to
outflow regions in winter—spring (Cai et al., 2024). The reduced delivery of Fey, to the HNLC region, as predicted by a
modeling study (Zhu et al., 2025), may have modulated the impacts of atmospheric bioaccessible Fe supply in this region.
Long-term simulations using the IMPACT model will be essential for investigating long-term trends and interannual variations
in Feg concentrations in the East Asian outflow and their deposition onto the HNLC region over the NWPO in terms of their

relative importance compared with those from intermediate waters.

4.4 Perspectives to further evaluate model simulations of airborne concentrations of bioaccessible Fe in aerosols and
their deposition to the ocean surface

As the observation site is located in a gateway region for continental air-mass transport to the NWPO under the East Asian
winter monsoon system, our datasets—affected by multiple sources and aging processes during transport—provide useful
constraints for simulating not only source-resolved Fe concentrations but also complex interactions between Asian dust and
atmospheric pollution. Further elaborate studies involving model simulations with our datasets are critically needed to
investigate the transport and supply of bioaccessible Fe to the NWPO. To this end, the observational results of this study need
to be compared with global atmospheric models that can simulate atmospheric concentrations, source apportionments, and the
fractional solubility of Fe in aerosol particles. Our datasets were characterized by high temporal resolution Fe and tracer
concentrations and source apportionment with different size cuts (i.e., PM» s and PM,¢) and mode-segregated fre so1. The former
is beneficial for evaluating the transport processes as well as source-resolved emission strengths of Fe in East Asian regions.
Indeed, Miyakawa et al. (2023) analyzed high temporal resolution data of the concentrations of Fe and other tracer compounds

(e.g., BC) with the IMPACT model simulations (Ito and Miyakawa, 2023) and pointed out the overestimation of anthropogenic
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Fe emission strength and uncertainties in the wet removal processes of elements related to anthropogenic emissions (e.g., Cu
and Pb) in the IMPACT model. The latter is unequivocally required to quantitatively assess the role of Fe in ocean
biogeochemistry. Model evaluations with our datasets will provide an opportunity to improve the simulated supply of
bioaccesible Fe to the oceans in the East Asian outflow region, such as the NWPO. In this study, we compared observed Fe
and Fe,o concentrations and Fe source apportionment results, with simulations from the updated IMPACT model. The current
version of the IMPACT model reasonably simulated Fes concentrations at the observation site; however, it overestimated
(underestimated) the anthropogenic (dust) Fe concentrations, resulting in overestimations of fges1. To further validate the
IMPACT model, multi-model approaches involving other models participating in intercomparison studies under discussion in
the GESAMP Working Group 38 (e.g., Johnson and Meskhidze, 2013; Myriokefalitakis et al., 2015; Scanza et al., 2018) are
of great interest for assessing the schemes adapted in the models to describe the aging processes of Fe during transport and the
performance of simulating transboundary transport of Asian dust aerosols to the NWPO. Other HNLC regions in the southern
hemisphere (SH), such as the Southern Ocean, should also be targeted because bioaccessible Fe sources in the HNLC regions
remain poorly understood. The observation setups used in this study, which combined high-temporal resolution multielement
(especially Si as well as Fe) and tracer (e.g., BC) concentrations and fr. o1 for size-segregated aerosols, would be useful for
investigating the roles of mineral dust from desert regions and combustion aerosols from biomass burning in the supply of

bioaccessible Fe to the ocean in the SH (e.g., Cosentino et al., 2020; Desboeufs et al., 2024; Ito et al., 2017; 2020).

5 Conclusions

Trace metals in aerosol particles impact Earth's radiative budget, human health, and ocean biogeochemistry. Semi-continuous
measurements of the elemental composition of fine-mode (PM> s5) and total (PM o) aerosols and high-volume air sampling (5-
d)/offline chemical analyses were conducted on a remote island of Japan in the winter—spring of 2023-2024 to characterize
the source apportionment and water-soluble concentrations and fractions of geochemically important elements such as Fe in
the East Asian outflow region. PM,s (PM,o) total aerosol and Fe concentrations reached 85 (205) and 2.7 (7.4) pg m™>,
respectively (April 18-20, 2024). Backward trajectories and satellite observations during this period indicated a strong
influence of Asian dust transport on the outflow region. The values of fr. 501 greatly varied from 3 % to 40 % for PM, s aerosols
and were less than 1.5 % for coarse mode aerosols (>2.5 pm), indicating that mineral dust dominated the coarse mode and that
Raustre temporally varied for PM, s aerosols. Temporal variations in PM; s and PM, Fe concentrations were analyzed based on
MLR using the concentrations of tracer species (Si and BC) and were classified into dust and non-dust Fe contributions for
PM, s and coarse-mode aerosols. Size-segregated fr.so1 Was investigated using Rqustre and aging processes (transport time, RH,
and increases in sulfate mass). The source apportionment (dust vs. non-dust) was essential to account for the fg. o1 Variations
for PM, 5 aerosols, whereas coarse mode aerosols, which were mainly apportioned to dust, were affected largely by aging

processes, especially aqueous phase processes associated with RH higher than 70-80 %. Temporal variations in Fegl
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concentrations were well correlated with those in BC concentrations, indicating the significance of continental combustion
sources in enhancing Feg concentrations in the outflow regions. The AFey/ABC were 53.8 (+11) ng ug™! on average during
the observation period and increased from ~40 ng pg™! in winter to ~90 ng pug ! in spring, which could be reproduced by the
IMPACT model. The modeled data analyses suggest that the observed seasonal changes in AFe/ABC are primarily associated
with the increase in the dust contribution to Fes in spring, and secondarily the larger contribution of the residential sector to
BC compared to Fes,. Our observations provide combined datasets of size-segregated Fe and Fes, concentrations and the
evolution of fre s through aging processes as useful constraints to further develop, validate, and refine numerical models

simulating the detailed behavior of Fe in aerosols over regions under East Asian winter monsoon influences.

Data availability

All observation and model simulation data used in this study, except for the lidar observation datasets, will be available online
(e.g, ZENODO). The data obtained from the MoEJ framework were downloaded from

https://www.env.go.jp/air/osen/monitoring.html. The lidar observation datasets are available on the AD-Net website, hosted

by the National Institute for Environmental Studies, Japan (https://www-lidar.nies.go.jp/AD-Net/).
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