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Abstract. Pyrogenic carbon (PyC) is a continuum of compounds generated during the incomplete combustion
of biomass or fossil fuels. Water-soluble PyC (WSPyC), a PyC smaller than 0.7 µm, is transported to the ocean
via rivers or atmospheric deposition and is considered a key component in the long-term regulation of the global
carbon cycle. Compared to the riverine input flux, the atmospheric deposition flux of WSPyC may have large
uncertainties due to limited observations. This study examines the factors influencing WSPyC concentration in
atmospheric aerosols in Sapporo, Hokkaido, based on a year-round observation. The WSPyC concentration in the
aerosols, determined with the benzene polycarboxylic acid method, ranged from 1.41 to 46.5 ng C m−3, with an
average value of 13.7±10.6 ng C m−3. The average concentration was lower than previously observed near com-
bustion sources. Positive Matrix Factorization (PMF) analysis revealed that 60 % of the WSPyC concentration
was attributed to a K+-dominated combustion, which included the burning of biomass and biofuels. Meanwhile,
40 % of WSPyC was associated with factors related to the atmospheric aging of aerosols derived from fossil
fuel combustion. The global WSPyC deposition flux to the ocean has previously been estimated based on the
concentration ratio of WSPyC to elemental carbon (EC) or water-soluble organic carbon (WSOC). The results
of this study suggested that these ratios vary due to the atmospheric aging processes, including photochemical
production of WSPyC from soot, indicating the need for a reassessment of the global WSPyC deposition flux.

1 Introduction

Pyrogenic carbon (PyC) is a continuum of compounds pro-
duced by the incomplete combustion of biomass and fossil
fuels (Hedges et al., 2000; Masiello, 2024; Wagner et al.,
2021). Most PyC consists of polycyclic aromatic compounds
that are resistant to microbial degradation and have long
residence times in natural environments (Goldberg, 1985).
Due to its long residence time in the environment, the for-
mation of PyC is considered a carbon sequestration process
in the global carbon cycle (Santín et al., 2016). Recent cli-
mate change, namely increases in temperature and drought,
is causing intensive wildfires and CO2 emissions (Jones et
al., 2024; Wang et al., 2025). The production of PyC can re-
duce the positive feedback loop between wildfires and cli-

mate change caused by CO2 emissions by 10 %–20 % (Jones
et al., 2019); however, due to the limited understanding of
PyC dynamics, such as storage, transfer, and fate, it is not
currently included in Earth system models (Coppola et al.,
2022).

Globally, landscape fires produce 196–340 Tg of PyC an-
nually (Jones et al., 2019), most of which remain at the sur-
face, namely in the soil, as charcoal or ash. On the other hand,
landscape fires emit soot, a fraction of PyC, to the atmo-
sphere, with a global flux estimated at 2–11 Tg yr−1 (Bond
et al., 2013). Soot is also produced by fossil fuel combus-
tion, with a global flux of 5–13 Tg yr−1 (Bond et al., 2013). A
part of the larger-sized PyC particles (particulate PyC, PPyC:
diameter greater than 0.7 µm, Fang et al., 2018) in soils is
eroded and transported to the ocean via rivers (Wagner et al.,
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2015; Coppola et al., 2018). A fraction of PPyC in soils is
also subject to partial oxidation, resulting in its solubilization
(defined as water-soluble PyC, WSPyC, or dissolved PyC:
diameter less than 0.7 µm, Fang et al., 2018) and transport to
terrestrial aquatic systems such as rivers, groundwater, lakes,
and finally to the ocean (Dittmar et al., 2012; Wagner et al.,
2015; Yamashita et al., 2021). Most of the PPyC that is trans-
ported to the ocean is considered to be buried in coastal sedi-
ments, which likely leads to its long-term preservation (Cop-
pola et al., 2014; Fang et al., 2021). In contrast, WSPyC is
ubiquitous in the ocean from the coastal to the open ocean
(Nakane et al., 2017; Yamashita et al., 2022; Bao et al., 2023;
Coppola et al., 2024), constituting about 2 % of dissolved or-
ganic carbon (DOC) in the open ocean (Dittmar and Paeng,
2009).

The primary sources of oceanic WSPyC are riverine trans-
port and atmospheric deposition, although the seafloor and
submarine groundwater are also considered sources (Wag-
ner et al., 2018; Zhao et al., 2025). The annual input flux of
WSPyC by riverine transport and atmospheric deposition is
estimated to be 18± 4 Tg yr−1 (Coppola et al., 2018; Jones
et al., 2020) and 1.8±0.83 Tg yr−1 to 4.5±1.8 Tg yr−1 (Bao
et al., 2017; Geng et al., 2021), respectively. The hydrother-
mal vent has recently been identified as a source of WSPyC
with a global flux of 1.6–9.7 Tg yr−1 (Yamashita et al., 2023).
The identified removal processes of WSPyC from the ocean
are photodegradation and adsorption onto sinking particles,
and these fluxes are estimated to be 20–490 Tg yr−1 (Stub-
bins et al., 2012) and 16–85 Tg yr−1 (Coppola et al., 2014;
Yamashita et al., 2022), respectively. The sum of removal
fluxes is higher than the sum of input fluxes, and the unbal-
anced budget of WSPyC in the ocean is a puzzle that should
be solved for a better understanding of the global PyC cy-
cle (Coppola et al., 2022). Although the input flux of atmo-
spheric deposition is one order of magnitude smaller than
that of the riverine transport, the stable carbon isotope com-
position of WSPyC in the ocean was far different from that
of riverine WSPyC, but similar to marine organisms (Wag-
ner et al., 2019). Recently, the stable carbon isotope com-
positions of aerosol PyC collected in the South China Sea
and the northeast Indian Ocean were reported to cover the
range of oceanic WSPyC (Geng et al., 2023), indicating that
atmospheric deposition is an essential but potentially under-
estimated source of oceanic WSPyC.

To the best of our knowledge, studies on atmospheric
WSPyC observations are limited, with only two focusing on
rainwater (Wagner et al., 2019; Bao et al., 2022) and three
on aerosols (Bao et al., 2017; Geng et al., 2021; Zhang et al.,
2023a). Estimates of the global WSPyC deposition flux to the
ocean are based on a linear relationship between WSPyC and
water-soluble OC (WSOC) concentrations in aerosols col-
lected over the Chinese coastal seas and the western North
Pacific Ocean in spring, when outflows from northern China
(Bao et al., 2017) to these oceanic areas are frequent. The
flux has also been estimated based on a linear relationship be-

tween WSPyC and elemental carbon (EC) concentrations in
aerosols measured year-round in Bachok, Malaysia (Geng et
al., 2021). However, the relationships between WSPyC and
WSOC, as well as between WSPyC and C, have been re-
ported to vary significantly, which depends on combustion
sources and atmospheric aging processes during transport
(Geng et al., 2021; Zhang et al., 2023a). The formation of
WSPyC from soot through photochemical reaction is prob-
ably the most critical process in atmospheric ageing (Fierce
et al., 2015; Li et al., 2018, 2019, 2022), which could signifi-
cantly alter the ratio of WSPyC to WSOC and EC in aerosols
during transport. However, the influence of atmospheric ag-
ing on WSPyC concentrations in aerosols has not been
well assessed because previous studies were conducted rel-
atively close to the emission sources of combustion-derived
aerosols.

In this study, ambient aerosol samples were collected in
Sapporo, Hokkaido, Japan, to provide insights for improving
the estimates of the atmospheric deposition flux of WSPyC
to the ocean. Sapporo is a city located in the western part of
Hokkaido, northern Japan, facing the western North Pacific.
The tertiary industry is dominant in Sapporo, and the num-
ber of manufacturers is lower than the national average, sug-
gesting that industrial emissions are relatively limited (Pavu-
luri et al., 2013). Because of the influence of the East Asian
monsoon, the origin of aerosols in this region varies greatly
with the season, making it an ideal location for observing air
masses transported over long distances from China, Siberia,
and the surrounding seas (Yamamoto et al., 2011; Pavuluri
et al., 2013, 2015). WSPyC concentrations were measured
together with WSOC and EC concentrations, light absorp-
tion parameters, and inorganic ions in the aerosols. Positive
matrix factorization (PMF) and backward trajectory analyses
were used to determine the sources of WSPyC observed in
Sapporo.

2 Methods

2.1 Sample collection

Fifty-three aerosol samples were collected at the rooftop of
the Graduate School of Environmental Science, Hokkaido
University (43.073° N, 141.346° E, 30 m a.g.l. – above
ground level, Fig. 1) from 19 September 2022, to 28 Septem-
ber 2023. The samples include an Asian dust sample. Asian
dust, consisting of soil particles originating from the Asian
deserts, is frequently transported across the East China Sea
and the Yellow Sea to Japan during spring (Iwasaka et al.,
1983). The total suspended particle (TSP) samples were
collected on a quartz fiber filter (Pall), which was pre-
combusted at 450 °C for 6 h, with a high-volume air sam-
pler (Model 120SL, Kimoto Electric). The aerosol sample
was collected on the filter at a flow rate of 1000 L min−1

with a sampling duration of approximately 7 d for standard
samples and 31 h (from 09:00 LT on 12 April, to 16:00 T

Atmos. Chem. Phys., 26, 2141–2159, 2026 https://doi.org/10.5194/acp-26-2141-2026



R. Miyase et al.: Factors controlling the concentration of water-soluble pyrogenic carbon 2143

Figure 1. Locations of the aerosol sampling site (Graduate School of Environmental Science, Hokkaido University) and Sapporo site by the
Japan Meteorological Agency. Imagery © 2025 Airbus, Map data SIO, NOAA, US Navy, NGA, GEBCO in the right panel.

on 13 April 2023) for the Asian dust sample (Table S1
in the Supplement). After the sample collection, the filter
was folded with the collection side inward, placed into a
pre-combusted (450 °C, 6 h) glass jar with an acid-washed
(soaked overnight in 1 M HCl and rinsed thoroughly with
Milli-Q water) Teflon-lined screw cap, and stored at −20°
until analysis. During the storage, Teflon tape was wrapped
between the lid and the container to prevent contamination.

Hourly wind direction and wind speed data at Sapporo
observed by the Japan Meteorological Agency (43.06° N,
141.328° E, Fig. 1) were obtained from the Japan Meteo-
rological Agency website (https://www.data.jma.go.jp/stats/
etrn/index.php, last access: 8 February 2026). The wind rose
plots were produced using R with the “Climatol” package.
Monthly precipitation data in Sapporo were also obtained
from the Japan Meteorological Agency’s website.

2.2 Sample pretreatment

2.2.1 Extraction of aerosol samples with water

Water-soluble fractions of aerosol samples are defined as ex-
tracts from the filter with Milli-Q water, followed by filtration
(Miyazaki et al., 2018). Two punches (50 mm diameter) of
the filter samples were extracted with 40 mL of Milli-Q water
using an ultrasonic bath (VS-100III, AS ONE) at 28 Hz for
15 min. Ice packs were added to the ultrasonic bath to pre-
vent the water temperature from rising during the extraction.
The extracts were filtered using a 0.22 µm polyvinylidene
fluoride (PVDF) filter (Durapore, Merck Millipore) with an
acid-washed plastic filter holder. This process was repeated
three times. Approximately 40 mL of the water-soluble frac-
tion was used for water-soluble organic carbon (WSOC) con-
centration measurement and UV-Vis absorption analysis, and
about 80 mL was used for solid-phase extraction for WSPyC
analysis.

For inorganic ions and methanesulfonic acid (MSA) anal-
yses, a punch (25 mm diameter) of the filter sample was
extracted with 10 mL of Milli-Q water ultrasonically for

15 min. The extract was filtered using a 0.22 µm PVDF sy-
ringe filter.

2.2.2 Solid-phase extraction

Solid-phase extraction was performed according to the
method reported by Dittmar (2008) and Nakane et al. (2017).
The detailed procedure is described in Barton and Wag-
ner (2022). Approximately 80 mL of the water-soluble frac-
tion was acidified to pH 2 by adding concentrated HCl.
The acidified fraction was passed through a solid-phase ex-
traction cartridge (Bond Elut-PPL, Agilent, 1 g, 6 mL) pre-
washed with two column volumes (approximately 12 mL) of
methanol and one column volume of 0.01 M HCl, allowing
WSPyC in the fraction to adsorb onto the resin. After the
passage of the acidified filtrate, the cartridge was rinsed with
two column volumes of 0.01 M HCl. The resin was then dried
with nitrogen gas. Finally, two column volumes of methanol
were passed through the cartridge to elute the organic matter,
including WSPyC, which was collected into a pre-combusted
glass bottle with an acid-washed Teflon-lined screw cap and
stored frozen until analysis.

2.3 Analysis

2.3.1 Concentration of water-soluble pyrogenic
carbon (WSPyC)

WSPyC analysis was performed using the benzene polycar-
boxylic acid (BPCA) method, as reported by Dittmar (2008)
and modified by Nakane et al. (2017) and Yamashita et
al. (2021). The BPCA method involves oxidizing polycyclic
aromatic structures in WSPyC using nitric acid, converting
them into BPCAs with one benzene ring and multiple car-
boxylic groups on their side chain. BPCAs having 3–6 car-
boxylic groups are then quantified with a high-performance
liquid chromatograph (HPLC). The method provides infor-
mation on the concentration and condensation degree of
WSPyC.
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The methanol eluate from solid phase extraction was
dried using a centrifugal evaporator (CVE-3000, EYELA) at
50 °C. The residue was dissolved in 5 mL of methanol, which
was collected with an acid-washed glass measuring pipette.
Two millilitres of the methanol solution were transferred to
2 mL glass ampoules, dried again using a centrifugal evap-
orator at 50 °C, and 0.5 mL of concentrated nitric acid was
added. The ampoules were sealed and heated at 170 °C for
6 h to oxidize the WSPyC into BPCAs. Nitric acid was then
removed by drying the samples in the centrifugal evaporator
at 50 °C. The dried residue was dissolved in 200 µL of elu-
ent A (4 mM tetrabutylammonium, 50 mM sodium acetate,
10 % methanol) and transferred to an HPLC vial for anal-
ysis using an HPLC equipped with a diode array detector
(1260 Infinity, Agilent).

The HPLC analytical settings followed those of
Dittmar (2008) and Nakane et al. (2017). BPCA iden-
tification was based on retention time and absorption spectra
(220–380 nm) reported by Dittmar (2008). Calibration
curves were constructed using BPCA standard mixtures,
which were prepared by mixing individual BPCA standards.
BPCAs with 3 to 6 carboxyl groups (i.e., B3CA, B4CA,
B5CA, B6CA) were used to quantify WSPyC. The calcula-
tion of WSPyC concentration was based on Eq. (1) proposed
by Dittmar (2008),

[WSPyC]
(

nmolC m−3
)
= 33.4×{0.5[B3CA](nM)

+ 0.5[B4CA](nM)+ [B5CA](nM)

+ 0.5[B6CA](nM)×
Ae

Ac
×
Ve

Va
(1)

where Ae is the filter area used for the water extraction
(2.52π×2 cm2),Ac represents the effective collection area of
the filter during the aerosol sampling (405.3 cm2), Ve means
the volume of water passed through the SPE cartridge,
Va means the volume (m3) of air drawn during the sampling.

2.3.2 Concentrations of elemental carbon (EC) and
organic carbon (OC)

EC and OC concentrations in aerosol samples were quan-
tified with a thermal-optical transmittance method using
an EC /OC analyser (Sunset Laboratory) (Miyazaki et al.,
2007). A 14 mm diameter filter punch was placed in a quartz
tube with a slit. The analyser combusted the sample under
a helium atmosphere (100 % He), followed by a helium-
oxygen mixture atmosphere (98 % He, 2 % O2) at varying
temperatures. The temperature protocol used in this study is
shown in Fig. S1 in the Supplmenet. In the helium atmo-
sphere, partial combustion of OC produces EC, potentially
leading to overestimation. The EC generated during the anal-
ysis was corrected using simultaneous laser transmittance
measurements, according to Lu et al. (2018).

CO2 generated from the oxidation of OC and EC was de-
tected with a non-dispersive infrared (NDIR) detector. To

correct the variations in the NDIR detector’s sensitivity, CH4
was injected between 761 and 900 s. The calibration curve
was obtained by analysing a pre-combusted blank filter with
sucrose solution.

2.3.3 Concentration of water-soluble organic
carbon (WSOC)

WSOC concentration was measured using a total or-
ganic carbon analyser (TOC-L, Shimadzu) based on the
non-purgeable organic carbon (NPOC) method with high-
temperature catalytic oxidation. Carrier gas (pure air) was
supplied at 150 mL min−1. 2 M HCl was added to the water-
soluble fraction to reduce the pH to below 2, and dissolved
inorganic carbon was removed by purging with pure air. A
100 µL aliquot of the sample was injected into the combus-
tion tube filled with a standard catalyst maintained at 680 °C,
where organic carbon was oxidized to CO2, which was then
detected by an NDIR detector. The peak areas obtained by
5–7 injections of the fractions were averaged to estimate the
WSOC concentration. Standard solutions of potassium hy-
drogen phthalate, prepared and analysed on the same day
as the sample measurements, were used for the calibration
curve.

2.3.4 UV-Vis absorption analysis

Absorbance spectra between 200 and 800 nm of the water-
soluble fraction were measured with a UV-Vis spectropho-
tometer (UV-1900i, Shimadzu). A 1 cm path-length quartz
cell was used, and baseline correction was performed with
Milli-Q water before analysis, according to Yamashita et
al. (2013). Absorption coefficient (Absλ) at a wavelength (λ)
was calculated with Eq. (2), following Wu et al. (2019),

Absλ = (Aλ−A700)×
Vw

Va×L
× ln(10) (2)

where Aλ is the absorbance at wavelength (λ), and A700 is
the average absorbance value between 695 and 705 nm and
is used to reduce the errors caused by baseline drift. Vw (ml)
is the volume of extraction, Va (m3) refers to the volume
of air sampled through the filter during the sampling, and
L (m) is the optical length (0.01 m). In this study, a wave-
length of 365 nm, which has minimal absorption by inorganic
substances in the water extract, was used as a quantitative pa-
rameter of light-absorbing organic aerosols (Hecobian et al.,
2010).

2.3.5 Concentration of inorganic ions and
methanesulfonic acid

The concentrations of inorganic ions (i.e., Cl−, NO−3 , SO2−
4 ,

Na+, NH+4 , K+, Mg2+, Ca2+) and MSA in the water-
soluble fraction of the aerosol samples were determined
by using an ion chromatograph (IC) (761 Compact IC,
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Metrohm) (Miyazaki et al., 2016). Anions were measured us-
ing an IC column (A Supp 5-150/4.0, Metrohm) equipped
with a suppressor using an eluent (3.2 mM Na2CO3,
1.0 mM NaHCO3). An IC column (Metrosep C 4-250/4.0,
Metrohm) with an eluent (1.7 mM HNO3, 0.7 mM 2,6-
pyridinedicarboxylic acid) was used for cation analysis. Cal-
ibration curves were constructed using standard solutions of
the target ions and MSA.

Sodium is assumed to originate entirely from sea salt, and
the non-sea-salt (nss) ion concentrations (ng m−3) are deter-
mined using Eq. (3) based on the average seawater composi-
tion (Frank et al., 2008).

[nss-X]sample

(
ngm−3

)
= [X]sample−

(
X/Na+

)
seawater

×
[
Na+

]
sample (3)

Here, the (SO2−
4 /Na+)seawater is 0.252, the

(Ca2+/Na+)seawater is 0.038, and the (K+/Na+)seawater
is 0.037.

2.4 Statistical analysis

The Pearson correlation coefficient was used to assess the
correlations between parameters. For seasonal comparisons,
the non-parametric Kruskal–Wallis rank test and Dunn’s test
were used. All statistical tests were conducted at a 5 % signif-
icance level. All analyses were performed using the R plat-
form (R Core Team, 2023).

2.5 Positive matrix factorization

The Positive Matrix Factorization (PMF) 5.0 model of the
United States Environmental Protection Agency (EPA) was
used to identify the source of WSPyC in aerosols collected in
this study. PMF is a method for decomposing multiple sets of
observational data into several factors, simultaneously deriv-
ing statistical information known as factor contributions and
factor profiles (Paatero and Tapper, 1994). The PMF model
was carried out according to the manual (Norris et al., 2014).
The model was run multiple times with varying numbers of
factors until stable solutions were obtained. The uncertainty
was increased threefold for MSA, which showed low repro-
ducibility in the model.

2.6 Air mass back trajectories

The 3 d HYSPLIT backward trajectories of air masses arriv-
ing in Sapporo at an altitude of 50 m at the time of sample
collection and every 24 h prior were calculated and down-
loaded from the National Oceanic and Atmospheric Ad-
ministration (NOAA) website (https://www.ready.noaa.gov/
HYSPLIT_traj.php, last access: 8 February 2026). The me-
teorological data were obtained from the GDAS 1° archive
provided by the Air Resources Laboratory (ARL) (https:
//www.ready.noaa.gov/archives.php, last access: 8 February

2026). All the results are shown in Fig. S2. To simplify the
results of the backward trajectory analysis, the trajectories
generated for each season were grouped using the clustering
function in the HYSPLIT model and represented by a lim-
ited number of mean trajectories (clustered trajectories) cal-
culated by the model. The number of mean trajectories was
determined at the point just before the standard change in
total spatial variance (TSV) increased sharply.

3 Results

3.1 Carbonaceous parameters

WSPyC concentration was 1.41–46.5 ng C m−3 (mean:
13.7± 10.6 ng C m−3), with the peak measured in au-
tumn. The mean WSPyC concentration in summer (4.26±
2.31 ng C m−3) was significantly lower (p < 0.05) than those
in other seasons (spring mean: 16.5± 10.5 ng C m−3, au-
tumn mean: 14.3± 12.4 ng C m−3, winter mean: 18.0±
7.5 ng C m−3) (Figs. 2a and S3a). OC concentrations var-
ied between 0.53 and 4.57 µg C m−3, except for the ex-
tremely high level observed during the Asian dust event
(9.78 µg C m−3). The mean value, including the dust sam-
ple, was 2.35± 1.36 µg C m−3, with the highest mean value
observed in spring. The mean concentration of OC in spring
(3.04±0.89 µg C m−3) was approximately three times higher
than that in winter (1.09± 0.31 µg C m−3), which was the
lowest mean concentration. OC concentration in winter
was relatively low compared to other seasons (p < 0.05)
(Figs. 2b and S3b). WSOC concentrations varied between
0.40 and 3.48 µg C m−3 (mean: 1.15± 0.55 µg C m−3), with
the highest concentrations observed in the Asian dust sam-
ple. The mean concentration of WSOC in spring (mean:
1.56± 0.48 µg C m−3) was significantly higher (p < 0.05)
than in autumn (mean: 1.03± 0.35 µg C m−3) and winter
(mean: 0.78± 0.25 µg C m−3), but not in summer (mean:
1.08± 0.30 µg C m−3) (Figs. 2c and S3c). EC concentra-
tion was 0.079–1.01 µg C m−3 (mean: 0.40±0.22 µg C m−3)
during the observation period, with the highest concentra-
tion occurring in winter. The mean concentration of EC
in summer (0.20± 0.06 µg C m−3) was significantly lower
(p < 0.05) compared to the other seasons (spring mean:
0.44± 0.16 µg C m−3, autumn mean: 0.53± 0.24 µg C m−3,
winter mean: 0.43± 0.23 µg C m−3). The EC concentration
in the Asian dust sample (0.63 µg C m−3) was not differ-
ent from the other samples in spring (Figs. 2d and S3d).
Abs365 was 0.14–2.71 Mm−1 (mean: 0.51±0.40 Mm−1) dur-
ing the observation period, and the highest value was ob-
served during the Asian dust event. The mean value of
Abs365 in spring (0.70±0.30 Mm−1) was significantly higher
(p < 0.05) than in summer (mean: 0.29± 0.09 Mm−1) and
autumn (mean: 0.40±0.26 Mm−1), but not in winter (mean:
0.51± 0.15 Mm−1) (Figs. 2e and S3e).

WSPyC /WSOC and WSPyC /EC ratios have been re-
ported to increase under the influence of biomass burning,
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Figure 2. Box-and-whisker plots of the concentration of (a) WSPyC, (b) OC, (c) WSOC, (d) EC, and (e) Abs365 for each season (excluding
dust sample from spring).

Figure 3. Box-and-whisker plots of the ratio of (a) WSPyC /WSOC, (b) WSPyC /EC, (c) EC /OC, and (d) WSOC /OC for each season
(excluding dust sample from spring).

because biomass burning occurs at relatively low tempera-
tures, it tends to promote the formation of less-condensed
aromatic structures, such as WSPyC, compared to EC (Geng
et al., 2021). WSPyC /WSOC ratio was 0.002–0.027 (mean:
0.012±0.01). The mean value of WSPyC /WSOC in winter
was 0.023± 0.003 and was significantly higher (p < 0.05)
than in autumn (0.013± 0.007), spring (0.010± 0.005), and
summer (0.004± 0.003), in that order (Figs. 3a and S4a).
WSPyC /EC ratio was observed with a range from 0.0063
to 0.069 (mean: 0.033± 0.017). The seasonal mean in win-
ter (mean: 0.044±0.013) was significantly higher (p < 0.05)
than in autumn (mean: 0.026± 0.014) and summer (mean:
0.024±0.016), and roughly twice the summer value (Figs. 3b
and S4b).

The EC /OC ratio is commonly used as an indicator of
urban air quality, with higher values suggesting a more sub-
stantial influence from fossil fuel combustion (Chen and Xie,
2014). The EC /OC ratio varied between 0.036 and 0.68
(mean: 0.21± 0.14). The seasonal mean of the ratio in win-
ter (0.42± 0.14) was significantly higher (p < 0.05) than
in spring (0.16± 0.05), summer (0.09± 0.03), and autumn
(0.27±0.13). The winter mean was approximately five times
higher than the summer mean (Figs. 3c and S4c). The
WSOC /OC ratio is used as an indicator of secondary or-
ganic aerosols (SOA) (Miyazaki et al., 2006; Kondo et al.,
2007). WSOC /OC ratio was 0.26–0.83 (mean: 0.52±0.14)
during the observational period. The seasonal mean value
was highest in winter (0.77± 0.06) (p < 0.05). There were
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no significant differences in the mean values among the
other seasons (spring: 0.58±0.10, summer: 0.48±0.09, fall:
0.52± 0.20) (Figs. 3d and S4d).

3.2 Inorganic ions and methanesulfonic acid
concentrations

Inorganic ions and MSA concentrations are used to assess
the source of aerosols. Figure 4 shows the seasonal trends of
inorganic ions and MSA concentrations observed in Sapporo
as box-and-whisker plots. Figure S5 presents temporal vari-
ations. In spring, the highest concentrations were observed
for total ions, MSA, NO−3 , nss-SO2−

4 , nss-Ca2+, and nss-
K+, and their seasonal mean concentrations were also the
highest (excluding the dust sample). During the dust event,
the highest concentrations were observed for Cl−, MSA,
Na+, nss-K+, nss-Ca2+, and Mg2+ (Fig. S5). In summer,
the mean concentrations of total ions and many individual
ion species (Cl−, NO−3 , nss-K+) were at their lowest. In con-
trast, mean concentrations of MSA and nss-SO2−

4 in summer
were higher than in autumn and winter. In autumn, no ion
species showed particularly high concentrations. In winter,
mean concentrations of total ions and NO−3 were higher than
in summer and autumn and were similar to those in spring.
Furthermore, NH+4 in winter showed the highest mean con-
centration. The mean concentration of nss-Ca2+ in winter
was significantly lower than in other seasons.

3.3 Wind direction, speed, and air mass back
trajectories

Wind direction, wind speed, and backward trajectories can
help estimate the potential origin of the aerosols. North-
westerly and southeasterly winds were dominant in Sap-
poro throughout the observation period. In spring, the ob-
served frequency of northwesterly and southeasterly winds
was similar, while the northwesterly winds tended to have
higher speeds than those of southeasterly winds (Fig. S6a).
The air mass back trajectories showed that about half of
the air masses came to Sapporo from the west (continental
side) in spring (Fig. 5a). The Asian dust (yellow dust) event
was observed during 12–13 April 2023 (Fig. 5b). In sum-
mer, southeasterly winds were dominant (Fig. S6c), and the
back trajectories showed that air masses were often trans-
ported from the adjacent seas (Fig. 5c). The southeast winds
were also dominant in autumn (Fig. S6d). The back trajec-
tories showed that 66 % of the air masses in autumn were
transported from the Eurasian continent (Fig. 5d). In win-
ter, northwesterly winds with speeds exceeding 4 m s−1 were
dominant (Fig. S6e), and the back trajectory also showed that
most of the air masses came from the continent (Fig. 5e).

Table 1. Pearson correlation coefficients (R values) between
WSPyC concentration and each parameter.

Spring Summer Autumn Winter Entire Without
period dust

Cl− 0.30 −0.01 0.42 0.29 0.60∗ 0.56∗

MSA 0.61∗ 0.07 −0.03 0.58∗ 0.32∗ 0.19
NO−3 0.76∗ 0.15 0.62∗ 0.84∗ 0.64∗ 0.67∗

nss-SO2−
4 0.64∗ 0.52 0.24 0.94∗ 0.31∗ 0.33∗

Na+ 0.42 −0.03 0.40 0.43 0.58∗ 0.54∗

NH+4 0.62∗ 0.63∗ 0.65∗ 0.88∗ 0.58∗ 0.60∗

nss-K+ 0.87∗ 0.72∗ 0.92∗ 0.83∗ 0.70∗ 0.78∗

nss-Ca2+ 0.71∗ 0.40 0.25 0.34 0.39∗ 0.31∗

Mg2+ 0.50 0.07 0.42 0.36 0.53∗ 0.47∗

OC 0.78∗ 0.67∗ 0.52 0.91∗ 0.33∗ 0.21
EC 0.87∗ 0.07 0.69∗ 0.71∗ 0.75∗ 0.75∗
WSOC 0.84∗ 0.52 0.87∗ 0.94∗ 0.57∗ 0.53∗

Abs365 0.83∗ 0.62∗ 0.97∗ 0.69∗ 0.71∗ 0.82∗

Bold indicates R > 0.7, and ∗ represents p < 0.05.

3.4 Correlation between WSPyC concentration and
other parameters

Table 1 presents the Pearson correlation coefficients (R val-
ues) and p values, showing the relationship between WSPyC
concentration and the levels of other parameters, such as
carbonaceous components, inorganic ions, and MSA. These
values are provided for each season and the entire observa-
tion period, including and excluding the Asian dust sample.
Regardless of the inclusion of the Asian dust sample, there
was a strong positive correlation (R > 0.7, p < 0.05) be-
tween WSPyC and nss-K+, EC, and Abs365 throughout the
period. In spring, a strong positive correlation was observed
between WSPyC and NO−3 , nss-K+, Ca2+, OC, EC, WSOC,
and Abs365. In summer, WSPyC was not highly correlated
with any of the parameters. In autumn, WSPyC was strongly
positively correlated with nss-K+, WSOC, and Abs365. In
winter, there was a strong positive correlation of the WSPyC
with NO−3 , nss-SO2−

4 , NH+4 , nss-K+, OC, EC, and WSOC.

4 Discussion

4.1 Seasonal variations in WSPyC concentrations and
their controlling factors

4.1.1 WSPyC concentration in aerosol collected in
Sapporo

The concentrations of WSPyC in atmospheric aerosol ob-
served in Sapporo varied seasonally, with lower concentra-
tions in summer and no significant differences in other sea-
sons (Fig. 2a). The concentrations of WSPyC observed in
this study were similar to those observed in the open ocean
of the western North Pacific Ocean (Bao et al., 2017). On
the other hand, the observed concentrations were lower than
those observed in Bachok, Malaysia (Geng et al., 2021), Xi-
amen, China (Zhang et al., 2023a), the China coastal seas
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Figure 4. Box-and-whisker plots of the concentration of (a) total ion, (b) Cl−, (c) MSA, (d) NO−3 , (e) nss-SO2−
4 , (f) Na+, (g) NH+4 ,

(h) nss-K+, (i) nss-Ca2+, and (j) Mg2+ for each season (excluding dust sample).

(Bao et al., 2017), and the Asian dust samples collected in the
western North Pacific Ocean (Bao et al., 2017). The concen-
tration of WSPyC in the dust sample collected in this study
was approximately at the first quartile of the Asian dust sam-
ples collected in the western North Pacific Ocean (Bao et al.,
2017) (Fig. 6). The comparison with previous studies sug-
gests that the local emission of WSPyC around the study re-
gion (Sapporo, Japan) was relatively low compared to the
earlier studies in China and Malaysia.

The WSPyC /WSOC and WSPyC /EC observed in Sap-
poro fell within the range previously reported for aerosols
influenced by fossil fuel combustion which were lower
than those influenced by biomass burning (Figs. 7 and 8).
WSPyC /WSOC of the Asian dust sample was one-third
of that observed in the Asian dust samples collected in
the western North Pacific Ocean (Bao et al., 2017). Varia-
tions in the WSPyC concentrations, WSPyC /WSOC, and
WSPyC /EC have also been reported to be controlled not
only by their sources but also by atmospheric aging processes
and meteorological conditions (e.g., precipitation frequency
and air temperature) (Zhang et al., 2023a). For example, the

susceptibility to wet deposition varies depending on parti-
cle size and hydrophobicity, with EC being relatively less
prone to removal (Sonwani and Kulshrestha, 2019; Petters
et al., 2006; Weingartner et al., 1997). The atmospheric ag-
ing processes include the production of WSPyC from soot
via photodegradation (Li et al., 2019, 2022; Roebuck et
al., 2017; Decesari et al., 2002). The photodegradation of
WSPyC, and the formation of water-soluble secondary or-
ganic aerosols (SOA) through the photochemical oxidation
of water-insoluble organic carbon (WIOC) and volatile or-
ganic compounds (VOCs) (Lim et al., 2019; Grieshop et al.,
2009; Zhang et al., 2023b; Dzepina et al., 2011). Thus, the
WSPyC /WSOC and WSPyC /EC ratios observed in Sap-
poro are also likely influenced by the atmospheric aging pro-
cesses of continental origin during long-range transport.

The WSPyC concentrations observed in this study showed
strong correlations with nss-K+, EC, and Abs365 levels
throughout the year (Table 1). The nss-K+ is widely used
as a tracer of biomass burning, including landscape fire and
biofuel combustion (Chow et al., 2004; Pant and Harrison,
2012). EC is emitted from various combustion activities. In
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Figure 5. The clustered 3 d back trajectories of air masses arriving in Sapporo, Hokkaido in (a) spring, (b) dust (12–13 April 2023),
(c) summer, (d) autumn, (e) winter.

Figure 6. Comparison of the WSPyC concentrations in aerosols collected in Sapporo with those of previous studies.

urban areas of the US and Europe, EC is primarily (> 70 %)
derived from transportation-related emissions such as the use
of diesel and gasoline (Briggs and Long, 2016). However,
biomass (e.g., wood) burning contributes more than 50 % of
EC emissions in winter in rural and background areas of Eu-
rope (Briggs and Long, 2016). Similarly, in Hebei, northern

China, 38 % of annual EC emissions were reported to orig-
inate from transportation, 30 % from biomass burning, and
25 % from coal combustion (Hou et al., 2022). Although the
source of EC in Sapporo has not been well documented, it
is also likely to originate from both fossil fuel combustion
and biomass (including biofuels) burning in both local and

https://doi.org/10.5194/acp-26-2141-2026 Atmos. Chem. Phys., 26, 2141–2159, 2026



2150 R. Miyase et al.: Factors controlling the concentration of water-soluble pyrogenic carbon

Figure 7. Comparison of the WSPyC /WSOC ratio of aerosols collected in Sapporo with that of previous studies.

Figure 8. Comparison of the WSPyC /EC ratio of aerosols collected in Sapporo with that of previous studies. The y axis scale for biomass
burning (Bachok, Malaysia) differed from the others.

remote regions (Aggarwal and Kawamura, 2008; Ohta and
Okita, 1990). Abs365, an indicator of water-soluble brown
carbon (WS-BrC), was also reported to be emitted from both
biomass burning and fossil fuel combustion, with higher lev-
els of aerosols from biomass burning than fossil fuel com-
bustion (Wu et al., 2019). Considering strong correlations of
WSPyC with these tracers of combustion activities through-
out the year (Table 1), WSPyC observed at Sapporo was most

likely a mixture of combustion-derived aerosols from both
biomass burning and fossil fuel combustion. The correlation
coefficients between concentrations of WSPyC and levels of
nss-K+, EC, and Abs365 varied by season, possibly due to
seasonal differences in major factors controlling the WSPyC
concentration (Table 1).
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4.1.2 Spring

In spring, wind and backward trajectory analyses indicated
the influence of continental air masses (Figs. 5a and S6b).
The seasonal mean concentration was the highest for several
ionic species and carbonaceous parameters. WSPyC concen-
tration in spring was significantly correlated to NO−3 , nss-
K+, OC, WSOC, EC, and Abs365, and well correlated with
nss-SO2−

4 , and NH+4 (Table 1). As mentioned above, nss-
K+ and Abs365 are mainly derived from biomass burning,
whereas EC is likely to be derived from both biomass burn-
ing and fossil fuel combustion. It has been reported that the
EC /OC ratio of aerosols from biomass burning is relatively
low compared to fossil fuel combustion. For example, 0.09–
0.1 for wheat and corn residue burning (Li et al., 2009) and
0.12–0.2 for aerosols mainly from biomass burning in China
(Chen and Xie, 2014; Tao et al., 2013). The mean EC /OC
ratio of spring in this study was 0.15± 0.04, suggesting that
biomass burning is likely one of the major sources of WSPyC
in spring in Sapporo.

Sulfate (SO2−
4 ), NO−3 , and NH+4 (collectively SNA) are

secondary inorganic aerosols, and their concentrations de-
pend on the concentrations of precursor gases and trans-
formation rates in the atmosphere (Xu et al., 2017). NOx ,
the precursor gas of NO−3 , is primarily emitted from vehi-
cle exhaust, while SO2, the precursor gas of SO2−

4 , is mainly
emitted from coal combustion (Zhang et al., 2012). Glob-
ally, approximately 60 % of ammonia emissions originate
from livestock and fertilizers (Bouwman et al., 1997). Still,
in urban areas of China, it is suggested that non-agricultural
sources, such as vehicle exhaust, contribute significantly to
emissions of ammonia (Chen et al., 2022). SNA primarily
occur as ammonium sulfate and ammonium nitrate. Because
ammonium nitrate volatilizes at high temperatures, its forma-
tion is enhanced under low-temperature conditions (< 15 °C)
(US EPA, 1999). Sulfate formation occurs through gas-phase
oxidation via photochemical reactions and aqueous-phase
oxidation, which is influenced by factors such as relative hu-
midity (Seinfeld and Pandis, 2016). The spring conditions
(i.e., relatively low temperature and high solar radiation) are
favourable for the formation of SNA from precursor gases
emitted from the fossil fuel combustion. Therefore, in addi-
tion to the origin of biomass burning, the correlations with
WSPyC and SNA in spring imply that the WSPyC is pro-
duced by atmospheric aging processes, specifically the pho-
tochemical oxidation of soot (Han et al., 2012; Li et al.,
2018), emitted from fossil fuel combustion.

The WSPyC concentration in spring also showed a strong
correlation with nss-Ca2+. The nss-Ca2+ is widely used as a
tracer of soil particles (Nakamura et al., 2020), and nss-Ca2+

in the Asian dust sample was remarkably highest among
the samples in this study (Fig. S5i). The strong correla-
tion between WSPyC and nss-Ca2+ in spring suggests that
the prevailing westerly winds likely transport soil particles
and combustion-derived WSPyC from the continent. Bao et

al. (2017) measured WSPyC concentrations in aerosol sam-
ples collected in the open ocean of the western North Pacific
and reported that the concentrations were higher in aerosols
affected by Asian dust storms, the result of which is similar
to that in the current study.

4.1.3 Summer

In summer, backward trajectories indicated the majority of
air masses derived from the ocean but not the continent
(Fig. 5c). The mean concentrations of combustion-related
tracers, i.e., nss-K+, EC, Abs365, and WSPyC, were lower
in summer than in other seasons. Meanwhile, mean OC and
WSOC concentrations in summer were the second highest
after spring. It was reported that aerosols collected in Sap-
poro had higher concentrations of OC, WSOC, and bio-
genic SOA, including isoprene oxidation products, in sum-
mer compared to other seasons (Pavuluri et al., 2013; Bud-
havant et al., 2019). The relatively high OC and WSOC con-
centrations in summer aerosols observed in this study most
likely reflect increased emissions of biogenic volatile organic
compounds (BVOCs) and primary biological aerosol parti-
cles (i.e., WIOC) and their subsequent oxidation to WSOC.
Therefore, the lower WSPyC /WSOC ratio observed in sum-
mer compared to other seasons (Fig. 3a) suggests an in-
creased contribution of non-combustion-derived (biogenic)
aerosols. This greater contribution may obscure the relation-
ships between WSPyC and other combustion tracers (nss-
K+, EC, Abs365) (Table 1).

4.1.4 Autumn

In autumn, while the dominant wind direction was southeast,
backward trajectories showed the influence of continental air
masses (Figs. 5d and S6d). Such local wind data and air mass
origin implied that both local and continental sources likely
contributed to autumn aerosols. Mean EC concentrations
were higher in autumn than in other seasons (Fig. 2d), and
mean nss-K+ concentrations were the second highest after
spring (Fig. 4h). The WSPyC concentrations in autumn were
strongly correlated with nss-K+, Abs365, and WSOC (Ta-
ble 1), suggesting that WSPyC is likely to originate mainly
from biomass burning. However, the mean EC /OC ratio in
autumn (0.23±0.09) was higher than in spring (Fig. 3c). An
increase in the EC /OC ratio has been reported to be not only
influenced by primary emission sources but also the forma-
tion of secondary organic carbon (SOC) (Pio et al., 2011;
Plaza et al., 2011) and scavenging by precipitation (Huo
et al., 2016). EC in aerosols is less susceptible to removal
by rainfall than OC (Huo et al., 2016). The relatively high
EC /OC, an indication of the origin of fossil fuel combustion
in autumn, may therefore be due to the selective scavenging
of OC by precipitation. Although the meteorological condi-
tions in autumn and spring were relatively similar in Sap-
poro, the total precipitation was higher in autumn (250 mm
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from September to November 2022) than in spring (118 mm
from March to May 2023).

4.1.5 Winter

In winter, both local wind data and backward trajectories sug-
gested that the air masses were strongly influenced by the
continental source (Figs. 5e and S6e). The high WSPyC con-
centrations observed in winter are considered to reflect in-
tensified combustion activities associated with heating use in
continental and nearby regions. The highest WSOC /OC ra-
tio is typically observed in summer when photochemical ac-
tivity is vigorous (Miyazaki et al., 2006; Kondo et al., 2007);
however, in this study, it was observed in winter (Fig. 3d).
This may be attributed not only to the contribution of primary
combustion-derived WSOC but also to enhanced SOA for-
mation driven by long-range transport from the continent and
the accumulation of aerosols under stable atmospheric con-
ditions. Similarly, the formation of WSPyC through the oxi-
dation of soot may have occurred and contributed to the high
WSPyC concentrations observed in winter. The WSPyC con-
centrations were strongly correlated with NO−3 , nss-SO2−

4 ,
NH+4 , and EC in winter (Table 1), confirming that a major
factor controlling the WSPyC concentration in winter in Sap-
poro was the atmospheric aging processes of aerosols orig-
inating from fossil fuel combustion. The WSPyC was also
strongly correlated with nss-K+ and well correlated with
Abs365 (Table 1), suggesting that winter WSPyC in Sapporo
is likely derived from biomass burning in addition to fossil
fuel combustion.

4.2 Source apportionment of WSPyC by PMF

A PMF analysis resolved six interpretable factors contribut-
ing to the observed WSPyC concentration (Fig. 9). F1 was
characterized by substantial contributions of Cl−, Na+, and
Mg2+ (> 48 %), indicating a marine primary origin and de-
fined as “marine PA”. F2 was dominated by MSA, nss-SO2−

4 ,
OC, and WSOC (> 27 %), which was defined as “marine
secondary organic aerosols (SOA)”. F3, with a large con-
tribution of nss-Ca2+ (70 %), was defined as “soil and min-
eral dust”. F4 was attributable to WSOC, Abs365, nss-K+,
and EC (21 %–44 %). Because nss-K+ is known to originate
from biomass and biofuel burning (Chow et al., 2004; Pant
and Harrison, 2012), F4 is defined as “potassium-dominated
combustion” sources primarily influenced by biomass and
biofuel burning. F5 showed the largest contribution of NO−3
(62 %), followed by NH+4 (46 %), and defined as “nitrate-
dominated combustion” source. F6 was dominated by nss-
SO2−

4 and NH+4 (> 40 %) with minor contributions of WSOC
and Abs365 (15 %–21 %), which is defined as “sulfate-
dominated combustion” source. NOx is precursor gas species
of NO−3 , which is emitted from various anthropogenic com-
bustion activities, such as mobile sources (e.g., traffic and
ships) being particularly prominent (Geng et al., 2024; Ni

Figure 9. Six factors (F1–F6) obtained from the PMF analysis. The
boxes represent the contribution of each factor to the components.

et al., 2024). SO2 is precursor gas species of SO2−
4 , which

primarily originates from coal combustion in factories and
power plants (Lin et al., 2022). Therefore, F5 and F6 indi-
cate the aerosols associated with combustion sources that had
undergone atmospheric ageing processes.

It should be noted that the observed WSPyC concentra-
tions were controlled by only three factors (i.e., F4, F5,
and F6), all attributed to combustion-related factors, con-
firming the combustion origin of the WSPyC. The observed
WSPyC in Sapporo was 60 % from potassium-dominated
combustion sources (F4), 25 % from nitrate-dominated com-
bustion (F5), and 15 % from sulfate-dominated combus-
tion (F6), demonstrating that biomass burning and secondary
aerosols from fossil fuel combustion are the primary sources
of WSPyC in Sapporo. Figure 10 illustrates how the contri-
bution of each factor to the WSPyC concentration varies over
time, as well as showing the seasonal mean. The potassium-
dominated combustion sources were the dominant factor
controlling the WSPyC concentration in autumn in Sap-
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Figure 10. Temporal variation of WSPyC concentration divided by each PMF factor. The pie charts show the average seasonal contribution
of each PMF factor to WSPyC concentration.

poro. The highest concentration of WSPyC observed in this
study was in autumn. It was associated with the highest con-
centration of WSPyC with the potassium-dominated com-
bustion sources (Fig. 10). Back trajectory analysis of the
sample with the highest WSPyC concentration (8 Novem-
ber 2022, in Fig. S2) revealed a strong influence of the conti-
nental air masses. The combined contribution of the nitrate-
and sulfate-dominated combustion sources was about half of
the WSPyC concentration in spring and winter, indicating a
greater contribution of WSPyC derived from aged fossil fuel
combustion aerosols compared to autumn. The larger con-
tribution of sulfate-dominated combustion sources in winter
compared to spring may be influenced by coal use for heat-
ing in Northeast China because it has been reported that the
leading cause of winter smog in Northeast China is the use of
coal for residential heating (Zhang et al., 2020). The back tra-
jectories in winter show a strong continental origin (Fig. 5e),
suggesting that they may more closely reflect combustion ac-
tivities on the continent.

4.3 Possible factors controlling WSPyC in relation to
WSOC and EC

A relatively weak but significant linear relationship between
WSPyC and WSOC was also observed in Sapporo for the en-
tire observation period (Table 1). The correlation coefficients
of the linear relationships for each season were better than
those for the entire observation period, except for summer.
The slopes of the linear relationships also varied seasonally
from 0.019 in spring to 0.031 in autumn (Fig. 11, Table 2).
The slopes observed in spring in Sapporo were two-thirds
smaller than that reported in spring aerosol collected from
the China coastal seas to the western North Pacific (Bao et
al., 2017), although the slopes in winter and autumn in Sap-
poro were similar to Bao’s observation. Such differences in
the slope, as well as correlation coefficient, are most likely
due to differences in the contribution of the factors control-
ling the WSPyC concentration, namely sources and atmo-
spheric aging processes. WSPyC concentrations were com-
parable to those in winter and autumn (Fig. 2a), indicating
that the smaller slope is probably attributed to the higher
WSOC concentrations. The increase in WSOC concentra-
tions due to high biological activities has been observed in
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Figure 11. Linear regression analyses between concentrations of WSPyC and WSOC, EC. The black dashed line represents the linear
regression for all samples, excluding the dust samples. The colored lines represent the linear regression for each season.

Table 2. The linear relationship between WSPyC and WSOC, as well as between WSPyC and EC.

vs. WSOC vs. EC

R Slope R Slope

all the data (without dust event) 0.53 0.012± 0.003 0.75 0.035± 0.004
Spring 0.84 0.019± 0.004 0.87 0.057± 0.010
Summer 0.52 0.004± 0.002 0.07 0.003± 0.012
Autumn 0.87 0.031± 0.005 0.69 0.036± 0.011
Winter 0.94 0.029± 0.003 0.71 0.023± 0.007

Bold indicates p < 0.05.

Sapporo in spring (Pavuluri et al., 2013). Therefore, the con-
tribution of non-combustion-derived WSOC makes the slope
between WSPyC and WSOC smaller.

The linear relationship between WSPyC and EC was also
observed for the entire observation period in Sapporo (Ta-
ble 1). On the one hand, the slope (0.035, Fig. 11 and Table 2)
was about 30 % and 6 % of those observed for aerosols af-
fected by fossil fuel combustion (slope= 0.100) and biomass
burning (slope= 0.563) in Bachok, Malaysia (Geng et al.,
2021). A significant linear relationship between WSPyC and
EC was also observed in each season except summer, with
the slopes ranging from 0.023 in winter to 0.057 in spring
(Fig. 11, Table 2), all of which were smaller than the values
for the aerosols affected by fossil fuel combustion in Bachok,
Malaysia (Geng et al., 2021). Geng et al. (2021) reported that
some of the observed aerosols in Bachok were derived from
fossil fuel combustion, which contained high levels of anhy-
drosugars, markers of biomass burning. They suggested that
fossil fuel combustion-derived aerosols in Bachok may be
influenced by biomass burning with a higher WSPyC /EC
ratio. On the other hand, the slopes observed in Sapporo
were similar to those observed in summer (0.048) and in

winter (0.025) in Xiamen, China (Zhang et al., 2023a). In-
terestingly, the observations in Sapporo and Xiamen (Zhang
et al., 2023a) showed that the slope in spring/summer was
approximately twice as high as that in winter (Fig. 11, Ta-
ble 2). Odd oxygen (Ox), as an indicator of photochemical
reactions (Zhan et al., 2021; Herndon et al., 2008), tends to
show high concentrations from spring to summer in Japan
(NIES, 2010). Similarly, in Taiwan, photochemical losses of
VOCs were greater in spring and summer compared to win-
ter (Mishram et al., 2024), suggesting a more substantial in-
fluence of photochemical reactions during these seasons. It
has been reported that organic compounds similar to WSPyC
are produced by oxidizing highly condensed aromatic hydro-
carbons adsorbed on EC via photochemical reactions (Li et
al., 2018, 2019, 2022). These results indicate not only dif-
ferences in the source but also the possible transformation of
soot to WSPyC through photochemical reactions in the at-
mosphere, altering the ratio of WSPyC to EC.

The slopes between WSPyC and WSOC, as well as
between WSPyC and EC, observed near the combustion
sources have been used to estimate the global flux of at-
mospheric deposition of WSPyC to the ocean (Bao et al.
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2017; Geng et al., 2021). The slopes were reported to dif-
fer between combustion sources (Zhang et al., 2023a). This
study also showed that the slopes changed with the addition
of biogenic WSOC as well as atmospheric aging processes
such as photooxidation of soot and subsequent production of
WSPyC. Therefore, the global flux of atmospheric deposition
of WSPyC to the ocean is likely to be highly uncertain, as it
is based on a limited number of observations near combus-
tion sources. To reduce uncertainty in the global flux of at-
mospheric WSPyC deposition to the ocean, WSPyC, WSOC,
EC, and other aerosol parameters in the open ocean, far from
combustion sources, are needed. Furthermore, it is necessary
to determine changes in WSPyC, WSOC, and EC concentra-
tions during atmospheric aging.

5 Conclusion

In a year-round observation in Sapporo, Hokkaido, the aver-
age WSPyC concentration was 13.7± 10.6 ng C m−3, which
was comparable to that previously collected in the open
ocean of the western North Pacific but was lower than that
collected near the combustion sources. WSPyC concentra-
tions showed strong correlations with EC, WSOC, Abs365,
nss-K+, nss-SO2−

4 , and NO−3 . The correlations varied by sea-
son, probably due to differences in the primary combustion
source and atmospheric aging processes (e.g., photochem-
ical oxidation and secondary formation). Considering that
Sapporo was substantially affected by continental air masses
except in summer, when WSPyC levels were low, it is sug-
gested that combustion activities on the continent likely in-
fluenced the WSPyC concentrations in Sapporo.

Source apportionment by PMF analysis showed that
WSPyC contributed to only three factors, all of which were
most likely related to combustion activity. The WSPyC
concentration was strongly influenced by a factor related
to potassium-dominated combustion sources throughout the
year, especially in autumn, suggesting that the WSPyC in
Sapporo is influenced by primary organic aerosols originat-
ing from biomass and biofuel burning. The contributions of
factors associated with nitrate- and sulfate-dominated com-
bustion sources to the WSPyC concentration became larger
in winter and spring, indicating that the atmospheric aging
of aerosols originating from fossil fuel combustion more
strongly influences WSPyC in Sapporo in winter and spring.

The linear relationships between WSPyC and both WSOC
and EC were significant for each season except summer,
when levels of combustion-derived EC and WSPyC were
lowest. However, the slopes of the linear relationships, cor-
responding to the WSPyC /WSOC and WSPyC /EC ratios,
varied by season. These variations are likely due to differ-
ences in the contributions of biogenic WSOC and atmo-
spheric aging processes, including the secondary formation
of WSPyC through the photooxidation of soot, as well as
variations in primary combustion sources. The former two

effects are likely to become more pronounced as aerosols are
transported over long distances from land to the open ocean.
Therefore, to precisely estimate the global WSPyC deposi-
tion flux to the ocean, it is essential to experimentally elu-
cidate the solubilization processes of WSPyC from soot in
both the atmosphere and the ocean surface, in addition to
aerosol observations in open ocean regions, far from com-
bustion sources.

Data availability. All data are available at
https://doi.org/10.5281/zenodo.15510865 (Miyase, 2025).
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