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Impact of shipping emissions regulation on urban aerosol
composition changes revealed by receptor and numerical
modelling
Eunhwa Jang 1✉, Seongwoo Choi1, Eunchul Yoo1, Sangmin Hyun2 and Joongeon An3

Various shipping emissions controls have recently been implemented at both local and national scales. However, it is difficult to
track the effect of these on PM2.5 levels, owing to the non-linear relationship that exists between changes in precursor emissions
and PM components. Positive Matrix Factorisation (PMF) identifies that a switch to cleaner fuels since January 2020 results in
considerable reductions in shipping-source-related PM2.5, especially sulphate aerosols and metals (V and Ni), not only at a port site
but also at an urban background site. CMAQ sensitivity analysis reveals that the reduction of secondary inorganic aerosols (SIA)
further extends to inland areas downwind from ports. In addition, mitigation of secondary organic aerosols (SOA) in coastal urban
areas can be anticipated either from the results of receptor modelling or from CMAQ simulations. The results in this study show the
possibility of obtaining human health benefits in coastal cities through shipping emission controls.
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INTRODUCTION
Concerns over the contribution of air pollutants from the shipping
sector to global emissions have been widely reviewed1–4.
Emissions from oceangoing ships are estimated to be 5–8% and
15% of global anthropogenic sulphur oxides (SOx) and nitrogen
oxides (NOx), respectively1. On average, 70% of air pollutants from
shipping activities are emitted within 400 km of coastlines,
indicating the potential significance of the air pollution burden
from ships on coastal cities and global background particulate
matter levels5. It was estimated that the vessel emissions
associated with manoeuvring and hoteling in the harbour of Los
Angeles contributed to 1.4% of the primary PM2.5 observed 80 km
inland6. The contributions from shipping emissions have been
estimated at 1–14% of PM2.5 concentrations observed in European
coastal regions, and they account for up to 25% for primary PM2.5

in hotspot areas1,2,5. The shorter lifetime of NOx inside the ship
emissions plume (~1.8 hours) compared to typical ambient marine
conditions (~6.6 h at noontime) may result in enhanced levels of
nitrate aerosols (e.g., NH4NO3 and NaNO3) near shipping lanes7. As
well, the accelerated conversion rate of sulphur dioxide (SO2) into
sulphate (SO4

2−) in shipping plumes with metallic elements
(emitted from the combustion of heavy fuel oils) that act as
catalysts in oxidation processes, may explain elevated levels of
sulphate aerosols (e.g., (NH4)2SO4 and NH4HSO4) in the marine
boundary layer8,9. Additionally, transported air masses enriched in
SO2 with favourable atmospheric conditions (high relative
humidity) for SIA formation may result in elevated sulphate
aerosols near coastal cities10,11.
The significant impact of shipping emissions not only on air

quality but also on adverse health outcomes such as cardiovas-
cular disease, respiratory disease and premature death have been
well documented4,12–17. According to an expert survey from the
WHO-HRAPIE project, shipping emissions have been considered
an important source category in regard to health at the global

scale, owing to the growth of air pollution associated with
increasing international trade and the use of low-quality fuels that
result in aerosols containing toxic elements16,18–20. The concerns
over enhanced metal levels in aerosols, especially vanadium (V)
and nickel (Ni) in harbour regions have been outlined21, as
shipping plumes with relatively high acidity can increase the
bioavailability of these metallic species8,22–24. The high potential of
health risks from toxic organic chemicals associated with vessel
exhaust emissions, such as polycyclic aromatic hydrocarbons
(PAHs) and polychlorinated dibenzo-p-dioxins and polychlori-
nated dibenzofurans (PCDD/Fs), have also been addressed5,25, and
elevated nano-particles, originating from shipping exhaust emis-
sions in coastal regions have been raised as concerns4,19,26,27.
Due to the reported adverse health effects of air pollution from

ships, there has been a sustained effort to mitigate shipping
emissions at the global level under the International Convention
for the Prevention of Pollution from Ships (MARPOL). Improving
fuel consumption efficiencies through adopting new technologies
in new ship designs is one of the recent efforts. As well, switching
to cleaner fuels from heavy fuel oil (HFO) or installing scrubbers
are other options for reducing air pollutants. Concurrently, many
port authorities have prepared voluntary incentive schemes to
help operators to reduce shipping emissions near ports5. The
International Maritime Organisation (IMO) recently implemented
regulations on shipping emissions, where the sulphur (S) content
of ship’s fuel oil is required to be reduced to 0.5% from 3.5% as of
January 2020. Additionally, the stricter regulations have been
extended to all ships in designated Emission Control Areas (ECA)
either by controlling shipping fuel oils with less than the 0.1% S
limit or by adopting voluntary speed reduction policies.
An exact quantitative understanding of source-specific con-

tributions to observed pollution levels is paramount for tracking
the effectiveness of implementing regulations on targeted
sources, and for designing efficiency control strategies for
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pollution. With regard to the toxicity issue associated with PM2.5

from the maritime sector, recent studies have adopted various
source apportionment tools (i.e., either receptor models or
numerical models with particulate matter source apportionment
technology tools) to identify and quantify shipping-source-related
PM2.5 in urban coastal areas27–30. However, most receptor
modelling studies in harbour regions have focused on chemically
resolved PM2.5 data. Currently, there is only limited in-depth
source apportionment analysis of gas-phase PM precursors with
high temporal resolution at port regions, where a detailed
understanding of secondary inorganic/organic components in
PM2.5 attributable to shipping emissions may be achieved.
In this work, we analyse the impact of shipping emission

regulations on air quality with a particular focus on the chemical
composition of PM2.5 in Busan, the world’s top 10 container port
cities (http://www.marinetraffic.com)31,32, where the shipping
sector accounts for 45% of primary PM2.5 emissions in 201933.
Application of PMF to three extensive datasets (PM2.5 urban
background dataset of 2019–2021, PM2.5 port dataset of
2019–2021 and Selected Ion Flow Tube Mass Spectrometry
(SIFT-MS) port dataset of 2020–2021) allows quantitative identi-
fication of the impact of implementing limits for shipping
emissions on the aerosol composition. In addition, scenario
analysis using SMOKE-WRF/FNL-CMAQ simulations identifies the
changes in the spatial distribution of major chemical component
in PM2.5, arising from regulations on shipping emissions. The
results of this study show that the health burden of air pollution
can be greatly reduced in coastal cities through shipping
emissions management.

RESULTS
Trends of PM precursors and major PM2.5 chemical
components
Phasing in the introduction of stricter standards for the S content
of marine fuel is described in Supplementary Fig. 1. As shown in
Fig. 1a and Supplementary Fig. 2, the monthly mean SO2

concentrations at two air quality monitoring (AQM) sites adjacent
to the port (hereafter referred to as the port site) in Busan, had
been sharply decreasing for several months before the global
regulations on S content in shipping fuel oil started in January
2020 (from 3.5 to 0.5%). A comparable declining trend in monthly
SO2 levels was also observed at urban background sites where
hourly measurements at 28 AQM sites in inland Busan were used
but to a lesser extent than port sites (SO2 reduction rates for 6
months before implementing low-S fuel policy were 71.4% and
20.0% for port sites and urban background sites, respectively).
Figure 1b shows the number of ships calling at all ports in Busan

from 2019 to 2021 and the total tonnage of cargo (import +
export). The tourist industry seems to have been greatly affected
by a 74.4% drop in the number of passenger ships calling (845 in
2021 from 3296 in 2019) since the COVID-19 outbreak; but this
was not the case in the commercial shipping sector. The number
of cargo vessel calls decreased by only 3.1% (44,828 in 2019 to
43,452 in 2021), and the shipping trade in terms of cargo tonnage
decreased by 5.6% (from 469 million tonnes in 2019 to 443 million
tonnes in 2020). Based on the fact that the COVID-19 pandemic
has minimal impact on the volume of international trade in
Korea31 and that cargo vessels contribute overwhelmingly to SO2

emissions in the Busan shipping sector33, changes in SO2

emissions from shipping sector in Busan are expected to be
minimal during the study period. However, in fact, the concentra-
tions of SO2 at port sites in 2021 decreased significantly compared
to 2019. Therefore, it can be concluded that the change in
shipping traffics was not a major factor in the decrease in SO2

emissions over Busan from 2019 to 2021.

The steep reduction of ambient SO2 concentrations in Busan
after August 2019 seems to be the result of either the
predominant wind direction during monsoon climate, in which
westerly winds in the cold season leads to reduced advection of
air pollutants from the ocean to interior regions; or by the switch
to cleaner fuels or pre-installation of scrubbers on international
cargo vessels in advance of the regulation date. The stricter
requirement of S content in shipping fuels from September 2020
(from 0.5 to 0.1%) for both international and domestic vessels at
berth in Busan ports appears to be a reasonable explanation for
the concurrent decrease of SO2 concentrations at two port sites
during the same period. Additional S regulation applied to
manoeuvring domestic vessels from January 2021 (3.5–0.5%)
might contribute further to the reduction in atmospheric SO2

levels in 2021. However, the fact that international cargo ships are
the dominant vessel type at Busan ports may be the reason for
relatively less significant reductions in both PM2.5 emission
estimates and observed SO2 levels in 2021, compared to values
in 2020.
In brief, over the 3 years from 2019 to 2021, the annual mean

SO2 concentrations in the summer (JJA), which are subject to a
relatively large impact from shipping emissions, were 12.3 ppb, 5.7
ppb and 3.3 ppb at port sites and 5.0 ppb, 3.7 ppb and 3.0 ppb at
urban background sites in Busan. This considerable reduction in
PM precursors (i.e., SO2) might be associated with recent
international regulations on S content in shipping fuels. Therefore,
changes in the chemical composition of aerosols in Busan could
be anticipated in the post-S-reduction period.
In Fig. 1c, it can be seen that the concentrations of most major

chemical components of PM2.5, estimated using the mass
reconstruction method34, were diminished from 2019 to 2021.
The reduction in ammonium sulphates (e.g., (NH4)2SO4,
(NH4)3H(SO4)2, NH4HSO4) was most evident at both the port site
(Sin-Hang) and at the urban background site (Yeon-San). Detailed
variations in individual species over 3 years are additionally
described in Supplementary Fig. 2. When considering the relative
contribution (%) of major components to PM2.5 mass, distinctive
changes in the chemical composition of aerosols was observed
year-to-year in Busan, especially at the urban background site. The
contributions of ammonium sulphates in PM2.5 were clearly
decreased from 25.7% in 2019 to 16.1% in 2021 at Yeon-San,
while they are 22.4% in 2019 and 19.5% in 2021 at Sin-Hang. This
may be explained by the significantly reduced PM precursor
emissions (i.e., SO2) through regulations on fuel oils for ships,
leading to reductions in secondary sulphate aerosols formed
during transport from near ports to inland urban areas. Mean-
while, a slightly enhanced contribution of ammonium sulphate to
PM2.5 seen in 2020 was associated with 5-day acute air pollution
events in August arising from the long-range transport of air
masses containing volcanic ash that had erupted in the Kobe area
in Japan. It was reported that elevated volcanic SO2 emissions
could result in the formation of significant quantities of sulphate
aerosols during travel35,36.
We may infer that the sudden reduction of sulphate aerosols in

Busan since 2020 is associated with the decrease in PM precursor
emissions through the regulations on shipping fuel oils starting
January 2020. However, advanced source apportionment analysis
is necessary to segregate the source-specific contributions to
PM2.5 constituents, which allows an in-depth quantitative assess-
ment of the impact of implementing the marine pollution control
policy, on air quality. In the following sections, the PMF technique
was adopted to identify and quantify the impact of shipping
emission regulations on aerosol chemical composition.

Source apportionment of PM2.5

PMF source apportionment results at Sin-Hang and at Yeon-San
and the source-specific contribution to annual PM2.5 levels are
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shown in Supplementary Fig. 3 and Fig. 2, respectively. In 2019,
shipping-related sources were significantly responsible for PM2.5

mass, not only at Sin-Hang (8.1 μgm−3, 36.0%) but also at inland
Yeon-San (4.8 μgm−3, 23.2%) (see Fig. 2a). Further, this contribu-
tion was considerably increased in summer owing to the monsoon
climate (Sin-Hang: 10.1 μgm−3, 52.3%; Yeon-San: 7.6 μgm−3,
43.0%) (see Fig. 2b). These results are quite comparable to the
most recently published national emission estimates in which the
shipping-source sector is responsible for 45% of annual PM2.5

emissions in Busan (2523 tonnes in 2019)33. Meanwhile, from 2020

onward, the shipping-source contribution to PM2.5 had been
considerably reduced. Annual PM2.5 mass associated with ship-
ping sources was reduced by 88.9% (from 8.1 μgm−3 in 2019 to
0.9 μgm−3 in 2021) and 81.3% (from 4.8 μgm−3 in 2019 to
0.9 μgm−3 in 2021) at Sin-Hang and Yeon-San, respectively. It is
likely that these large reductions in shipping-related PM2.5 mass in
the ambient air are associated with stepwise regulations on
shipping emissions from January 2020, although information on
national emission estimates for the period of post-S reduction, i.e.,
from 2020 are not available. Sometimes, the old emission factors

a
Secondary PM2.5 (Estimated)

Primary PM2.5 (Estimated)

SO2 (Measured at Port)

SO2 (Measured at U.B.)

b
Shipping volumes (Commercial)

Shipping volumes (Tourist)

Cargo tonnages

c

(μg m-3)

Others

Particle-bound water

Sodium chloride

Elemental carbon

Organic matter

Ammonium sulphate

Ammonium nitrate

Fig. 1 Shipping emissions estimates of PM2.5 and PM precursor observations from 2019 to 2021. a Bar charts show PM2.5 emission
estimates from shipping sector in Busan, derived by calculating fuel consumptions based on AIS information; and line charts indicate monthly
mean SO2 observations at 2 port AQM sites and 28 urban background AQM sites. b Bar charts indicate the number of ships entering the port;
and line chart shows the total cargo tonnages. c Annual variations of reconstructed PM2.5 mass concentrations derived from the PM2.5
speciation network and their relative contributions to PM2.5 level at Sin-Hang and at Yeon-San.
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may not provide an appropriate explanation for recent atmo-
spheric environments. However, PMF source apportionment
results as described in this study could provide current informa-
tion on sources requiring further control strategies to achieve
reductions in PM2.5 and also for tracking the effect of recent
policies on air quality. A timely and quantitative assessment of the
impact of air quality policies based on these observations might
be extremely useful to policymakers for setting priorities.
In Fig. 3, concentrations segregated as a function of PMF

analysis between 2019 and 2021 were assessed with a particular
focus on trace elements within shipping exhaust emissions (i.e., V,
Ni and non-sea salt sulphate (nss-SO4

2−), where [nss-SO4
2−] is

estimated as [SO4
2−]− 0.25 × [Na+])1,37. At Sin-Hang, the

shipping-source-related concentrations ranged from
(0.0–138.4) × 10−3μgm−3, (0.0–71.5) × 10-3μgm−3, (0.0–4.7)
μgm−3 for V, Ni and nss-SO4

2−, respectively. And they ranged
(0.0–26.0) × 10−3μgm−3 for V, (0.0–16.4) × 10−3μgm−3 for Ni and
(0.0–10.9) μgm−3 for nss-SO4

2− at Yeon-San. As expected,
relatively higher levels of metals (i.e., V and Ni) contained in
PM2.5 were observed adjacent to ports (Fig. 3a), compared to
values at the inland site (Fig. 3b). On the other hand, interestingly,
much higher concentrations of airborne nss-SO4

2− were seen
inland (Fig. 3d) than at the port (Fig. 3c). This seems to be
associated with secondary formation of sulphate aerosols, where
freshly emitted gas-phase PM precursor (i.e., SO2) is oxidised to
particulate SO4

2− during transport from the port region to inland
areas.
With regards to annual trends for shipping trace elements,

apparently reduced levels were observed for all three species
following S-reduction (2020–2021) both at port site and urban
background site in Busan. Zhang et al.38 reported that V is linearly
reduced depending on S content in shipping fuel oils, while a
linear relationship is expected to be unclear for Ni39, as Ni in urban
air is determined by diverse sources, such as crustal and industrial
emissions. Xiao et al.9 concluded that V is not an appropriate
shipping emission indicator for the period of switching to lower-S
fuels. However, in our study, an optimised solution in PMF analysis
could be obtained when applied to a PM2.5 speciation dataset
covering both periods (pre-regulation of 2019 and post-regulation
of 2020–2021). Our PMF-resolved results reflected that moving to
a cleaner fuel in the shipping sector likely contributes significantly
to an improvement of air quality in coastal cities, particularly in
terms of inorganic aerosols and metallic components, such as V
and Ni, in PM2.5. When considering seasonal variations of these

compounds, clearly enhanced levels were observed in the warm
season. A comparable seasonality for shipping trace metals in
coastal cities has been reported39. According to CMAQ modelling
simulations by Zhao et al., the highest enhancement of V and Ni in
surface air attributable to shipping emissions in the spring, was
estimated in the Korean Peninsula.
The correlation coefficients among concentrations of three

markers obtained by PMF shipping-source profile, were relatively
high (r2 > 0.9), compared to the plots for raw measurements (see
Supplementary Fig. 4). When the spatial distribution of ratios
between shipping tracers was assessed, a slightly enhanced ratio
of V to Ni (V/Ni) in PM2.5 was observed at Sin-Hang (2.2, see Fig.
3a), compared to Yeon-San (1.8, see Fig. 3b). The V/Ni ratios
obtained in this study were comparable to those reported by
others. Manousaks et al. reported that the V/Ni ratio in PM2.5,
derived from the PMF shipping-source is 3.040. It was shown that
the V/Ni ratios were 2.3–3.5 and 2.06 for shipping exhausts and
crustal sources, respectively1,41. The V/Ni ratio measured in
shipping fuel oil was about 2.542. Meanwhile, interestingly the
ratios of nss-SO4

2− to V (nss-SO4
2−/V) in PM2.5 were apparently

distinguishable between the two sites, with mean ratios of 35 and
362 at Sin-Hang and Yeon-San, respectively (see Fig. 3c, d). The
fact that ammonium sulphates are major secondary inorganic
components in PM2.5 and formed during transport may result in
the developed levels of SO4

2− in inland areas. Therefore, it may be
inferred that around 90% of nss-SO4

2− in PM2.5 is attributable to
secondary formation at Yeon-San, approximately 6 km to the
north of the port regions, while only 10% of nss-SO4

2− is
associated with freshly emitted emissions, under the following
assumptions: chemical reaction of V contained in PM2.5 is minor
during transport from near port regions to inland location; and the
use of PMF-resolved ratio between two components (i.e., nss-
SO4

2−/V) can normalise the shipping plume dilution effect. It was
demonstrated that the nss-SO4

2−/V ratio measured from shipping
exhausts ranged from 11 to 2741, and the higher ratio of 200–400
was obtained from inland urban aerosols in the summer,
associated with shipping as the source1. The significant contribu-
tion from shipping emissions to secondary PM2.5 formation has
been outlined in other studies. At Yangshan Harbour in China, the
shipping-source contribution to annual PM2.5 was estimated as
1.02 μgm−3 using a PMF-based method, and this value was higher
by one order of magnitude than that of primary PM2.5 estimated
from V-based method (0.10 μgm−3)16,43. These results have
significant implications in terms of the wisdom of controlling
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shipping emissions in coastal cities to mitigate PM2.5 levels, which
can ultimately provide human health benefits.
With regards to PM2.5 carbonaceous fractions (i.e., OC and EC)

derived from PMF shipping emission factors, considerably reduced
concentrations were observed during the period of post-S-
reductions (see Supplementary Fig. 5). The emissions of not only
S, but also other pollutants seem to be concurrently reduced
through combustion of cleaner fuel. In addition, the reductions in
the consumption of lubricating oils required to neutralise the
acidic products thereby preventing engine corrosion could
contribute to mitigating emissions of the carbonaceous frac-
tions44,45. Interestingly, this apparent annual reduction of carbo-
naceous fractions was not seen in PMF traffic emissions.

Spatial analysis and source apportionment for trace gases
A strong shipping emission influence, identified by significant
concentrations of SO2 heavily emitted from the combustion of
HFO in vessels, was shown at Site A, when the south-westerly wind
(140–250°) was the prevailing wind direction (see Supplementary
Fig. 6). Mean concentrations of trace gases at Site A, calculated

using 1-h SIFT-MS measurements under south-westerly winds
were relatively larger (see Supplementary Table 2) than those
observed in other studies by one to two orders of magnitude46. In
this study, a net shipping profile of trace gases was extracted by
using the difference in concentration between the downwind (Site
A) and upwind sites (Site B) when south-westerly winds was
observed at Site A. As indicated in Supplementary Fig. 6, the local
shipping-source signature derived from this spatial analysis is
distinguished by higher alkanes, aromatic compounds including
benzene and toluene, halogenated species, inorganic species
containing S and oxygenated volatile organic compounds (OVOC),
such as aldehydes and ketones. These results can provide
supportive explanations in identifying shipping-source signatures
in the PMF analysis below.
When this SIFT-MS dataset, consisting of 70 trace gases plus

carbon monoxide (CO) was subjected to PMF, a five-factor model
showed the best-fit solution in PMF (see Supplementary Fig. 7).
The signature in Factor 1 was characterised by higher alkanes
(nonane, decane, undecane and dodecane), having factor load-
ings of species ranging from 49.5 to 66.4%. This factor was also

V = 2.2[Ni]  5.9e-05 R2 = 0.99 
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identified with some aromatic compounds (43.3% and 52.0% for
styrene and naphthalene, respectively) and most halogenated
species (from 24.4% for ethyl chloride to 70.2% for bromoform). In
addition, high factor loading of S-containing compounds, such as
carbon disulfide (58.3%) and sulfuric acid (51.7%) were observed,
which may be related to the combustion of HFO. Interestingly, this
PMF factor profile was highly comparable to the shipping
emissions signature extracted from the above spatial analysis
(see Supplementary Fig. 6). It has been reported that the higher
alkanes (C > 9) and aromatics are more associated with shipping
emissions, than vehicular exhausts9. The halogenated hydrocar-
bons such as chlorofluorocarbon (CFCs), tetrachloroethylene (TCE)
and hexachlorobutadiene (HCBD) have been considered as
indicators for aged air masses47–50, however the spatial analysis
result in this study showed that these trace gases might be
enhanced by local sources in port regions. As shown in Fig. 4a, this
factor showed strong seasonality, having an enhanced contribu-
tion in summer when influenced by oceanic air masses. As well,
there was a distinctive diurnal pattern with higher levels during
the daytime. The PMF-derived polar plot showed that the largest
concentration for trace gases at Site A was determined by
southerly wind at with relatively low wind speed. Thus, Factor 1
was assigned to shipping emission sources.
Factor 2 was identified with relatively high loading of CO, lower

alkanes, alkenes (such as 1,3-butadiene) and acetylene. Source
apportionment studies by Yuan et al.47 have identified an aged
primary factor using relatively unreactive compounds (e.g., CO and
acetylene) and propane. However, the enhanced emissions for CO
and hydrocarbons during manoeuvring conditions at low engine
load were observed through real-time on-board measurements
and was explained by incomplete combustion during transient
working conditions51. 1,3-butadiene is known to be an important
pyrolysis product of fuels50,52,53. As can be seen in Fig. 4b, Factor 2
has little diurnal pattern. Interestingly, a sudden decrease in the
contribution from this factor was observed from August 2020,
which was also seen with ambient SO2 at the port site (Fig. 1a).
This sudden decline in factor contribution is likely to be the result
of switching to a cleaner fuel. In South Korea, all ships at berth in
the Emission Control Area (ECA) were required to use the lower-S

fuel (<0.1%) after August 2020. As shown in the polar plot, the
concentrations for trace gases tended to be highest for southerly
winds at a low wind speed, and these concentrations seem to be
related to shipping emissions at berth. It is likely that the
implementing S restrictions on fuel oils for vessels at berth from
September 2020 lead to the extraction of another factor type
related to shipping emissions in PMF source apportionment
analysis. While exploring three-factor to ten-factor solutions, PMF
always separated out two kinds of shipping-related source types.
Combined factor contribution of two PMF sources (F1 and F2)
became quite comparable to the one for net shipping-source
profile in the spatial analysis. Based on the literature and for
reasons described, this factor was assigned to shipping emissions.
Factor 3 was explained by high factor loading of cyclic alkanes

(cyclopentane, cyclohexane), isohexane (2-methylpentane) and
organic aromatic compounds (benzene, toluene, xylenes +
ethylbenzene and C3-alkylbenzene). It has been commonly
reported that BTEX are produced through volatilisation processes
(petrogenic) and they are used as source markers for solvent
usages either from the industrial sector or from residential sectors
in urban air50,54–56. Some studies have claimed that enhanced
BTEX levels in urban air are related to vehicular exhaust emissions
(pyrogenic)57–59. However, the fact that there was minor factor
loading of CO mostly produced through incomplete combustion
processes, may indicate that this factor is associated with non-
combustion sources. Due to the different chemical reactivity of
individual VOC, the ratio of toluene to benzene (T/B) can explain
the photochemical age of the air mass47,60. Given the T/B ratio (3.9
1.6 (n= 775)) calculated by the PMF source profile, this factor may
have been influenced by mobile sources55,61,62. There was no
distinctive seasonal/diurnal pattern for trace gases as seen in Fig.
4c. The highest concentration for gaseous species in this factor
was determined by westerly winds at higher wind speed, which
means this factor seems to be more associated with regional
sources rather than local ones. Therefore, this factor was assigned
to mixed regional sources including solvent use and mobile
sources.
Factor 4 was identified with ethyl chloride of 55.9%, followed by

OVOC (40.2%, 38.1% and 30.0% for methanol, ethanol and
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butanone respectively), 1,3-butadiene (32.1%), ethane (29.2%) and
toluene (28.6%). Additionally, a meaningful contribution from CO
(20.1%), a combustion source indicator, was observed in this
factor. Ethyl chloride is generally used as gasoline additive, and
1,3-butadiene in urban air is known to be primarily produced as a
result of incomplete combustion from internal combustion
engines52,53. As seen in Fig. 4d, there is an apparent diurnal
pattern with large amplitudes in the morning, which is slightly
different from typical traffic emission patterns with bimodal
distributions. It seems that trace gas levels associated with this
factor are determined by local source, as the highest concentra-
tion was observed with lower wind speeds in the polar plot. In
practice, this study site is surrounded by several ports and the field
campaigns were conducted at one of the ports used for
governmental vessels. Heavy-duty vehicles are usually parked at,
or near our study site in the morning, to refuel the ships. This
factor therefore seems to be explained by local emissions related
to ship refuelling.
Factor 5 was identified with low-weight alkanes (propane of

55.5% and ethane of 31.1%), alkenes (propene of 74.1% and
1-pentene of 44.4%), an alkyne (acetylene of 45.8%), halogenated
hydrocarbons (hexachlorobutadiene of 60.5% and tetrachlor-
oethylene of 40.7%) and OVOC (acetaldehyde of 72.9% and
formaldehyde of 56.2%, with ethanol of 41.7%). High factor
loading of methyl-mercaptan (72.3%), acetonitrile (48.9%) and CO
(33.9%) were also shown in this factor. A UK emission inventory for
non-methane volatile organic emission compounds, reported that
light alkanes and alkenes are significantly determined by
combustion sources53. Many source apportionment studies have
highlighted that light alkanes, such as butane, iso/n-pentane and
hexane, are predominantly the result of traffic exhaust emissions
and gasoline evaporation in urban air50,54,57,63–65. It has been
generally reported that the significance of ethane and acetylene in

urban air is attributable to traffic exhaust emissions through an
incomplete combustion process46,55. It has also been shown that
vehicular ethanol emissions on the roads, reviewed as the most
abundant VOC species in London air could contribute significantly
to the increased production of secondary species such as
acetaldehyde66. The high abundance of less reactive species, such
as ethane, propane, and some OVOC was explained by regional
background contributions transported from remote sources,
although the difficulty in separating OVOC origins between
biogenic and anthropogenic has been reported64. As shown in
Fig. 4e, trace gas concentrations associated with this factor
showed a diurnal pattern with a morning peak, which is possibly
influenced by anthropogenic emissions such as commuting
vehicles. The polar plot showed that the concentrations tended
to be highest under northwesterly winds with relatively high wind
speed. In practice there are heavily trafficked main roads within
1 km to the west of the study site, carrying not only light-duty
vehicles but also container trucks. A distinctive seasonality with a
winter enhancement during the period with continental air
masses was shown. These results and observations led us to
assign factor 5 to traffic emissions, including both primary and
secondary contributions.

PMF source-specific potential for SOA formation
As shown in Fig. 5a, the highest mass contribution to the sum of
70 trace gases at Site A was observed from shipping emissions
(40.9%), followed by traffic emissions (40.1%) and regional
emissions including solvent use and vehicular emissions (14.3%),
when using concentrations for individual trace gases as a function
of PMF analysis. Interestingly, slightly different source-specific
contributions to total SOA formation potentials, compared to
those in total concentrations, were observed (see Fig. 5b). The
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Fig. 5 PMF source-specific contributions to gaseous air pollutants at Site A (SE shipping emissions, RE regional emissions including
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functional groups of 70 gaseous species measured by SIFT-MS. b The potential of secondary organic aerosol formation depending on PMF
source types.
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highest SOA contribution was determined by shipping emissions
(37.7%), followed by regional emissions (32.5%) and traffic
emissions (17.9%).
It has commonly been reported that there is a strong

seasonality in SOA formation potential, with significant values
developing in winter at urban sites, owing to pollution dynamics
in the cold season46. Our results are consistent with this. However,
source apportionment results in this study could provide further
insight into the source-dependent seasonal contribution to SOA
formation. With regard to shipping sources, significantly devel-
oped potentials contributing to SOA formation were obtained in
the warmer season, which may be related to dominant wind
direction having a stronger influence on shipping emissions. In
addition, there was a significant decrease of shipping-source
contributions to SOA formation potential during the period of
stricter S content regulation in 2021, compared to values in 2020.
As previously mentioned the reduction of organic aerosol may be
cased either by concurrent emission reductions of S and other
pollutants through the combustion of cleaner fuel or by a
reduction in the consumption of lubricating oils required to
neutralise the acidic products.
In practice, the SOA formation potentials from shipping

emissions could contribute more SOA than expected since only
twelve species among 70 trace gases measured were selected
when estimating SOA formation potential in this study, due to
limited information on SOA yields for individual VOC species in the
literature. The significance of higher alkanes (C > 10) appeared in
the PMF shipping-source profile (see Supplementary Fig. 7) and
intermediate VOCs (IVOC) has been highlighted in SOA formation
potential9,67,68.

Chemical transport model sensitivity
Without intensive air quality monitoring data, the impacts on
airborne particles resulting from shipping emission controls
cannot be fully understood. Therefore, in the current study,
several emission-change scenarios have been simulated for Busan
based on the SMOKE-WRF/FNL-CMAQ system at a 1 km resolution
(see Supplementary Table 3). Surface modelling results show that
the influence of shipping emissions, present dominantly along the
coast, extended to inland air. As identified in Fig. 6a with shipping
sector simulations, a notable reduction in surface PM2.5 could be
achieved in both the western and southern part of Busan, when
switching to lower-S (from 3.5 to 0.5%) fuel oil. It is likely that the
significant mitigation of PM2.5 levels in southern Busan adjacent to
shipping lanes is associated with reduced primary PM2.5 emissions
as a result of changing to cleaner fuel oil. Meanwhile, the PM2.5

reduction farther inland to the northwest of Busan appears to be
explained by a decrement in SIA, in particular ammonium
sulphates (i.e., (NH4)2SO4, NH4HSO4). In the western part of Busan,
relatively significant levels of ambient ammonia (NH3) emitted
from either industrial complexes or agricultural land are usually
observed. This may be favourable in terms of neutralising
atmospheric SO2 emitted from port regions and transported to
inland areas. As shown in Fig. 6b, improvements in air quality
could be achieved in terms of surface PM2.5 mass concentrations,
when stricter regulation on S content for shipping fuel oils (from
3.5 to 0.1%) was simulated in Case 2. In the Case 3 scenario,
additional emission controls that included an assumption of a 30%
reduction in consumption of fuel oils through ship speed
optimisation in ECAs, could contribute greatly to improved air
quality in coastal urban air (see Fig. 6c); particularly compared to
the results seen in Case 2.
When changes of PM2.5 constituents in the Case 3 scenario were

spatially evaluated, a distinct reduction of SO4
2− was shown

adjacent to the coast, while the mitigation of nitrate (NO3
−) was

widely developed inland. It appears that the map illustrating both
SO4

2− and NO3
− together exhibits a good match to the spatial

distribution of ammonium (NH4
+). This may be explained by SIA

formation chemistry where NH3 gas is a dominant precursor for
neutralisation of acidic gases, such as H2SO4 and HNO3 through
forming secondary particles. Since sulphate particle formation has
priority over nitrate particle generation when reacting with NH3

11,
the regulation of NOx emissions from ships contributes to NO3

−

reduction in inland areas, whereas SOx emission control appears
to be effective in reducing SO4

2− near source (i.e., port). Due to
the thermal instability of NO3

− in summer69, the reduction effect
of NO3

− in PM2.5 resulting from regulation of NOx emissions may
have been relatively less sensitive near source. Meanwhile, the
impact of shipping emission controls on mitigation of the
carbonaceous fraction in PM2.5 (i.e., EC and OC) was distributed
relatively locally compared to the inorganic aerosol fractions. The
degree of chemical reduction of EC, which is used as an indicator
for primary particles produced through incomplete fuel combus-
tion, was more concentrated near shipping lanes, compared to
OC. SOA underestimation as a function of distance from source to
locations downwind, is considered one of the limitations of the
chemical transport model68,70–72 and may have resulted in
underestimating the mitigation effect from reducing fuel con-
sumption, on organic aerosols inland. A significant reduction of
the carbonaceous fraction of PM2.5 corresponding to the shipping
emissions control has been discussed earlier in PMF source
apportionment results.
The impact of NOx emission reductions on PM2.5 constituents

from decreased fuel consumption was spatially evaluated by
limiting the reduction of NOx emissions from the Case 3 scenario.
The difference in simulated PM2.5 concentrations between Cases 3
and 4 may provide an explanation for quantitative effects of the
regulation on NOx emissions from shipping on particulate matters
in coastal regions. As illustrated in Fig. 6d, NOx emission controls
on the shipping sector provide benefits in terms of reducing PM2.5

concentrations, especially nitrate and ammonium components,
over all of Busan. However, the opposite pattern was seen for
sulphate and organic aerosol components. Levels of sulphate
particles were increased in southern-east Busan, while organic
aerosols were enhanced over the entire city. It has been reported
that NH3 is more reactive with H2SO4 than HNO3

11, therefore
enhanced NH3 availability arising from NOx emission decline
would appear to be an inappropriate explanation for the
increment of sulphate aerosol in western Busan. On the other
hand, the fact that increased hydroxyl radical (OH⋅) resulting from
the reduced NOx titration can accelerate the oxidation rate of SO2

in secondary sulphate formation mechanism could be a possible
explanation for sulphate particle enhancement near port regions.
A similar explanation may be applied to the increase in organic
particles. The increased atmospheric oxidants under lower NOx
conditions could play a role in the development of SOA formation
through oxidation of VOC.
As observed in Fig. 6e, VOC mitigation through reduced fuel oil

consumption from shipping, contributed to a distinct reduction of
organic aerosols in maritime air. However, little influence on other
PM2.5 components was identified.

DISCUSSION
Adopting two different modelling approaches (i.e., a receptor
model and numerical simulations) in the current study gives
quantitative insights into the change of PM2.5 chemical compo-
nents in coastal urban regions, corresponding to the shipping
emission changes.
It has been controversial whether conventional shipping-source

markers, especially V, are appropriate species for source appor-
tionment analysis over the period covering post-S reduction9.
However, a comparison of PMF source-specific contributions
between port and urban background PM2.5 datasets in this study
could extend our understanding of effects on PM2.5 chemical
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compositions from marine fuel regulations. In particular, our
interest is in the results of lowering S content in shipping fuel oils
since January 2020 (from 3.5 to 0.5–0.1%), when extensive PM2.5

speciation datasets covering both periods (pre-regulation and
post-regulation) were applied to factor analysis. A substantial
reduction in PM2.5 mass associated with shipping sources was
observed in the coastal city of Busan over 3 years. Indeed, PM2.5

was reduced by 88.9% (from 8.1 μgm−3 in 2019 to 0.9 μgm−3 in
2021) and 81.3% (from 4.8 μgm−3 in 2019 to 0.9 μgm−3 in 2021)
at a port and an inland urban background site, respectively. This
decrease of PM2.5 was mostly associated with reductions in
shipping-source-related SO4

2− levels. As a result, the relative
contribution of major PM2.5 components has changed significantly
in Busan over 3 years. At an urban background site, the largest
contributor to PM2.5 was sulphate aerosols in 2019 (25.7%), but
not in 2021 (16.1%). A considerable decrease of metallic
components (i.e., V and Ni) in PM2.5, attributable to shipping

sources, was also observed post-regulation. These results imply
that switching to cleaner fuels in the shipping sector is likely to
provide human health benefits in coastal urban regions, as also
addressed in recent studies73–75.
Based on the WRF/FNL-CAMx/PSAT numerical modelling results

appeared in Supplementary Fig. 8, only 6 days in 2020 were
subjected to the CMAQ sensitivity analysis as these were when
shipping sources were expected to be the largest contributor to
PM2.5 mass over Busan. Thus, there may be limits to fully
understanding the impacts on spatial/temporal change in PM2.5

components resulting from the regulation of shipping emissions.
A high level of uncertainty in pollutant emissions has been widely
considered as a limitation of interpreting the numerical model
output. The difficulty in the exact estimation of the interaction
between local and regional emissions from brute-force method
(BFM) simulations with numerical modelling has been outlined.
However, our sensitivity results demonstrated great potential for

SO42- NH4+NO3- EC OC

SO42- NH4+NO3- OCPM2.5

d

a b c

SO42- NH4+NO3- OCPM2.5

e

m-3 m-3 m-3

Fig. 6 The response of surface PM2.5 components to shipping emission reductions on August 20, 2020 in Busan from the SMOKE-WRF/
FNL-CMAQ sensitivity analysis (blue colour for mitigation and red colour for increment). The spatial impact on ambient PM2.5 mass over
Busan by regulating S content in shipping fuel oil either (a) from 3.5 to 0.5% (difference between Case 1 and Case 0) or b from 3.5% to 0.1%
(difference between Case 2 and Case 0). c The Influence on PM2.5 chemical compositions throughout shipping emissions controls including
the switch to a cleaner fuel (content of S, from 3.5% to 0.1%) and mitigation of oil consumption by speed regulations in Emission Control Area
(difference between Case 3 and Case 0). d Quantitative influence of NOx emission reduction from shipping sector on PM2.5 compositions in
the Case 3 simulation (difference between Case 3 and Case 4). e Quantitative influence of VOC emission reduction from shipping sector on
PM2.5 compositions in Case 3 simulation (difference between Case 3 and Case 5).
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reducing PM2.5 bulk mass in the interior by controlling shipping
emissions in port regions, particularly in summer when influenced
by oceanic air masses. They also reflect that reductions in the
major PM2.5 components may not be uniform across inland
regions, owing to the complex atmospheric chemistry of PM
formation during transport from near sources to receptor sites.
In parallel with the CMAQ sensitivity results obtained in this

study, the application of PMF to three large datasets provided
more quantitative insights into relationships between the emis-
sions control on shipping and changes in carbonaceous fractions
in PM2.5. The fact that there was an appreciable decrease of
shipping-source contributions to both OC concentrations and to
SOA formation potential during the period of post-S reduction,
suggested that switching to cleaner fuels can provide consider-
able advantages in terms of lowering SOA in the air. Moreover,
supported by PMF shipping-source signatures in this study, one
may conclude that the reduction of toxic organic species such as
halogenated and aromatic hydrocarbons76, during the period
following S reduction can reduce human health risk.
The shipping-source signature of gaseous carbonaceous species

might be useful in establishing detailed emission inventories for
VOCs from the shipping sector, which in turn may contribute to
improving representation of organic aerosols in coastal regions in
CMAQ simulations. Additionally, PMF results derived in this study,
suggest that traffic emissions may responsible for a substantial
fraction of organic aerosols in urban air and thus need to be
managed more carefully in future.

METHODS
Observations
Information on study sites and observed data are summarised in
Supplementary Table 1. Details on air quality data (CO, NO2, SO2,
O3, PM2.5 and PM10) at AQM sites in Busan, and the chemical
analysis methods for PM2.5 speciation at both the urban
background site (Yeon-San) and the port site (Sin-Hang), are
available elsewhere77,78. PM2.5 components monitored between
2019 and 2021, included automatically monitored 1-h measure-
ments of 10 species (SO4

2−, NO3
−, Cl−, NH4

+, Na+, Ca2+, Mg2+, K+,
EC, OC) and manually analysed 24-hour PM2.5 filter samples of 20
metallic species (Al, As, Cd, Co, Cr, Cu, Fe, Li, Mn, Mo, Ni, Pb, Sb, Se,
Si, Sr, Ti, Tl, V, Zn). Instrumentations and analytical methodologies
vary depending on species: particulate carbonaceous species
(Thermal-Optical-Transmittance, Sunset OCEC); ionic species (IC,
URG 9000B Ambient Ion Monitor); metallic species (ICP-MS,
PerkinElmer NexION 2000). Detailed analysis including determina-
tion of species and QA/QC has been conducted based on the
procedures of PM2.5 chemical speciation network guidelines
published by the Korean National Institute of Environmental
Research79.
A wide range of 70 gaseous carbonaceous species were

measured using a mobile laboratory equipped with a SIFT-MS
near the port AQM site (Buk-Hang). Consecutive five-day field
campaigns with a resolution of about 40 s were quarterly
conducted at two nearby port locations (Sites A and B)
simultaneously using two SIFT-MS from 2020 to 2021. The
operating principle behind SIFT-MS is outlined elsewhere80.
Details of the operation of the SIFT-MS are described in the
guidelines published by the Korean National Institute of Environ-
mental Research81,82. In this study, a TO-15 standard gas mixture
was used for analysis of 70 VOCs. The linearity of the calibration
curve and the quantitative reproducibility of the target compound
were evaluated. More detailed information on analysis and QA/QC
has been previously reported76,83.

PM2.5 shipping emission estimates
Shipping emissions were calculated using the bottom-up
approaches, where pollutants’ emissions are estimated for the
individual ships4. Estimations of fuel consumption from shipping
sector were made for the period between 2019 and 2021 using an
automatic port management information system (AIS) information
to calculate PM2.5 emissions84, because the national emission
estimates from 2020 were not available. Details on estimating air
pollutant emissions attributable to shipping have been described
elsewhere85–87.
The equation used to calculate primary PM2.5 emissions was:

Eij ¼ ðFhwj þ FmwjÞ ´ EFi ´ 10�3 (1)

where Eij is the ith trace species emissions in the jth vessel
(tonnes), Fhwj is the wth gross tonnage jth vessel fuel consump-
tions during hoteling (tonnes), Fmwj is the wth gross tonnage jth
vessel fuel consumptions during manoeuvring (tonnes) and EFi is
ith trace species emission factor in shipping fuel oils (kg tonnes−1),
5.6, 79.3, 20 S, 2.7 for PM2.5, NOx, SO2 and VOC, respectively.

Fhwj ¼ SFOC ´ t ´ 0:2 (2)

Fmwj ¼ D ´ 2 ´M�1 ´ ρ (3)

where SFOC is the fuel oil consumption coefficient at maximum
speed of wth gross tonnage jth vessel calculated as wth gross
tonnage × 10-3+ 16.263 (tonnes day−1), t is the time (days) spent
in hoteling phase for wth gross tonnage jth vessel and 0.2 is the
assumed ratio of fuel consumption between in hoteling phase and
at maximum speed. D is the manoeuvring distance (km), 2 is the
arrival and departure, M is the wth gross tonnage jth vessel fuel
efficiency (km kl−1) and ρ is the specific gravity of shipping fuel
oils (0.9593 tonnes kl−1).

Ejð2ndÞ ¼ 0:345 ´ ESO2j þ 0:079 ´ ENOxj þ 0:024 ´ EVOCj (4)

where Ej (2nd) is the estimated secondary PM2.5 emissions
(tonnes), and ESO2j, ENOxj, and EVOCj are the estimated emissions,
respectively, for SO2, NOx and VOC, derived from the fuel
consumption method in Eqs. (1–3).

PMF source apportionment
In this study, a PMF modelling approach was applied to identify
shipping-source-related PM2.5 and trace gases, and to quantify
source-specific contributions either in urban air or in port air over
Busan. The importance of using high-quality input data or
assessing the source identification performances of receptor
models was emphasised to ensure reliable air quality evaluation88.
Dataset preparation and modelling solution optimisation proce-
dures throughout the source apportionment analysis using PMF
have been described elsewhere89–91.
Two 24-h PM2.5 speciation datasets (port site and urban

background site), which consisted of measurements taken before
regulations (2019) and during the period of post-S reduction in
shipping fuel oils (2020–2021), were prepared. A 774 × 31 matrix
(sample number × species) PM2.5 dataset for port site and a
751 × 31 matrix PM2.5 dataset for urban background site were
introduced into the PMF 5.0. With regard to SIFT-MS measure-
ments at Site A, a 997 × 71 matrix dataset was prepared by
including hourly measurements of 70 gaseous species and CO,
where a typical tracer of primary combustion sources, i.e., CO
could separate out the two different source types i.e., combustion-
related and volatilisation-associated64. The PMF input data files
consist of measurements (C) and their uncertainties (U). In this
work, an uncertainty of individual species for three datasets was
estimated using concentrations and method detection limit
(MDL)92, as revealed in Eq. (5).

Uij ¼ k ´Cij þMDL=3 (5)

E. Jang et al.

10

npj Climate and Atmospheric Science (2023)    52 Published in partnership with CECCR at King Abdulaziz University



where Uij is the uncertainty of species j in sample i, k is the
analytical error fraction (0.1 when Cij >MDL; 0.2 when Cij ≦ MDL),
and MDL is the detection limit determined by means of repeated
measurements.
The PMF solutions for three datasets were respectively

evaluated by varying the parameters such as number of factors
(3–10), extra modelling uncertainty (0–30%), and species-specific
uncertainty via selection of the category of each compounds
(“Strong”, “Weak”, or “Bad”). Fpeak analysis was performed by
changing Fpeak strength from −1 to 1 in steps of 0.4, and the
Fpeak value was set to zero. The correlation between the observed
and modelled concentrations for individual species was examined.
Bootstrapping was implemented to assess the stability of PMF
solutions. In addition, rotational ambiguity and effects from
random errors were assessed through DISP and BS-DISP analysis.
Finally, optimised solutions were determined based on literature
reviews for source markers, recognised local sources and source-
specific contributions as a function of meteorological data. With
regards to SIFT-MS dataset, two types of complementary
approaches (inclusion of CO, and spatial analysis) were adopted
to evaluate the adequacy of shipping-source identification for PMF
factor profiles of trace gases, as limited information on source
signatures for a wide range of carbonaceous species associated
with shipping emissions has been reported.

Spatial cross-sectional analysis and SOA formation potential
The extraction of specific local source profiles based on cross-
sectional analysis using the different concentrations between
upwind and downwind sites is also outlined in the previous
study89. Prior to the cross-sectional analysis, 5-min mean
concentrations of carbonaceous organic gaseous species were
calculated using SIFT-MS measurements with a resolution of 40 s
at Sites A and B. The 1-hour mean concentrations were produced
when 5-min mean concentrations were concurrently available at
both sites, which were used either for spatial analysis or for PMF
analysis. A dominant wind direction having strong shipping
emission influence at Site A could be identified by using a polar
plot of SO2 (retrieved from the port site) heavily emitted through
HFO combustion from vessels in port regions (see Supplementary
Fig. 6). Therefore, during the ship-plume-influenced times, the
enhanced hourly level of carbonaceous organic species at
downwind sites (i.e., Site A) transported over port regions from
the upwind site (i.e., Site B) could be the result of shipping
emissions. The net contribution profile at Site A was obtained by
calculating (CA - CB) / CA × 100. And this source signature could
provide a supportive explanation in the identification of PMF
factor profile for gaseous pollutants.
Based on the PMF source profiles for trace gas species, the

source-dependent potential for the formation of SOA was
estimated as below.

SOAi ¼ VOCi ´ SOA yieldi (6)

where SOAi is the potential of secondary organic aerosol
formation of individual VOC species (ng m−3), VOCi is the
concentration of i species (ppbv), and SOA yieldi is the organic
aerosol production yield derived from the experimental photo-
chemistry of i species in other publications (μg m−3 ppm−1). In
this study, available information for the SOA yield of twelve VOC
species (heptane, iso/n-octane, nonane, decane, undecane,
cyclohexane, acetylene, isoprene, benzene, toluene, xylenes/
ethylbenzene, styrene) was used for calculating SOA formation
potential93–95.

CMAQ sensitivity
The effect on air quality from abatement policies for shipping
emissions, such as switches to the lower-S fuels and reducing
sailing speed, need to be assessed spatially. To achieve this, a

chemical transport modelling (CMAQ) approach was adopted to
get quantitative insights into the relationship between changes of
precursor emissions (i.e., SO2, NOx, NH3, VOC), resulting from
implementing regulations on shipping, and the PM2.5 chemical
compositions. A detailed description of high-resolution CMAQ
simulations over Busan and modelling evaluations are available
elsewhere96. Briefly, the Weather Research Forecasting model with
NCEP Global Final Analysis (WRF/FNL) were applied to CMAQ
simulation of a 1 km resolution over Busan. The anthropogenic
emissions used in the CMAQ simulations were derived from the
1 × 1 km spatial resolution national emission estimates. As shown
in Supplementary Fig. 8, the study period (from August 20, 2020 to
August 26, 2020) for the CMAQ sensitivity simulations was
selected based on the source apportionment results of WRF/
FNL-CAMx with Particulate matter Source Apportionment Tech-
nology (PSAT) tool, in which the daily mean PM2.5 level in Busan is
predominantly determined by local emissions and of which,
shipping source is the most significant contributor. A 5-day spin-
up period was used to prevent initial conditions having an effect
on the simulated PM2.5 of the study period97.
Several emission control scenarios were performed using CMAQ

modelling and are summarised in Supplementary Table 3. A
reference run including all emissions (Case 0) and other runs
without shipping emissions (Cases 1–3) were simulated. Then, the
difference in PM2.5 surface levels at a 1 km resolution between the
reference run and the other runs was calculated, tracking the
effect of shipping emission controls. Moreover, sensitivity of PM2.5

composition changes in the Case 3 scenario, derived either from
the NOx reduction (Case 4) or from the VOC reduction (Case 5),
was assessed.
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