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Particulate matter (PM) from marine traffic interacts with solar radiation and clouds, ultimately
influencing Earth’s radiative balance. Ships operated with conventional fossil fuel oils emit light-
absorbing carbonaceous PM that offsets aerosol-driven cooling and can even exert a net positive
radiative forcing, i.e. warming effect. Radiative properties of PM are possibly further altered by
atmospheric aging processes, the effects of which are not fully understood. We present black carbon
(BC) emission factors (EF) and optical properties of fresh and photochemically agedparticle emissions
from a marine engine, operated using low-sulfur heavy fuel oil (LS-HFO) and marine gas oil (MGO),
complying with recent maritime sulfur regulations by the International Maritime Organization (IMO).
The fresh particle emissions comprised mostly BC, with average BC EFs of 144 and 43.2 mg/kWh for
LS-HFO and MGO, respectively. Light absorption was mostly attributed to BC in particles from both
fuels, with absorption Ångström exponent (AAE, 370 to 880 nm) values 0.9–1.0 (interquartile range),
and 870 nm single scattering albedo (SSA) values 0.15–0.24 during the full cycles. Fresh LS-HFO
emissions exhibited lower SSA values than those of high-sulfur fuels reported in literature, primarily
associated with reduced sulfate emissions. Photochemical aging led to an absorption enhancement
(Eabs) of 1.2–1.5 and an increase in SSA relative to fresh emissions, although SSA remained below 0.5,
and theestimateddirect radiative forcing effect stayedpositive.Our results show that sulfur-compliant
marine fuels can emit highly absorbing particles with an atmospheric warming potential, which is
mostly maintained even after photochemical aging.

Environmental and health concerns around sulfur air pollution from ship
emissions have led to stricter limits on sulfur content in marine fuels. In
2015, the International Maritime Organization (IMO) implemented a fuel
sulfur content (FSC) limit of 0.1% for Sulfur Emission Control Areas
(SECA)1, including the Baltic and North Sea, North America, and the
Caribbean Sea. The Mediterranean Sea was later appended to SECAs in

2025. In 2020, the IMO set a global FSC limit of 0.5%, which has effectively
prohibited the use of conventional heavy fuel oil (HFO) with a high sulfur
content, or requires the use of a sulfur scrubber for non-compliant fuels2,3.
Instead of completely transitioning to cleaner fuels alongside recent global
sulfur regulations, the marine sector implemented low-sulfur variants of
residual fuels (e.g., low-sulfur heavy fuel oil [LS-HFO], very-low sulfur fuel
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oil [VLSFO], andultra-low sulfur fuel oil [ULSFO]) to complywith the limit
while maintaining the economic advantages of using HFO. A recent
advancement in phasing out highly polluting residual fuels was the ban on
the use and transport of HFO in Arctic regions, which started in July 2024
and will be fully in force by July 20294. This is an important step forward, as
HFO poses substantial risks to the Arctic environment, while dispropor-
tionate warming of the Arctic has seen the extent of Arctic sea ice declining
year-by-year5–7, with similar trends observed in adjacent regions such as the
Baltic sea8. This decline in Arctic sea ice is projected to open new potential
routes for intercontinental marine transportation, extend navigability for
existing routes, and increase accessibility to Arctic ports9. Arctic shipping
has increased by 37% between 2013 and 202310 and is likely to continue
rising as the rapid retreat of Arctic sea ice expands navigability in the area.

Current forms of shipping emit high quantities of particulate matter
(PM),whichare classified as short-livedclimate forcers (SLCF).Historically,
much of the aerosols emitted by marine vessels have contributed to atmo-
spheric cooling by scattering solar radiation and increasing cloud seeding
and brightness over oceans11. However, sulfate aerosol emissions, which are
light-scattering and effective cloud condensation nuclei by nature, have
substantially decreased after the enforcement of the IMO 2020 sulfur reg-
ulations. The reduction of the sulfate-driven cooling effect from ship
emissionshasbeenprojected to exert anetwarming effect12–15, but it remains
under investigation if it is already connected to the recent sea surface
temperature anomalies in the Northern Hemisphere14. While the projected
warming effect is generally agreed upon, the extent of warming for the
coming decades remains uncertain. For example, the effective radiative
forcing (ERF) following global sulfur regulations has been estimated at
approximately+0.1214 or+0.1313W/m2, but published values span a range
from+0.0216 to+0.3317W/m2.Also,Watson-Parris et al. (2025)12 estimated
an increase of +0.03 °C in the global mean temperature for the years
2020–2040, although this was accompanied by a 95% confidence interval of
–0.09 to +0.19 °C.

In addition to light-scattering aerosols, marine vessels operated with
conventional fossil fuel oils emit light absorbing PM—black carbon (BC)
and brown carbon (BrC)4,18,19, which contribute to atmospheric warming.
Over regions with a high surface albedo, i.e., reflectivity, such as theArctic20,
the warming effect of light-absorbing PM is amplified and continues when
these particles deposit onto ice and snow21. Roughly two-thirds of Arctic BC
emissions from shipping originate from HFO usage, whereas distillate-
based fuels cover approximately the remaining third of the emissions4.
Optical properties of ship aerosol emissions have previously been char-
acterized for both directly measured engine exhaust emissions18,19,22–24 and
ship plumes25,26. These studies have shown that high-sulfur HFO typically
emits particleswith ahigh single scattering albedo (SSA),whereas low-sulfur
fuels, such as distillates, have been shown to produce particles with a wide
range of SSA values (0.35–0.98)19,25. Moreover, substantial amounts of
BrC19,23,24, and even infrared-absorbing BrC18,27 have been observed in
emissions of conventional HFO. However, most comprehensive char-
acterizations on optical properties of ship emissions have been conducted
prior to 2020 when low-sulfur residual fuels were not yet widely adopted,
therefore the emissionprofiles and aerosol optical properties fromthesenew
hybrid fuels are largely unknown.

Particle emissions are often transported over long distances in the
atmosphere, where they undergo atmospheric aging reactions (photo-
chemical and dark aging). Photochemical aging, where transformation of
atmospheric aerosol is governed by solar radiation and hydroxyl radicals
(•OH), can lead to condensation of low-volatility oxidation products and
surface changes on existing particles, inducing changes in the physical and
chemical properties of particulatematter and thereby influencing the optical
properties and radiative effects of the particles. Atmospheric aging can alter
light absorption and scattering efficiencies of combustion aerosol particles,
due to changes in the mixing state (e.g., lensing effect of non-absorbing
coatings)28–30 and particle morphologies (e.g., compaction of fractal
aggregates)31–33, and by the formation and transformations of BrC
chromophores34,35 and tarballs36. In addition to optical properties, coating

formation on soot and compositional changes following atmospheric aging
can affect the cloud activation potential of the particles37–39. Moreover, the
effects of aging may largely depend on the emission source, requiring
source-specific studies.While the effects of atmospheric aging on the optical
properties of soot and other combustion aerosols have been previously
studied34,40–43, to the best of our knowledge, no detailed characterizations
specific to ship emissions exist. For these reasons, it is critical to understand
how atmospheric aging alters the radiative properties of emissions from
marine vessels for accurately assessing their contribution to climate
warming and for supporting policy decisions.

In this study, we characterized the optical properties of particulate
emissions from a single cylinder research marine engine operated with
marine fuels compliant with the current sulfur regulations. Further, we
investigated the effectsof photochemical aging on these emissions. Emission
factors (EF) are provided, alongside details of particle morphology, mixing
state, and radiative properties.

Results
Particle morphology and composition
Transmission electron microscopy (TEM) imaging showed the prevalence
of soot in the fresh emissions of both the MGO and LS-HFO exhausts
(Fig. 1). The soot-rich composition is also supported by the high mass
fraction of refractory black carbon (rBC) (Fig. S1 and S2, Table 1). Tarball-
like spherical particles were observed for most conditions, noting that it is
not straightforward to visually distinguish between tarballs and spherical
ash particles. Single-particle mass spectrometry (SP-MS) data showed
complex particle compositions for both fuels. Fresh emissions generally
contained either only elemental carbon (EC), combined organic carbon and
elemental carbon (OC+ EC), or all OC+ EC+ sulfur (S) signals in single
particles detected by SP-MS (Fig. S3). In addition, calcium-rich particles
likely originating from lubrication oil were identified from the single-
particle data (Fig. S5).

Aging enhanced the non-refractory particle mass (nrPM, mainly
organics and sulfates as shown by Fig. S1 and S2), by factors of 13.8 and 15.6
for LS-HFO and MGO, respectively, which resulted in a variety of particle
morphologies, including coated and compacted soot, rods, and larger round
particles. Formation of coatings on soot, as shown in Fig. 1f, where a dark and
compact central particle with a surrounding ring of residue following
vaporization of the coating under vacuum can be seen, is known to strongly
impact optical properties by enhancing the light absorption efficiency of soot
throughoptical lensing44.After aging, themajorityof singleparticles exhibited
OC, EC, and S signals (Fig. S3), indicating internal mixing between non-
refractory particles and soot. Although particle hygroscopicity was not
directly measured, the observed shift from fresh soot-rich particles to aged
sulfate- and organic-containing particles suggests a likely increase in hygro-
scopicity and enhanced cloud activation potential. While spherical particles
were visually abundant in the aged emissions, counts of typical tarball
morphologies were too low to draw any definitive conclusions. Particles with
rod-orneedle-likemorphologiesmadeupanoticeableproportionof theaged
MGOparticles (Fig. 1f), but were rare in the aged LS-HFO samples (Fig. 1h),
which instead contained particles similar to sulfates, supported by the high
mass fractionof sulfates (Fig. S1 andS2).The abundanceof rodmorphologies
in aged MGO exhaust is uncommon for exhaust aerosols, although similar
rod- or needle-like morphologies have been observed in some previous stu-
dies of marine and other diesel engine emissions45–49.

Figure 1i–j shows that MGO particles were roughly 25% smaller than
those from LS-HFO, both in the fresh and aged emissions. Aging was
accompanied by a decline in the projected area of around 10% for both fuels.
For the fresh cases, the observed decline can be attributed to a reduction in
the size of the soot in the exhaust. The decline with aging is attributed to the
combination of the presence of smaller particles of different morphologies
and the collapse of the soot31, where the latter contribution is supported
from inspection of the images.

Particle shapes were further quantitatively analyzed by means of
defining circularity for the particles observed in TEM (Fig. 2). The fresh
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samples exhibited broad distributions in circularity, consistent with the
prominence of soot, which generally exhibits low circularity. Even in these
cases, circularity tends towards unity for small soot aggregates, which are
composed of fewer primary particles and thus naturally havemore compact
structures, resulting in a mode close to unity. Upon aging, the particle
populations became more circular for both fuels. This change was more
drastic for LS-HFO, which transitioned from larger soot aggregates to
samples dominated by particles consistent with sulfates that have more
spherical shapes than fractal aggregates. For MGO, the presence of rods in
the images prevents a similar collapse in the circularity. Rods would be
encountered in themiddle of the panel (Φ = 0.3–0.7), where the distribution
is broader forMGOthanLS-HFO. It isworthnoting that inspectionof Fig. 1
and similar images indicates that the automated algorithm tended to round
out the mask applied to the rods, such that the true circularity is likely
positively biased for the MGO particles.

BCmass absorption cross section and absorption enhancement
The870 nmBCmass absorption cross section (MACBC) values from the full
cycle were similar for both fresh MGO and LS-HFO, with a median of 5.4
(interquartile range, IQR 5.3–5.7) m2/g. The MACBC remained relatively
constant across different engine loads, except for the 25%engine load,where
the median MACBC values were 6.1 (5.8–6.3) m2/g (Fig. 3). The literature
MACBC values for freshly emitted ship engine emissions have exhibited a
range of 4.3–6.9m2/g (lower value byAakko-Saksa et al. (2021)50 and higher

value by Corbin et al. (2018)19), when extrapolated to 870 nm with an
assumed absorption Ångström exponent (AAE) of 1 for BC. The fresh
MACBC in thiswork is in themiddle of that range,whereas the agedMACBC

ended up in a similar range to Corbin et al. (2018)19. The baseline MACBC

value of 5.42m2/g was slightly below the upper bound ofMAC of uncoated
BC, 5.05 ± 0.44m2/g, reported in a recent review study by Liu et al. (2020)51,
as well as within the bounds of the value of MACBC = 4.74 ± 0.76 m2/g
proposed by Bond and Bergstrom (2006)52, with both values extrapolated
from 550 to 870 nm with AAE = 1 (Fig. 3). Photochemical aging generally
enhanced light absorption (p = 0.013 for 25% engine load, p < 2 × 10⁻¹⁶ for
50%, 75% and 100% loads), with absorption enhancement (Eabs) factors
between 1.2 and 1.6. Opposite trends of Eabs were observed between MGO
and LS-HFO in relation to engine load. For MGO, the highest absorption
enhancement factor (Eabs = 1.47) occurred at 25% load. By contrast, for LS-
HFO, the highest absorption enhancement (Eabs = 1.56) was seen at 100%
load. For both fuels, these enhancements coincided with the highest
enhancements of nrPM.

A positive correlation was observed between Eabs and total mass to BC
mass ratio (Mtot/MBC) (Fig. 4),whereMtot is the sumofnrPMand rBCmass.
This ratio is a surrogate for coated particlemass in relation to BC in the case
of internally mixed particles. Aged particles were likely internally mixed, as
EC, OC and S signals were found in most of the analyzed single particles
(Fig. S3). Positive correlation of Eabs as a function ofMtot/MBC is primarily a
strong indication of optical lensing due to the coating of sootwith secondary
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Fig. 1 | Particlemorphology. a–hRepresentative TEM images for different fuels and
aging. Top images show annotations corresponding to segmentation of the particles
from the background using the k-means analysis procedure. Bottom images show a
subregion of the top imageswithout the segmentationmask. A common scale is used
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sulfates and organicmatter in thePEAR,which is supported by the observed
compaction of soot with increasing circularity after aging, shown in Fig. 2.
The relationship was fit with an exponential function:

Eabs;fit ¼
Mtot

MBC

� �0:17 ± 0:03ð Þ
; ð1Þ

with a coefficient of determination of R2 = 0.77. This formulawas based on a
fit to various experimental data sets by Chakrabarty & Heinson (2018)53:

Eabs;fit ¼
Mtot

MBC

� �0:32 ± 0:05ð Þ
; ð2Þ

which is accompanied by an exponent nearly twice as high as in the fit
to the marine emission data in this work. Additionally, the results from this
work fall within the wide range of values reported in literature (Fig. 4). To
relate non-refractory particle mass to Eabs, previous studies have often
expressed this relationship in terms of the non-refractory-to-BC mass
ratio28,41,54,55. For comparability, all values were converted to Mtot/MBC. In
some of the studies28,53,54, this ratio was derived with only BC-containing
non-refractory particles, i.e. only the coating. However, studies that con-
sideredonly coatingmass didnot always exhibit a steeper slope compared to
those that defined the ratio using total non-refractory particle mass.

Therewas noticeable spreadwithin the valuesof thiswork at highMtot/
MBC ratios as well: 25% load with LS-HFO (Eabs = 1.17) is lower than other
settings, while 25% loadwithMGO is higher (Eabs = 1.66). These differences
can arise from variability in mixing states at different conditions, as fully
encapsulatedparticles inducehigher absorption enhancement thanpartially
coated or externally mixed particles56 and the ratio Mtot/MBC does not
discriminate mixing states. Considering this, it is possible that with MGO
there were more encapsulated coatings exerting a stronger lensing effect,
while for LS-HFO, the aerosol populationwasmore heterogeneouslymixed,
which was qualitatively supported by the TEM images (Fig. 1). This was
further supported by the single-particle data, where we saw a stronger
enhancement of relative OC signals in EC-containing particles for the aged
MGO compared to LS-HFO (Fig. S4), indicating that there were more BC-
containing organics likely contributing to the lensing effect for MGO.

We also observed different non-refractory particle compositions at the
low and high absorption enhancement points. This could play a role in the
absorption enhancement, as the composition influences the refractive index,
which can in turn influence optical lensing57. As an example, the lowest
average value (LS-HFO 25% aged) had a high relative SO4 mass fraction of
nrPM (SO4 = 52%, OA= 32%, rBC = 16%), whereas the highest average
value (MGO 25% aged) corresponded to a higher relative OAmass fraction
(SO4 = 29%, OA = 55%, rBC = 13%). Also, within OA, the real part of the
refractive index has been shown to vary between 1.3–1.758.

Single scattering albedo and simple forcing efficiency
The 870 nm single scattering albedo (SSA), determined by the scattering
(bsca) and absorption coefficients (babs) measured by the photoacoustic
extinctiometer (PAX),

SSA ¼ bsca
babs þ bsca

; ð3Þ

resulted in values between 0.2–0.3 and 0.15–0.25 for fresh LS-HFOand
MGO emissions, respectively. Similar values have been reported for
uncoated soot particles, e.g. values between 0.15 and 0.29 were reported in a
reviewbyBondandBergstrom(2006)52.Due to the highmass fraction ofBC
in freshly emitted particles in this work, similar SSA values to bare soot were
expected. Photochemical aging generally increased SSA (p = 0.013 for 100%
engine load, p < 2 × 10⁻¹⁶ for 25%, 50% and 75% loads). With MGO, aging
increased the SSA values on all engine loads except for 100% load (Fig. 5a).
With LS-HFO, the increase in SSA was observed at all loads, leading toT
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Fig. 2 | Particle circularity. a Normalized kernel densities of circularity. Electron
microscopy images above the panel show example particles at circularities of 0.1, 0.3,
0.5, 0.7, and 0.9, in ascending order. The 25th quartiles are highlighted for each

curve. b–eParticle circularity versus projected area diameter. Horizontal dashed line
corresponds to a value of unity, which corresponds to a circle. All cases shown are for
25% engine load.

Fig. 3 | BC mass absorption cross section and
absorption enhancement at 870 nm wavelength.
Boxes correspond to data between upper and lower
quartiles, middle lines indicate medians, whiskers
correspond to non-outlier maximum andminimum
values, and light dots indicate outliers. Boxes of
different colors left to right: MGO fresh, MGO aged,
LS-HFO fresh and LS-HFO aged. The shaded area
with dashed horizontal line represents a MACBC of
5.42 m2/g for the median of ≥75% engine loads,
corresponding to no absorption enhancement.
Markers on the left side of the plot show uncoated
MACBC from two review articles: 5.05 ± 0.44 m2/g51

and 4.74 ± 0.76 m2/g52.
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values between 0.3–0.4 in the aged samples, which is likely due to higher
quantities of secondary sulfates. Thus, aging enhanced light scattering
slightly more than light absorption at 870 nm. Nevertheless, SSA values
below 0.5 mean that light absorption was stronger than scattering.

The SSA values obtained in this work are generally lower than in
previous studies from ship engines. For LS-HFO, the fresh SSA (870 nm)
range of 0.2–0.3 is considerably lower than values between the range 0.5–0.9
(780 nm) reported for a high-sulfur HFO in Corbin et al. (2018)19. For LS-
HFO, this is likely a result of reduced emissionof fresh sulfates.However, the
MGO SSA varied between 0.53–0.98 in Corbin et al. (2018)19, which is
substantially higher thanMGOSSAmeasured in thiswork (Table 1, Fig. 5a).
The higher SSA observed by Corbin et al. (2018)19 is likely caused by the
combination of (1) a higher OA/BC ratio (Figs. S9), (2) externally mixed
non-soot particles, (3) larger particle size and (4) instrumental differences.
To elaborate on these points, (1) organics emitted frommarine engines can
vary when the same fuel is used, substantially influenced by unburnt
lubrication oil59, (2) Corbin et al. (2018)19 showed that the freshly emitted
organics were largely externally mixed, and external mixtures have been
shown to exhibit higher SSAvalues than coated soot60, (3) increasingparticle
size in sub-micron particles generally corresponds to higher scattering cross
sections and single scattering albedos, and (4) extinction-minus-scattering,
themethod used in Corbin et al. (2018), and PAX, used here, have exhibited
different SSAvalues in a previous intercomparison61. Another study by Lack
et al. (2009)25 reported SSA (532 nm) values measured from ship plumes,
exhibiting an average value of 0.6 for high-sulfur fuels.However, in the same
study the corresponding SSAwas 0.35 for low-sulfur fuels, which is closer to
the values observed in this work (Table 1; Fig. 5a).

The potential radiative effects due to aerosol-radiation interactions, i.e.
the direct radiative effect, by the particle emissions were assessed using the
spectral Simple Forcing Efficiency (SFE)62,63:

dSFE
dλ

¼ � 1
4
dS λð Þ
dλ

τ2atm λð Þ 1� Fc

� �
2 1� as
� �2

β λð Þ �MSCPM λð Þ � 4as �MACPM λð Þ
h i

; ð4Þ

where dS/dλ is the solar irradiance (in W/(m2 nm)), τatm the atmospheric
transmission (0.79), Fc the cloud fraction (0.6), as the surface albedo, β the

backscatter fraction,MSCPM themass scattering cross section of PM (in
m2/g) and MACPM the mass absorption cross section of PM (in m2/g).
MACPM and MSCPM were defined as absorption and scattering cross
sections per total PM (nrPM+rBC). Spectral light absorption data was
measured by the aethalometer, whereas light scattering, measured by
PAX, was extrapolated from 870 nm using a scattering Ångström
exponent (SAE) of 2, and the SAE range 1–3 was included as a range of
uncertainty. To account for the effect of emitted mass, SFE values were
weighted by the PM emission factors (W/g * g/kWh). Backscatter
fraction of 0.25 was used in the following discussion, and a range of
realistic backscatter fractions between 0.15–0.35 was investigated as a
sensitivity test since backscattering is not measured by PAX. SFE serves
as a simplified metric to compare the direct radiative forcing effect
between fuels and aging conditions, while it does not account for the
temporal and spatial variability of ship plumes in the real atmosphere,
or for the underlying clouds and aerosol-cloud interactions.

Fresh particle emissions from both fuels exerted a positive
radiative forcing over most surface albedos, as shown in Fig. 5d. LS-
HFOhad a 3.6 times higher SFE thanMGOover a surface albedo of 0.8,
representing fresh snow and ice. Over the global average surface
albedo (as = 0.19), LS-HFO exhibited 3.4-fold higher SFE compared to
MGO, and a 2.1-fold higher SFE over ocean (as = 0.06). SFE values on
snow/ice were largely independent on the backscatter fraction and
SAE due to the minimal scattering term, whereas over low surface
albedos, the backscatter fraction and SAE had an increasing influence
on the result.

ForMGO, aging increased the SFE values by 16% over ice/snow, by
8% over the global average, and decreased the SFE by 41% over ocean.
After aging, LS-HFO SFE was reduced by 28% over ice/snow, by 41%
over the global average, and it decreased from 3.1 to –2.6W/kWh over
ocean. Reduction of LS-HFO SFE after photochemical aging is likely
related to a higher degree of secondary sulfate formation and lower
relative Eabs compared toMGO. After aging, LS-HFO SFE was 2.2 times
higher than forMGO over ice/snow and 1.8 times higher over the global
average.

Fig. 4 | Absorption enhancement (Eabs) as a function of total mass to BC mass
ratio (Mtot/MBC). In this work, Mtot is nrPM+rBC; nrPM is primarily organics and
sulfates measured by AMS, and rBC from LII. Non-transparent markers represent
averages and error bars represent standard deviations, whereas smaller transparent

markers show individual points of time-resolved data.Marker colors correspond to the
engine load (%). Dashed line shows the log-log fit to average values from this work.
Shaded region with the horizontal dotted line is Eabs = 1, indicating no absorption
enhancement. Values from literature28,41,53–55 are shown as connecting solid lines.
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Wavelength dependence of light absorption
Absorption Ångström exponents (AAE) defined for fresh MGO and LS-
HFO emissions using the wavelength pair of 370/880 from AE33 had
medians of 0.98 (0.96–1.01) and 0.95 (0.93–1.02) during full cycles,
respectively, generally corresponding to literature values reported for
marine distillate fuels. As AAE hovered around ~1 during to full cycle, light
absorption was almost entirely attributed to BC. Extrapolating Aethal-
ometer IR absorbancewith AAE = 1 to short wavelengths and subtracting it
from the total 370 nm absorption resulted in 15–30%BrC absorption at the
25% engine load, with noticeable absorbance at the visible light region (Fig.
S10). In addition to BrC attribution from AE33, UV-vis analyses were
conducted from methanol extractions of filter samples to observe the
absorbance of methanol-soluble organic carbon (MSOC). MSOC absorp-
tion had a higherwavelength dependence thanBrCderived fromAE33, and

it accounted for only ~2%of total light absorption at 370 nm (Fig. S10). The
discrepancy between the online and offlinemethod indicates that fresh BrC
fromboth fuels ismostly insoluble inmethanol. Emissions fromLS-HFO in
this work generally exhibited lower AAE values compared to those reported
for >0.5% S HFO in literature (Table S3, Fig. 6), indicating that LS-HFO
emissionsmayhave awavelengthdependencemore similar to distillate fuels
than to conventional HFO.

An increase of 0.08 to AAE = 1.06 (1.03–1.11) was observed for pho-
tochemically aged MGO emissions during the whole cycle, while LS-HFO
AAE increasedby 0.06, leading toAAE = 1.07 (1.03–1.13). It is likely that the
minor increase in AAE (p < 2×10⁻¹⁶) was caused by optical lensing, as
coating of soot with non-absorbing material has been modeled to result in
values as high as 1.25–1.464,65. ForMGO, aging caused the highest increase in
AAE at 25% engine load but showed no distinguishable difference between

Fig. 5 | Radiative properties of particulate matter. a Single scattering albedo,
b, cmass absorption and scattering cross sections of PM. Boxes correspond to data
between upper and lower quartiles, middle lines indicate medians, whiskers corre-
spond to non-outlier maximum and minimum values, and light dots indicate out-
liers. Boxes of different colors left to right: MGO fresh, MGO aged, LS-HFO fresh
and LS-HFO aged. Literature values are shown as single points for comparison19,25.

d Simple forcing efficiency (inW/kWh) using full cycle MACPM andMSCPM values
and PM emission factors. The shaded areas depict the sensitivity of SFE to back-
scatter fractions between 0.15–0.35 and scattering Ångström exponents between
1–3, as these two parameters were notmeasured. Surface albedos of 0.06, 0.19 and 0.8
are highlighted, as they represent values for ocean, the global average and ice/snow,
respectively.
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fresh and aged MSOC absorption (Fig. S11), suggesting that the AAE
enhancement occurred mainly due to non-absorbing coatings. Also, as
shown in Fig. S12, the ratio between fresh and aged absorption coefficients
increased relatively uniformly across all wavelengths after aging, high-
lighting that the lensing effect is more significant in regards to the total light
absorption. The results indicate that fresh BrC emitted frommarine engines
is mostly inert to photochemical aging, and that coating of soot is the key
mechanism inducing changes in the light absorption by these particles.

Multiple scattering coefficients
Multiple scattering coefficients (ratio of light attenuation from
Aethalometer (AE33) and light absorption from Photoacoustic
Extinctiometer (PAX)) exhibited median values between 2.44 and 3.64
across different engine loads. A substantial engine load dependency of
the multiple-scattering coefficient was observed, with C being higher at
the lowest engine load settings (Fig. 7). Furthermore, aging decreased C
values (p = 0.12, p = 0.0092, p < 2 × 10⁻¹⁶ and p = 0.13 for 25%, 50%, 75%
and 100% loads, respectively). Due to these effects, applying any con-
stant value for C includes uncertainty in the absorption and BC mass
defined with filter-based photometers. C = 3.00, which was the median
value in fresh emissions during engine loads ≥75% was used for batn to
babs conversion, therefore the equivalent black carbon (eBC) derived
from these conversion factors will contain positive bias on low engine
loads. AE33 data with the default conversion parameters (C = 1.39 and
MACBC (880 nm) = 7.77 m2/g) would’ve resulted in a ~ 40% over-
estimation compared to data with experimental C and MACBC values.
As default conversion parameters are commonly used, eBC values given
by the instrument may contain considerable positive bias. AE33 and
PAX were on two separate dilution ratios, AE33 in 1:1000 and PAX in
1:100. Comparison of SMPS particle volumes in 1:100 versus 1:1000
dilutions showed a mean relative error of 2.49% with no distinct bias on
any engine loads (Fig. S14), concluding that the bias inCwas not a result
of inaccuracies in the excess dilution.

Multiple scattering coefficients have been previously defined for
marine emissions by Corbin et al. (2018), where an average C of 4.7 was
observed, with substantial variation between average values of 3.5–9.5.Most
commonly, C has been determined from atmospheric measurements66–69,
for example; C = 3.6 in Backman et al. (2017)66, C = 2.39 in Yus-Díez et al.
(2021)68, suggesting that themanufacturer’s default value used by the AE33,
C = 1.39, is a significant underestimation. These studies also reported that
multiple scattering coefficients include considerable variation under dif-
ferent experimental conditions19,66, agreeing with the findings in this work
and suggesting that a constantC value for complex aerosolmixtures canbe a
significant source of uncertainty for filter-based photometers. The light
absorption inferred from filter-based attenuation can be positively biased if
thefilter is loadedwith aerosolswith high SSA68. Thiswas not the case in this
work, as the particles were highly light-absorbing (a maximum SSA of 0.43,
with typical values between 0.1 and 0.3).

BC emission factors
BC emission factors (EF) exhibited a substantial dependence on the engine
load and the fuel (Fig. 8). On average, during the full cycles, time-weighted
average BC EFs from LS-HFO were 3x higher than MGO. The difference
between BC EFs from LS-HFO and MGO was highest at the 25% engine
load, with LS-HFO BC EFs 4.6 times higher than MGO. With increasing
engine load, EFswith both fuels decreased and converged in relation to each
other, so that on the 100% engine load LS-HFOBCEFswere only higher by
a factor of 1.1. Thus, if both fuels are used under high loads, the emitted BC
masses would be very similar in relation to the output energy from the
engine. However, at low loads, MGO emitted considerably less per unit of
output energy than LS-HFO.

BCEFs fromMGOweremostlywithin the same range as literature EFs
from distillate shipping fuels. Prior to 2020, the global FSC limit had been
3.5%, thus multiple earlier publications have studied HFO with a higher
FSCs thannow.However, in recent studies, IMO2020 compliant low-sulfur
residual fuels were also studied70,71, where BC EFs of LS-HFOhave been in a

Fig. 6 | Absorption Ångström exponents, i.e. the wavelength dependence of
absorption. Left axis shows literature values, taken from Table S319,23,24,26,70. Hor-
izontal lines indicate modeled upper limits for uncoated BC and BC with a non-
absorbing coating64. Boxes correspond to interquartile ranges, middle lines indicate

medians, whiskers correspond to non-outlier maximum and minimum values, and
light dots indicate outliers. Boxes of different colors left to right: MGO fresh, MGO
aged, LS-HFO fresh and LS-HFO aged.
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similar range to thiswork (HFO ≤ 0.5%S in Fig. 8). Comparing the results to
previous studies indicates that low-sulfur HFO can emit as much or even
higher quantities of BC than high-sulfur counterparts (Table S2, Fig. 8).

The aethalometer, which is one of the most commonly used atmo-
spheric BC measurement instrument, and which has previously been used

to define BC emissions from marine engines50,72, had a bias in eBC mass
dependingon the engine load, as it is directly influencedby thebias inC. The
uncertainties associated with using constant values for the analysis (C and
MACBC) should be acknowledged when using aethalometer to define
emission factors, as these parameters change depending on operation

Fig. 7 | Aethalometer multiple scattering coeffi-
cients (C). aMGO fresh, b LS-HFO fresh, cMGO
aged, d LS-HFO aged. Descending x-axes corre-
spond to increasing engine loads. Vertical lines
indicatemedian values, also shown in the columnon
the right.

Fig. 8 | BC emission factors (BC EF) specified by engine load and defined using
different methods; LII rBC, PAX eBC, AE33 eBC, MA200 eBC and Sunset EC.
Points represent average values, and error bars standard deviations. E2 weighted
averages and standard deviations are shown for the full cycle. 75% and 100% engine

loads are truncated in the subplot at the top right corner to improve visibility on the
low y axis values. Boxes in the background represent the interquartile range of
literature EFs for distillate fuels, non-compliant (>0.5%S) and compliant (≤0.5%S)
HFO (Table S2).
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conditions and photochemical aging. This is likely the case also for other
filter photometers, such as the commonly usedFilter SmokeNumber (FSN)
method. The aethalometer’s high sensitivity required substantial dilution of
themarine emissions to stay within the optimal measurement range, which
would require more complex measurement setups if the device was to be
usedmore routinely.Highdilutions are also a source of elevateduncertainty.
For photoacoustic light absorption, the main BCmeasurement uncertainty
is related to using a constant value for MACBC, which was observed to
increase after photochemical aging and to lead to potential overestimations
of up to 1.6 times. Overall, absorption enhancement by non-absorbing
compounds should be considered when interpreting eBC results from any
optical absorption measurements.

Laser induced incandescence was considered to be the most robust
option for BC mass determination and the reference to which other
instruments were compared to, as it is a more direct measure of mass and
largely independent of particle mixing state. However, there are uncer-
tainties associated with coatings during laser heating, which could change
the peak incandescence and thus the retrieved mass73. Thermal-optical EC
determination as BC also has the advantage of being a direct mass mea-
surement, albeit not capable of producing high temporal resolutiondata like
the other instruments used here. The EC method still has uncertainties
related to sample handling and storage, low detection limits (corresponding
to long sampling times), as well as to the optical split-point for determining
pyrolytically converted carbon74–76. The split point accuracy can however be
optimized by having a filter EC mass loading within the manufacturer’s
recommended range of 1–15 μg/cm2 to get a good baselinemeasurement, as
well as having the OC mass loading within the recommended range of
5–400 μg/cm2 to avoid excessive charring. Beyond conventionally defined
BCandBrC, ship emissionsmaycontain intermediate carbonaceous tar-like
BrC particles18, which have a high degree of insolubility and refractoriness,
as well as light absorption extending up to near-IR wavelengths. Due to its
properties, tar BrC can bias the BC concentrations depending on the
measurementmethod. For example, near-IR absorption by tar BrC can lead
to overestimation of absorption-based BC. Techniques to quanitify tar BrC
would need to be further developed in order to get closure on the light-
absorbing aerosols emitted by shipping18,27.

Discussion
The freshmarine engine emissionswithboth fuelswereprimarily composed
of black carbon, and theoptical properties (MAC,AAE, SSA)were similar to
those of uncoated soot. In terms of optical properties, LS-HFO aerosol
emissions resembled more those of distillate fuels than conventional HFO.
TEM images affirmed the dominance of soot in the fresh samples and a
transition to compact and coated soot, as well as other diverse particle
morphologies after aging. MGO and LS-HFO showed different types of
particles after aging,withLS-HFOhavingparticles likely containing sulfates,
while rod-like morphologies were seen with MGO. Photochemical aging
had an increasing effect on BC mass absorption cross sections, which was
attributed to optical lensing by coatings formed in the photochemical aging
reactor. After photochemical aging, the AAE was slightly enhanced. This
was hypothesized to result from the lensing effect rather than by changes in
BrC. LS-HFOhad a 2–3.5-fold higher forcing efficiency compared toMGO.
For MGO, the forcing efficiency remained mostly unchanged after aging,
whereas for LS-HFO, the forcing efficiency decreased relative to fresh
emissions. In most cases, the forcing efficiency was positive, even after
photochemical aging.

Overall, the different BC measurement methods showed good agree-
ment when measuring fresh emissions where the aerosol particles mostly
consisted of BC,whereas thedifferences between instrument responseswere
magnified after photochemical aging, as the particle properties influencing
the conversion factors became more complex. The main things to consider
concerning optical determination of eBC are the impacts of absorption
enhancement, which can lead to overestimation of BC mass when these
particles are coated, and a “default”MACBC value for uncoated BC is used.
Further, with filter-based absorption photometers, the interaction between

the sample and the filtermatrix has been shown to causemeasurement bias,
which is not straightforward to account for without reference instru-
mentation. Nevertheless, by using appropriate conversion factors, filter
photometers resulted in very comparable BC data from ship emissions.

Current global regulations on FSC inmarine fuels aimed at addressing
environmental and health issues regarding sulfur pollution, while black
carbon emissions from the marine sector still presents an unresolved issue
under current marine legislation. The results combined with literature
values suggest that the use of low-sulfur residual fuelsmay release as high or
even higher quantities of black carbon than previously commonly used
high-sulfur heavy fuel oils. The lower SSA values for low-sulfur HFO—a
result of lower sulfate emissions in the fresh exhaust—when compared to
prior researchwith>0.5%S residual fuels suggests that IMO2020 compliant
LS-HFO exerts a stronger positive radiative forcing effect than high-sulfur
HFO.Furthermore, thepossibility thatBCemissions remainhigh after IMO
2020 regulations is compounded by the net warming effect resulting from
reduced sulfate-driven cooling12–15,77.

The resultsof this studyprovide abasis for improvedassessments of the
aerosol–radiation interactions (ARI) from marine traffic under the current
fuel sulfur regulations, while accounting for the effects of photochemical
aging. The ARI forcing efficiency estimates presented in this work were
based on a simplified model which allows for straightforward comparisons
between sources with different optical properties. However, the model does
not factor in the vast spatiotemporal variability in the exhaust emissions or
the radiative effect due to aerosol-cloud interactions (ACI), therefore it
should not be single-handedly used to derive the global radiative forcing
effect.Ourfindings highlight theneed for further studies, includingfield and
laboratory measurements of different marine vessels and new marine fuels
(e.g. biofuels, ammonia [NH3] andmethanol), smog chamber experiments
to study emission transformation under more realistic aging conditions,
atmospheric modeling and investigations on ACI, to better understand the
atmospheric impacts of ship emissions and to identify sustainable marine
propulsion technologies and alternatives to conventional shipping fuels.

Methods
Experimental setup
Experimentswere conducted on a laboratory-based 4-stroke single-cylinder
medium-speed research engine, which has been described in multiple
previous studies19,24,70,78,79. In short, the engine featured a 150mm bore and
180mm stroke and was operated at the rated 1500 rpm speed with stable
engine load steps 25%, 50%, 75% and 100% of the 80-kW nominal power
output of the engine. The engine loads and their respective durations were
based on the ISO 8178-4 E2 standard test cycle (Table S4). Each experiment
consisted of two consecutive test cycles; first conducted with increasing
engine load, and the second with decreasing load.

The engine was operated with marine gas oil (MGO) and low-sulfur
heavy fuel oil (LS-HFO). TheMGO is a distillate-based shipping fuel with a
FSC of 0.01%, making it appropriate for SECAs. The LS-HFO is a highly
viscous residual fuel oil that has a FSCof 0.5% and is therefore in accordance
with the global sulfur limit of 0.5% set in 2020 by IMO. The properties and
elemental composition of the marine fuels have been published
elsewhere80,81. The NOx EFs were on average 5 g/kWh81, meaning that the
engine complied with the Tier II classification ( < 8 g/kWh) at 1500 rpm
rated speed. However, the engine did not meet the Tier III limit ( < 2 g/
kWh), which is in use for NOx Emission Control Areas (NECA).

Exhaust emissions were sampled through a heated line (350 °C) into a
pre-cyclone (10 μmdiameter cut-off) anda two-diluter setup, consisting of a
porous tube diluter and an ejector diluter (DAS, Venacontra), and resulting
in a combined dilution ratio (DR) of 1:100 (Fig. 9). The real-time DR was
automatically adjusted with an custom-built dilution controller, which
determined the ratio based on three simultaneous measurements of CO2

concentrations in the raw exhaust, dilution air and the diluted sample. After
dilution, the aerosol sample was either directed through the Photochemical
Emission Aging flow tube Reactor (PEAR)82, here referred to as “aged”, or
alternatively a “fresh” bypass sampling line without aging. The sample was
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also diluted by a constant factor of 1:10 with an ejector diluter for some
instruments, and further by a factor of 1:3 with aged emissions for the high-
resolution aerosol mass spectrometer (HR-ToF-AMS).

For filter sampling, the exhaust stream was split into the sampling
line of the filter and gas phase sampling setup. High purity Quartz Fiber
Filters (47 mm, QFF, Whatman QM-A, Cytiva) were used for the
particle collection. QFFs were baked for 5 h at 550 °C prior to sampling
to remove possible contaminants. Partisol Model 2300 Speciation
Sampler (Rupprecht & Pataschnick Co., Inc.) with a sharp-cut PM2.5
impactor was operated for 240 min at 10 l/min accounting for a total
volume of 2400 l. The filter samples were then kept in Analy slide petri
dishes (Pall Corporation) and stored in a freezer at –20 °C until con-
ducting the analyses. The aged exhaust was passed through ozone
denuders upstream to the particle/gas phase sampling. The denuders
consisted of ceramic honeycombs which were impregnated with
potassium nitrite to decompose ozone in the sample.

Exhaust particles were also sampled onto carbon-coated copper grids
for transmission electron microscopy (TEM) with an electrostatic pre-
cipitator sampler (Partector 2, Naneos). The volumetric flow rate of the
sampler was 0.5 l/min. Imaged particles were segmented from the back-
ground using a custom k-means algorithm, described in a previous work by
Sipkens and Rogak (2021)83, allowing for per-particle statistics including
projected area-equivalent diameter. Particle compactness was quantified
using circularity (Φ), which considers the ratio of projected area to the
perimeter:

Φ ¼ 4πA
P2 ; ð5Þ

whereA is theprojected areaof the shape andP is the perimeter of the shape.
This quantity captures the compactness of the particles, with spheres having
circularity values approaching unity and fractal aggregates having sub-
stantially lower values.While the circularity should only vary between 0 and
1 in theory, image rastering (i.e., the use of pixels) to represent the perimeter
and area can result in circularities that exceed 1 in practice.

Photochemical aging
The PEAR, a high-volume oxidizing flow tube reactor82, was used to create
photochemical aging conditions for the exhaust sample. Four ultraviolet
(UV, 254 nm) lights located inside the PEAR can be individually turned off
or adjusted up to 10V per lamp. Lamps were operated at full 4x10V voltage
to achieve between 1–5 equivalent days (eqv.d) of photochemical age,
depending on the engine load. The UV lights were surrounded by a cooling
case built from quartz tubing to negate the effects of elevated temperature,
such as changes in the partitioning of semivolatile compounds or decreased
relative humidity. The sample flow through PEAR was 100 l/min with a
residence time of 70 s.

Ozone (O3, 4–7 l/min), water vapor (H2O, humidifier 9 l/min, +50
°C), and d9-butanol (8–30ml/min) were continuously fed into PEAR.
Within PEAR,O3 photolysis byUV light creates short-lived oxygen radicals
(O(1D)) that subsequently react with H2O, resulting in hydroxyl radicals
(•OH), which is the main oxidant during day. The OH exposure was
monitored with a proton-transfer mass spectrometer (PTR-MS) that
measured the decay of the OH tracer d9-butanol84. The equivalent photo-
chemical age was calculated for the ambient concentration of [OH] = 106

molec./cm3. The feeding of reactants introduced an internal dilution of 10%
in the PEAR, which was accounted for in data processing.

Measurement of optical properties and black carbon
The Photoacoustic Extinctiometer (PAX, Droplet Measurement Inc.) was
used to measure scattering and absorption by aerosol particles at 870 nm
wavelength. In the PAX, the sample flow is split into two cells of the
instrument, the scattering and absorption cell. In the absorption cell, a
modulated laser is directed at the sample aerosol, which re-emits the
radiation as heat in the presence of light absorbing particles. This heat
creates pressure waves at the laser’s modulation frequency, which is set as
the resonant frequency of the photoacoustic cavity. The sound created by
the absorbing particles is picked up by a sensitive microphone, and the
amplified signal is proportional to the absorption coefficient85. The scat-
tering cell consists of an integrating reciprocal nephelometer, measuring
light scattering from6 to 174°86.With the simultaneous light absorption and

- -

+ +

Fig. 9 | Representation of the sampling setup. Black-blue-striped lines indicate
sampling lines that were measuring only the fresh or aged sample at a time. Quartz
filters were collected simultaneously from the fresh and aged channels. Instrument
abbreviations: FTIR fourier transform infrared spectrometer, PAX photoacoustic

extinctiometer, LII laser-induced incandescence, MA200 microaethalometer, HR-
ToF-AMS high-resolution time-of-flight aerosol mass spectrometer, SP-MS single-
particle mass spectrometer, AE33 aethalometer and SMPS scanning mobility par-
ticle sizer.
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scatteringmeasurements, SSA valueswere also obtained. The scattering and
absorption calibrations were conducted prior to the measurement cam-
paign. The scattering signal was calibrated using nebulized non-absorbing
ammonium sulfate particles, whereas the light absorption signal was cali-
brated using nebulized absorbingAquadag particles. For PAX, a flow rate of
1 l/min was used and the total dilution ratio at the sample inlet was 1:100.

Two Aethalometers (AE33, Magee Scientific) and two Micro-
aethalometers (MA200, AethLabs) were used to continuouslymeasure light
attenuation on a particle-laden filter tape. AE33measured 7 wavelengths of
370, 470, 520, 590, 660, 880 and 950 nm and MA200 measured 5 wave-
lengths of 375, 470, 528, 660 and 880 nm.

With aethalometers, absorption coefficients babs;AE were calculated
using

babs;AE ¼ batn;AE
C

¼ 1
C

A
QinR

ΔATN
Δt

; ð6Þ

where batn;AE is the attenuation coefficient; A the surface area of the filter
tape spot; ΔATN the difference in light attenuation at the filter spot during
Δt; Qin the sample flow rate; R the shadowing correction, defined con-
tinuously with the onboard dual-spot correction algorithm for AE3387 and
MA20088, and ATN the total attenuation at the sampled filter spot. The
measured light attenuation was converted to light absorption using the
multiple scattering coefficient C, defined as

C ¼ batn;AE 880 nmð Þ
babs;PAX 880 nmð Þ ð7Þ

The absorption coefficient of PAX at 870 nm was converted to
equivalent absorption at 880 nm with an assumed absorption Ångström
exponent of 1. This assumption introduces negligible uncertainty given the
similarity between the two wavelengths. The determined C, measured at
880 nm, was assumed constant over the measured wavelengths, as the
wavelength dependence ofC has been previously reported to be negligible68.
Simultaneous measurement data fromMA200 and PAX was not available,
thus the MA200 C value was determined from C-adjusted AE33 mea-
surements as good correlation between these two instruments has been
demonstrated previously88,89. As Aethalometers are generally used for
ambient measurements with relatively low BC concentrations, they were
used here under highly diluted conditions using an extra ejector diluter.
AE33 was operated at a flow rate of 2 l/min and MA200 at 0.10 l/min. The
total dilution ratio for the Aethalometers was 1:1000.

Spectral dependence of light absorption by PM was depicted with the
absorption Ångström exponent (AAE):

AAE
λ1
λ2

� �
¼ �

ln
babs λ1ð Þ
babs λ2ð Þ

� �

ln λ1
λ2

� � ; ð8Þ

where λ1 and λ2 are two wavelengths of interest. AAE of BC is commonly
assumed to be equal to 1, while uncoated BC has been shown to vary
between AAE values of 0.7–1.1, and non-absorbing coatings can enhance
AAE further up to 1.2564. For this reason, the BrC attribution determined by
wavelengthdependence inAE33was validatedusingofflineUV-vis analyses
of methanol extractions from sampled filters.

Black carbon was measured in three different ways. Following the
terminology recommended by Petzold et al. (2013), these measurements
correspond to: (1) refractory BC (rBC) refers to mass determined by laser-
induced incandescence, (2) elemental carbon (EC) to the thermal-optical
carbon analysis method, and (3) equivalent BC (eBC) tomass derived from
light absorbance.

Laser-induced incandescence was measured using a LII-300 (Artium
Technologies Inc.), yielding an online retrieval of rBC concentrations. In the
LII-300, sample aerosols are exposed to a nanosecond pulsedNd:YAG laser

(1064 nm). Particles that both absorb strongly at this wavelength and are
refractory (i.e. rBC by definition) are heated to temperatures above 2500 K
and incandesce. The intensity of this incandescence is proportional to the
rBC mass concentration. The LII-300 uses the auto compensation techni-
que, making use of the sample temperature measured using two-color
pyrometry and the MACBC

90–92. Prior to the campaign, the rBC mass
measurement was calibrated against thermal-optical EC produced by an
aircraft turbine engine. The laser fluence of LII was set to 0.23mJ/mm2, near
the transition between the low and high fluence regimes to avoid artifacts in
the low fluence regime and sublimation at higher fluences. A flow rate of
0.5 l/min and a total dilution ratio of 1:100 was used for sampling.

Thermal-optical carbon analysis (TOA) with an offline OC/EC ana-
lyzer (Model 5 L, Sunset Laboratory, Inc.) was conducted to determine the
elemental carbon (EC) content from quartz filters, which were collected
during the campaign (SeeMethods – Experimental setup). In TOA, organic
carbon isfirst volatilized in the presence of an inert gas, whilst incrementally
increasing the temperature of the filter sample in steps. At sufficiently high
temperatures, OC is expected to have been desorbed from the filter. After
removing the OC fraction, the carrier gas is switched from inert gas to an
oxygen-containing mixture. Hereafter EC is combusted from the filter,
while the temperature is further raised in steps93. In the Sunset OC/EC
analyzer, thermally desorbed carbon in the carrier gas is catalytically con-
verted to methane and continuously measured with an FID during the
heating procedure. Commonly a fraction of the OC becomes charred —
referred to as pyrolytically converted carbon (PC) — during the inert
heating phases, after which it does not readily desorb from the filter and is
only combusted in the oxygen-containing phases. The darkening can be
measured with transmittance/reflectance, seen as a drop in both transmit-
tance and reflectance signals. In the first part of EC determination, while the
sample is being combusted, the laser transmittance signal increases up to its
baseline value. The “EC”measured up to this split point is defined as PC and
assigned to OC, and the remaining carbon is attributed to original ECmass
collected onto the filter93.

Equivalent BC mass concentrations (ceBC) from the light absorption
measurements were determined using a mass absorption cross section of
black carbon (MACBC):

ceBC ¼ babs λNIR
� �

MACBC λNIR
� � ð9Þ

where λNIR is a near-infrared wavelength (NIR). Wavelengths of 870 nm
(PAX)and880 nm(AE33,MA200)wereused toderive eBCconcentrations,
based on the assumption that IR absorption is entirely caused by BC.
However, in the context of marine emissions, this assumption may not
always hold, as residual fuels have been reported to emit infrared-absorbing
tar BrC18, which may lead to overestimation of eBC. In MACBC

determination, light absorption measurement from PAX was used, as it is
devoid of filter tape artifacts, as noted above. The reference rBC was
determined from LII instead of EC from the thermal-optical method, as LII
and PAX were co-located with shared sampling lines; thus the effects of
sampling line losses or filter sample handling and storage were avoided.

MACBC λð Þ ¼ babs;BC λð Þ
crBC

ð10Þ

The baseline MACBC was calculated from fresh emissions at ≥75%
engine loads, where the particle mass comprised mostly rBC, resulting in
MACBC (870 nm) = 5.42 m2/g and MACBC (880 nm) = 5.36 m2/g. These
represent MACBC values for minimally coated black carbon, which were
also used for eBC conversion and increased values ofMACBC were taken to
indicate absorption enhancement (Eabs ¼ MACBC;coated=MACBC;uncoated).

Aerosol chemical composition and size distributions
The chemical composition of non-refractory particulate matter was mea-
sured online with a HR-ToF-AMS (Aerodyne Inc.). In the AMS, non-
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refractory particulate matter (nrPM) with an aerodynamic diameter
between 50 and 600 nm is transmitted through the aerodynamic lens and
then flash vaporized by a heated ceramic furnace (600 °C). ToF-AMS
Analysis Toolkit 1.65 (SQUIRREL) was used to process the AMS data. The
high-resolution analyses were conducted using ToF-AMSHRAnalysis 1.25
(PIKA). Further, elemental ratios, i.e. O/C, H/C, OC/OM ratios, were
defined basedon theAikenmethod94. AMSwas operated at a 1-minute time
resolution, while total dilution ratios of 1:1000 for fresh emissions and
1:3000 for aged emissions were used, as the agedmeasurements included an
extra 1:3 dilution.

A Single-Particle Mass Spectrometer (SP-MS; prototype of the
PhotonLIZA system, Photonion GmbH, Germany) was used to char-
acterize both refractory and non-refractory particle components at the
single-particle level. The instrument’s operating principle and para-
meters have been described in previous work95. In brief, particles with
diameters above roughly 150 nm are detected and sized by light scat-
tering, then sequentially exposed to laser pulses that desorb and ionize
both inorganic and organic material. This provides information on
inorganic species (metals, soot, salts) combined with molecular fin-
gerprints of small molecules and non-polar aromatics96,97. In this study,
we focus on ions generated by laser desorption/ionization (LDI) using
5mJ UV pulses from a KrF excimer laser (248 nm). Part of the data was
acquired in free-running mode, where optical detection was disabled
and the ionization laser fired at 100 Hz without synchronization to the
particle beam. This approach bypasses the lower size limit of the optical
detection system and allows the analysis of particles as small as 50 nm.
While SP-MS does not provide absolute mass concentrations on a per-
particle basis, it yields characteristic chemical signatures, their tem-
poral and compositional variability, and information on particle
mixing state98. The SP-MS was operated under DR = 1:100.

Two scanning Mobility Particle Sizers (SMPS 3938, TSI Inc.) were
deployed to measure the electrical mobility size distributions of fresh and
aged particle emissions. Both SMPS instruments were operated on a 90 s
loop (60 s scan followed by 4 s retrace, 10 s purge and 16 s wait). The
combined dilution ratio for SMPS was DR = 1:1000.

Emission factor calculation
Emission factors (EF) are presentedas themassof a speciesemittedper kWh
produced by the engine. EFs were calculated using:

EF ¼ cm � Qex

Pout
; ð11Þ

where EF is the emission factor (mg/kWh produced), cm the mass con-
centrationof a species (mg/m3),Qex the exhaust volumeflowrate (m3/h) and
Pout the power output of the engine (kW). Emission factors are primarily
reported as mg/kWh, however, the conversion factors (m3/kgfuel) to derive
EF as mass per consumed fuel (mg/kgfuel) were also included in the
supplement.

Statistical methods
Aerosol optical properties (AOP, i.e. MACBC, SSA, AAE, C) were analyzed
using a linear mixed-effects model. The analysis was restricted to specified
engine loads. Photochemical aging (fresh vs. aged) was included as a fixed
effect, while fuel was treated as a random effect with a random intercept to
account for between-fuel differences in baseline outcome. Temporal auto-
correlation in the residuals arising from the time-series structure of the
measurements was modeled using a first-order autoregressive [AR(1)]
correlation structure based on the observation order within each fuel. The
model can be summarized as:

AOPi;t ¼ β0 þ β1agedi;t þ b0;i þ εi;t ; ð12Þ

b0;i�N 0; σ2b
� �

; ð13Þ

εi;t ¼ ϕεi;t�1 þ ηi;t ; ð14Þ

and

ηi;t�N 0; σ2
� �

; ð15Þ

where i indexes fuel type and t indexes time, β0 is the fixed intercept, β1
represents the fixed effect of aerosol ageing (fresh vs. aged), b0;i and is a fuel-
specific random intercept capturing between-fuel differences in baseline
AOP. The residuals εi;t follow a first-order autoregressive [AR(1)] process
with an autocorrelation parameter ϕ, accounting for temporal dependence
between consecutive observations within each fuel.

Data availability
The main data is available in the online repository DOI:10.5281/
zenodo.17344025. Particle mobility size distribution data from the same
experiments has been published in Shukla et al. (2025), DOI:10.1039/
d5ea00040h. Additional datasets associated with the study are available
from the corresponding authors on reasonable request.
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