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Measurements of apparent fuel sulfur content in ship exhausts (aFSC) and NO,/CO, ratios were made from an
airborne and ground-based platforms in the open Atlantic Ocean and the European sulfur emission control area
(SECA) during muiltiple field campaigns from 2019 to 2023. In the open ocean a nearly 10-fold decrease in the
mean aFSC demonstrates the strong impact the International Maritime Organization regulation change in 2020
had on sulfur emissions from ships. In 2019, 8 ships out of 19 showed a measured aFSC higher than the 3.5% limit
at the time and in 2021 and 2022, 5 ships out of 78 were observed to be higher than the new 0.5% limit. In the
SECA in the English Channel, the average aFSC across both 2019 and 2021 measurements was 0.04 + 0.01%, well
below the more stringent 0.1% limit. In the port of Valencia, Spain, which is not in a SECA, observed aFSC was on
average much lower than in the open ocean and close to the EU Sulfur directive of 0.1% fuel sulfur content in port
areas if the ship stays more than 2 hours in port. In the Port of Tyne (within the European SECA), the aFSC is
virtually identical to those measured in the English Channel, with no ships breaching the 0.1% limit. On
average, measured aFSCs agree well with the estimates of the Ship Traffic Emission Assessment Model
(STEAM3), although the model does not pick up outliers that breach limits. In the open ocean in 2019 the
NO,/CO, ratio was 0.021 + 0.002, with ratios observed in port significantly lower (Port of Tyne 0.009 +
0.001, Port of Valencia 0.011 + 0.001), with a switch to auxiliary engines in ports a potential reason for this
lower emission ratio. This work presents the first aircraft-based measurements of aFSC from ships outside of
sulfur control zones since the change in sulfur emission regulations in 2020 and largely justifies the
assumption that is often made that ships now emit around 7 times less sulfur than before 2020.

As 70% of shipping emissions are produced within 400 km of the coast, emissions of air pollutants (including SO,, NO,, VOCs and PM) can cause severe health and envi-
ronmental problems to these regions. It is for this reason that, from 2005 the International Maritime Organisation (IMO) started creating Sulphur Emission Control Areas (SECA)
e.g. in the North Sea, Baltic Sea or Caribbean Sea. Sulphur content in fuel by mass in these areas had a limit of 1.5% until 2010, 1.0% until 2015 and 0.1% since then. When
sulphur emissions from ships occur in remote environments, the sulfate aerosol produced acts to cool the planet both directly by scattering sunlight through the formation of so-
called ship tracks and more widely by increasing the albedo of clouds. This cooling due to sulfate aerosol offsets some of the warming effect of greenhouse gasses and is the
largest uncertainty in determining the change in the Earth's radiative balance by human activity. The IMO also regulates sulphur emissions in international waters, setting the
sulphur content limits at 4.5% until 2012, 3.5% up until 2020 and 0.5% since then. In order to assess the effect of shipping emissions on both local and regional air quality and
the global climate, it is important to have robust experimental evidence, especially after regulations change. Emissions from ships are difficult to study, especially in regions a long
distance from land. Here we present the first experimental evidence of the drop in sulphur emissions from ships, concurrent with the change in IMO regulations in international
waters. This largely justifies most model studies that have tried to predict the change in global radiative forcing post regulation, which often just assume a 7x reduction in sulfur.
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1 Introduction

Large amounts of sulfur in the atmosphere have detrimental
effects on human health and the environment. Gas phase sulfur
dioxide (SO,) has a direct association with human respiratory
and cardiovascular diseases.’” SO, is also a key precursor of
sulfate aerosol, which has a cooling effect on climate by
increasing cloud droplet number and hence cloud brightness.*
The sulfate particulate from marine emissions not only
contributes to air pollution but also increases the risk of acid
rain formation.® It is therefore vital to understand emissions of
SO, in order to provide accurate predictions of current and
future air quality and climate.

Human activity is responsible for the emission of the
majority of atmospheric sulfur, which in nature is not particu-
larly abundant.® These emissions come mostly from the
Northern Hemisphere, however in the Southern Hemisphere
they are also the dominant source of sulfur.” In the last two
hundred years atmospheric sulfur trends were driven by
anthropogenic emissions.® After peaking in 1970 a substantial
reduction in SO, emissions was observed globally from 1980s to
2000s.° It was driven by legislation limiting sulfur emissions in
Europe and North America, who were the major contributors at
the time. Between 2000-2006 emissions increased primarily due
to growth in China. However, these were soon addressed and
reduced, so the global trend returned to a decline. Shipping is
the most important anthropogenic source of sulfur in marine
environments (largely as SO,) and is estimated to be responsible
for around 13% of global sulfur emissions.” When sulfur
emissions from ships occur in remote environments, the sulfate
aerosol acts to cool the planet both directly by scattering
sunlight through the formation of so-called ship tracks,'*"* and
more widely by increasing the albedo of clouds.*” This cooling
due to sulfate aerosol offsets some of the warming effect of
greenhouse gasses and is the largest uncertainty in determining
the change in the Earth's radiative balance by human
activity.”** In addition, as 70% of shipping emissions are
produced within 400 km of the coastlines™ they can cause
severe health and environmental problems to these coastal
regions.”*™’

The shift to clean fuels came to shipping much later than to
land based engines. However, recent changes in international
regulations have resulted in rapid changes in emissions from
the sector. The International Maritime Organisation (IMO) is
responsible for regulating shipping emissions. From the late
1980s the IMO started creating Special Areas, where for ocean-
ographical or ecological reasons additional measures are taken
to prevent pollution from oil, sewage or garbage. The first such
area created was the Gulf of Aden. From 2005 Sulfur Emission
Control Areas (SECA) started being introduced e.g. in the North
Sea, Baltic Sea or Caribbean Sea. The legal basis for all of these
areas is the International Convention for the Prevention of
Pollution from Ships (MARPOL) which came into force in 1983.
SECAs predominantly limit sulfur emissions but some also have
regulations targeting NO,. emissions. From 2015 sulfur content
in fuel (Fuel Sulfur Content - FSC) in these areas should not
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exceed a strict limit of 0.1% by mass. In the past this limit was
more relaxed: 1.5% until 2010 and 1.0% until 2015. However,
the IMO also regulates sulfur emissions in international waters,
setting the sulfur content limits at 4.5% until 2012, 3.5% up
until 2020 and 0.5% since then.'®

Model studies using the new sulfur limit to investigate the
indirect effects of aerosol-cloud interactions,**” have shown
a potential increase in radiative forcing of 0.2 4 0.11 Wm >
there have also been observable effects in the amount of
observed ship tracks.>**>**8 This has led to some debate about
the possibility of using artificially injected sulfur as a geo-
engineering solution to global warming. Measurements of the
true amount of sulfur now being emitted from shipping (rather
than assuming the limit is being adhered to) are important to
properly assess the effect on the sulfur reduction on radiative
forcing.

Because of their location, often a long distance from land,
emissions from ships are difficult to study. However, a number
of studies quantify the FSC of ship emissions. In general, the
amount of emitted sulfur is compared to the amount of emitted
carbon, with the assumption that carbon constitutes 87% =+
1.5%"? of typical ship fuel. An aircraft was deployed to
measure particulate emissions from ships in the English
Channel and Bay of Biscay as early as 2004. The study was
preceded by a ground test with an engine rig. The authors did
not attempt to quantify FSC, perhaps since it was already known
to be 2.4% in the targeted ship.”* Lack et al.***® used NOAA's
WP-3D aircraft to target a Maersk Line ship entering Californian
waters as it changed fuel from 3.15% to 0.07% sulfur content.
The intercepted plume was approximately 2-5 minutes old.
They used CO, to derive emission factors. Kattner et al.>® per-
formed ground measurements in Hamburg harbour and ana-
lysed over 1400 ship plumes of 2-10 min age. They found that
almost 100% of ships met the sulfur fuel content limit of 1% in
2014 and the much stricter 0.1% limit in 2015 and showed that
up to 40% of ships entering the harbour could have their FSC
quantified using this method. Beecken et al., developed a tech-
nique to measure ship emissions of SO,, NO,, CO, and particles
using small aircraft.>* They measured 158 ships in the in the
Baltic and North Sea (inside the SECA) and found that approx-
imately 85% of measured ships complied with the sulfur fuel
content limit at the time (1%). Yang et al,”® developed an
Unmanned Aerial Vehicle (UAV)-based Microsensor Sniffing
System (MSS) for real-time FSC monitoring. They showed that
the system was effective in measuring FSC's for ships in the
waters off Hong Kong, with 125 ships measured and mean FSC
of 0.39%, well within the 0.5% regulatory limit. Mahajan et al.,*®
measured shipping emissions in Dunkirk, France using a multi-
axis DOAS instrument (MAX-DOAS). Elevated aerosol extinction
coefficients (AEC), nitrogen dioxide (NO,) and SO, were
observed up to 500 m from the surface in ship plumes. Whilst
they could not calculate FSCs due to the lack of a CO,
measurement, they did observe the SO,/NO, ratio to be low
throughout the campaign, confirming that the new fuel content
regulations were being followed by most ships in the region. All
these measurements are either in ports, inland waterways or
special sulfur control zones and therefore are not representative

and
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of emissions in the open ocean. These areas often have more
stringent emission regulations than the open ocean, hence
requiring ships to take additional methods to reduce emissions
(e.g. exhaust scrubbers). Ships are also operating at a lower
speed and engine load in these areas which is likely to have an
effect on their emission ratios. In addition, ships spend most of
their time, and hence produce most of their emissions, when in
the open ocean. Having such open ocean emission measure-
ments will be important for assessing the global effect of
changes in sulfur emissions from shipping, especially with
regard to the effect on radiative forcing.

Apart from being the main anthropogenic source of sulfur in
the atmosphere, ships emit large volumes of Nitrogen Oxides
(NO, = NO + NO,), with around 15% of global NO, emissions
attributable to ships.” These emissions affect both local air
quality and production of secondary pollutants such as ozone
which can have an effect on the climate through changing oxi-
dising capacity. It is important to understand NO, emissions
from shipping, both close to land and in the open ocean, as
shipping is likely to have a slower transition to non-combustion
fuels than other transportation, making them an increasingly
important contributor. Burgard and Bria* used a remote
sensing system originally designed to measure land vehicles
emissions to show that ships typically emit 72 &+ 24 g NO,, per kg
of fuel burned, depending on engine specifications and in
particular engine speed. Alternatively, NO, to CO, ratios can be
used as a measure of emissions per unit of fuel enabling
comparison with other vessels or vehicles.?®*?® Ratios for road
vehicles are around 0.002-0.008 g kg~ * for cars or 0.004-0.016 g
kg™" for HGVs.” NO, emissions from shipping can be actively
controlled either by optimising fuel combustion or by after-
treatment of the exhausts ie. catalytic removal.** NO, emis-
sions are sensitive to ship speed and engine load and in some
places, there are regulations for ship to steam slowly, which
reduces emissions.

This paper presents what we believe are the first post-2020
IMO sulfur regulation measurements outside of a SECA zone
since the change in IMO sulfur emission regulations in 2020,
along with measurements within the European SECA and port-
based measurements in Valencia, Spain and Tyne, UK. It
describes the methodology for the aircraft and land-based
measurements, including the calculation of apparent fuel
sulfur content (aFSC) and NO,/CO, emission ratios and
compares these measurements to the output of a model that
estimates the annual emissions of individual ships. There
follows a discussion on the wider implications of the
measurements, the global representativeness of the sampled
ships and considerations for future work.

2 Methods

The “Atmospheric Composition and Radiative forcing changes
due to UN International Ship Emissions regulations (ACRUISE)”
project was funded by the UK Natural Environment Research
Council to examine the composition of ship plumes pre and
post the 2020 changes in the IMO regulations of sulfur emis-
sions (referred further as IM02020) and the effect the change

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Environmental Science: Atmospheres

has on cloud formation, radiative forcing and air quality. It
involved measurements of ship plumes in and out of the North
Atlantic SECA in 2019, 2021 and 2022 using a large research
aircraft. The “Enabling the remote measurement of air pollu-
tion emissions in UK ports” project aimed to show that point
measurements of ship plumes in ports could provide a useful
measure of emissions using fixed, land-based measurements. It
involved measurements at the port of Valencia in 2022 (outside
a SECA) and Tyne, UK (inside the European SECA) in 2023. All
flight and fixed locations, along with the extent of the SECA, are
shown in Fig. 1.

2.1 Aircraft measurements of ship emissions

The U.K. Facility for Airborne Atmospheric Measurements
(FAAM) Airborne Laboratory BAe-146 research aircraft®-* was

Airborne Measurement Region
B Bay of Biscay (BB)
English Channel (EC)

Porto Coast (PT)
Southwest
Approaches (SW)

United
Kingdom .

Germany

France

Port of Valencia
[ ©°

400km NN NN ]

Fig. 1 Map of the study area showing regions where airborne
measurements were conducted (Bay of Biscay, English Channel, Porto
Coast, and Southwest Approaches) and point-sampling measure-
ments at the Port of Tyne and the Port of Valencia. The location of the
Penlee Point Atmospheric Observatory (PPAO) is also shown. The
Sulfur Emissions Control Area (SECA) is represented by the purple
shaded region.
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used to sample ship plumes over the English Channel and
North Atlantic Ocean as part of the ACRUISE project. The
extensive range (1500 km) of the research aircraft makes it
unique in its ability to sample ships in the open ocean outside
of any SECA zone. There were 30 dedicated ACRUISE flights: 13
in the 2019 campaign (9 off the coast of Portugal, 2 to the SW of
the English Channel and 2 inside the English Channel), 13 in
the 2021 campaign (7 in the Bay of Biscay, 3 in the English
Channel, 3 to the SW of the English Channel) and 4 in the 2022
campaign (2 to the SW of the English Channel, 2 in the Bay of
Biscay). Flight numbers, dates and locations are given in SI1.

SO, was measured using a Thermo Scientific model 43i Trace
Level Enhanced Pulsed Fluorescence SO, Analyser (TEi43i)
during all three campaigns at 1 Hz (uncertainty greater of 5% or
4 ppb for ACRUISE-1, greater of 9% or 3 ppb for ACRUISE-2 and
-3). CO, was measured using Fast Greenhouse Gas Analyser
(FGGA, Los Gatos Research Inc.) model 907-0010 (ACRUISE-1,
1 Hz, precision (10) £0.391 ppm, accuracy +0.432 ppm) and
model 907-0011 (ACRUISE-2 and ACRUISE-3, 10 Hz, precision
(10) £0.599 ppm, accuracy +0.574 ppm). NO, was measured
during ACRUISE-1 only using a custom built NO chem-
iluminescence two channel analyser measuring NO, by photo-
lytic conversion at 385 nm and NO on a second channel.*

Ships were located pre and during the flight using the
Automatic Identification System (AIS) data from https://
www.marinetraffic.com. Once the ship was visually located
from the flight deck, the plume direction was estimated and
multiple passes perpendicular to the plume were carried out.
Measurements of NO, or CO, were used to confirm that the
plumes had been intercepted. On some occasions, after
transecting the plume perpendicularly, the plume was
followed from the ship as long as possible downwind to give
an extended amount of time in the plume. The perpendicular
transects are the main source of information used in this
study. All the flight tracks from the three campaigns are
shown in SI2. A total of 20 ships were identified and
measured during ACRUISE-1 (2019), 95 during ACRUISE-2
(2021) and 15 during ACRUISE-3 (2022).

2.2 Ground based measurements of ship emission in ports

Ground-based point sampling measurements were conducted
at two European ports. Both NO, and CO, were measured using
an Iterative Cavity enhanced Differential optical absorption
spectrometer (ICAD), developed by Airyx.*” The instrument
provides a direct measurement of NO,, which is measured in
the spectral range between ~430 and 465 nm. An internal
converter based on gas phase titration with a NO,-free O; source
converts NO to NO, and allows for the measurement of total
NO,. Parallel CO, measurements are made using a smartGAS
Non-Dispersive Infra-Red (NDIR) gas sensor (F3-212205-05000).
The instrument has a response time of 2 s in the standard
configuration. SO, was measured using an identical TEi43i to
the airborne measurements. The instruments were housed
inside a mobile laboratory (trailer for Valencia, van for
Newcastle).>**
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The port of Valencia, Spain is situated to the SE of the city
and is the fifth busiest seaport in Europe and the busiest in the
Mediterranean. Measurements were made on a quay inside the
port (39°26.5'N 0°19.1'W), where prevailing easterly winds
would bring the plume from ships passing in and out of the port
over the sample inlet while remaining unaffected by emissions
from the wider port. A map of the sampling location is shown in
SI3. Measurements were over 6 days (11th-16th October 2022)
and after filtering the data to isolate plumes during easterly
winds only, 58 plumes from 36 unique vessels were sampled.
The port of Tyne, UK comprises the commercial docks on and
around the River Tyne in Newcastle, UK. The majority of the
docks for the larger ships, cruise liners and ferries are around 5
km up the river, therefore it was possible to position the mobile
laboratory at various points along the river depending on the
wind direction. A map of the sampling location is also shown in
SI3. Measurements took place from 14th-18th May 2023, during
which 26 plumes were sampled from 18 unique vessels, 4 of
which were tugboats. All sampling was within the SECA there-
fore data is included in the SECA averages discussed below.

The Penlee Point Atmospheric Observatory (PPAO, 50°
19.08' N, 4°11.35" W)* receives UK input from the NE, Conti-
nental Europe emission/Channel shipping from SE, and
Atlantic air from SW. Predominant wind directions are SW and
NE. This allows quantification of the impact of anthropogenic
activity, such as emissions from ships, on coastal environments
as well as the influence of the sea on nearby land. SO, was
measured using a TEi43i analyser, with a data series stretching
back to 2015.

2.3 Calculation of apparent fuel sulfur content and emission
ratios

With the assumption that fuel contains 87 + 1.5% carbon® and
100% of the sulfur and the carbon content of the fuel are
emitted as SO, and CO, respectively, the apparent fuel sulfur
content (aFSC) mass percent can be calculated using eqn (1).°
We use the term apparent fuel sulfur content as it does not take
into account where the ship is running on high sulfur fuel but
using an exhaust scrubber to meet regulations (an accepted
means to meet the sulfur fuel limit).

SO, [ppb]

aFSC[%] = O, [ppm]

x 0.232[%] (1)

Yu et al.*® show that directly emitted sulfate aerosol (SO,)
increases with increasing FSC and the conversion to SO, also
increases with plumes ageing. Since a precise position of the
ship at the time of interception of its plume is not known, we
cannot calculate the age of the plume. For the flight data, Yu
et al. estimate the age of most of the plumes are a maximum of
15 minutes old and the sulfate percentage for this age of plume
is 6% of the ship emitted sulfur. Grigoriadis et al. show that the
percentage of fuel sulfur that gets converted to particulate SO, is
a function of engine load, with the overall contribution of SO, to
total SO, (=SO, + SO,) is estimated to be between 2 and 5%.%” In
addition, according to Corbett et al. 95% of the overall sulfur

© 2025 The Author(s). Published by the Royal Society of Chemistry
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emission is in the form of SO,." There is a potential low bias to
our aFSC estimate due to the presence of sulfate aerosol, but we
do not correct our data as we do not have engine load infor-
mation at the time of measurement. NO,/CO, ratios are taken as
the numerical ratio of the enhancement above background of
the mixing ratios of NO, and CO,.

For the airborne measurements, to account for the differ-
ences between instrument response time, peak areas rather
than peak heights were used. Emission ratios were derived in
a five-step process: background identification, plume identifi-
cation, background refitting, peak integration and peak
matching with QA/QC. To define plumes the concentration time
series is assumed to consist of background, characterised by
normal distribution and constant variance, and irregular peaks
distinguished by different variance and higher mean. A Gener-
alised Additive Model (GAM) with an adjustable smoothing
parameter k was fitted to the entire time series. Next, two flight
specific thresholds based on standard deviation were chosen to
identify the suitable size peaks and separate the background.
Once the peaks were identified and extended to the background
threshold, the baseline was refitted using only the data classi-
fied as background. The refitted baseline was then subtracted
from the data (with the remainder signified using A). The area
under each peak was then integrated using trapezoidal
approximation (see Barker et al.*®*). Measurement uncertainties
are also propagated. Additionally, a 6% positive uncertainty is
added to each aFSC to account for maximal sulfate conversion
rate.*® During the ACRUISE-3 flights, a custom-built laser-
induced fluorescence (LIF) instrument was also deployed to
measure SO,. It has been demonstrated that the LIF is a more
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sensitive and faster technique compared to the commercial
pulsed fluorescence analyser, with a 3¢ detection limit of
0.07 ppb (at 10 seconds) and a 3 e-folding response time of 2
seconds, compared to 0.40 ppb and 17 seconds. Despite these
differences in instrument performance, the aFSCs calculated
for these two instruments using the integration analysis
method have been shown to agree within the combined
measurement uncertainties.*® Uncertainties for NO,/CO,, ratios
were also calculated and propagated, with a typical mean rela-
tive error of 11%, largely driven by uncertainty in the CO,
enhancement.

For the ground-based point sampling plume measurements,
enhancement ratios of NO,/CO, and SO,/CO, were calculated
using ordinary least squares (OLS) regression. Plumes for each
ship were isolated within the time series and background mix-
ing ratios were calculated as the 1st percentile measurement in
a rolling 5 min, centred window.” This approach produces
a background estimate for every measurement point in the time
series, which can then be subtracted to leave the remaining
enhancement due to the ship plume. Prior to fitting the models,
the time series of each variable (ANO,, ASO, and ACO,) was
aligned using cross correlation to account for differing response
times of the instruments. For each plume, the time series was
shifted to determine the offset which gave the strongest corre-
lation with CO,. The optimum offsets for NO, and SO, were
then applied to the data for each plume. aFSCs were then
calculated using eqn (1). Examples of typical plumes for the
aerial and point sampling datasets are shown in Fig. 2. Standard
errors of the model fit were calculated as the average vertical
distance (error) between the data points and the regression line.
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5
SO,
= 4
Q
e 3
2
s 2
2
X
2 0
-1
150 4 [ NO
=)
Q
&
S 1001
©
o
2
X 501
= i Jd’m ﬂ
04 oM %:#;ﬁ,«l‘f\u, W T e, N S

CO,

4154

F Mh.MMA

09:30 10:00

i

41

Mixing Ratio (ppm)
o

10:30 11:00

Time

11:30

(@ and b) Time series data showing co-emitted plumes (grey shaded regions) of SO,, NO,, and CO, observed downwind of passing ships

during an airborne survey on July 12, 2019 (left), and stationary point sampling measurements taken near the Port of Tyne on May 15, 2023 (right).
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We investigated the potential interference on the TEi43i UV
pulsed fluorescence SO, analysers and found it to be 145 SO,
ppbv per NO ppbv. Based on the NO, measurements made in
the 2019 flying campaign and during the ground-based
measurements, this would lead to a potential interference of
between 0.7 and 9.1% on the SO, measurement. We do not have
measurements for the 2021 or 2022 flying campaigns but we
estimate that there would be up to a 15% interference during
these campaigns. Therefore, we consider that there is a poten-
tial positive bias on the measured aFSC of 15%.

2.4 STEAM model

The Ship Traffic Emission Assessment Model (currently third
version - STEAM3) developed by the Finnish Meteorological
Institute uses Automatic Identification System (AIS) data to
evaluate exhaust emissions of individual ships. The model
estimates emissions of gaseous species such as SO,, NO, or
CO,, but also aerosols and particulate matter. The input for the
model, apart from AIS data (e.g. speed, heading, load), includes
ship parameters (especially engine specifications, such as
model, fuel type, rpm) and meteorological data (to estimate
impact of waves). Engine-specific fuel consumption is especially
important in determining SO, and CO, emissions.*® The model
setup used in this study provides an estimate of the annual
emission of SO,, CO, and NO,. The values obtained from the
model are expressed in kilograms of each compound. Eqn (2) is
a modification of eqn (1) and was used to convert mass ratios to
mixing ratios to calculate average yearly FSCs.*
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For NO,/CO, (ppm/ppm) ratios an assumption was made
that total NO, can be treated as NO, to convert mass ratio to
mixing ratio. Modelled mixing ratios were calculated as follows
eqn (3).

NO.[ppm] _ NO,[kg]
COz[ppm] ~ COx[kg]

x 1.05 (3)

where the factor of 1.05 is the ratio of the molecular mass of
NO, to CO,.

3 Results

3.1 Apparent fuel sulfur content

In all years and measurement sites the aFSC from most ships
remain within the IMO limits (Fig. 3). A clear reduction in mean
open ocean aFSC from 3.03 £ 0.53% in 2019 to 0.31 &+ 0.05% in
2021 (nearly 10-fold decrease) and 0.25 £ 0.08% in 2022
demonstrates the strong impact the IMO2020 regulation
change had on sulphur emissions. In 2019, 8 ships out of 19 had
an aFSC higher than the 3.5% limit, including a 61 900 tonne
container ship built in 2011 (aFSC = 9.8 £ 0.35%) and an 86 100
crude oil tanker built in 2000 (aFSC = 8.95 £ 0.31%). In 2021
and 2022, 4 ships out of 78 were observed to be breaching the
0.5% limit by more than the error in the observed aFSC and the
potential 15% positive bias due to NO interference. There is no
obvious reason why these particular ships breach the limit,
either in their size, age or type of vessel. In the Port of Valencia

Measurement Year @ 2019 2021 2022 ® 2023
aFSC (%) ANO,/ACO, (by vol.)
10% °
0.04
Gilobal limit pre-2020
[ ]
8
% 4
1% 0.03 1
Global limit 2020
01%F =4 fo === ==-=--f-bmemm e o mm = - = | °
_ SECA limit | 002
0.01% 1 0.014
0.001% A 0.00- Euro 6 diesel vehicles
Open bcean SE'CA Por't of Por't of Open bcean SEICA Por't of Porlt of
Valencia Tyne Valencia Tyne
Location

Fig. 3 Boxplots displaying the aFSC (left) and ANO,/ACO; ratio (right) for individual vessels measured across different years and sampling
locations. In cases where multiple flight passes of a plume from the same vessel were conducted on a single day, mean values were computed
beforehand. Zero values, caused by minor enhancements near the detection limit of the instruments, were substituted with half of the minimum

values for both aFSC and the ANO,/ACO; ratio, respectively.
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in 2022, observed aFSC was on average much lower than in the
open ocean (0.10 + 0.02%), which is close to the EU Sulfur
directive (0.1% S fuel in port areas if the ship stays more than 2
hours in port). In SECAs, the airborne measurements suggest
that ships generally adhere to the strict 0.1% limits (both before
and after the 2020 regulatory change for the open ocean) with
only 2 ships exceeding the limit (out of 33). The average aFSC
inside the SECA across both 2019 and 2021 measurements was
0.04 £ 0.01%, slightly lower than values measured by Van Roy
et al., 2023 (0.068%).”* An interesting example in 2019 was
a large container ship (~200 000 tonne) that was sampled in
both the Porto shipping lanes and in the English Channel SECA.
A large change was measured in aFSC with 4.29 + 0.36% in the
open ocean (exceeding the regulatory limit) and 0.06 £ 0.02% in
the SECA. We believe the aFSC reduction is due to a change in
fuel because the ship is not listed as having a scrubber fitted. In
the Port of Tyne (within the SECA), the observed aFSC is again
considerably lower than those measured in the SECA in the
English Channel (0.04 £ 0.01%), with no ships breaching the
0.1% limit. It should be noted that our plume measurements
are a weighted average of emissions from main and auxiliary
engines. Auxiliary engines are smaller than main engines and
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usually use lighter fuels than the main engines. Plume
measurements that include auxiliary engine emissions will
most likely bring the aFSC estimate down.

As shown in Fig. 4, there is no particular trend between aFSC
and age of vessel. The open ocean 2021/2022 data show a higher
average for ships more than 30 years old (mean of 0.33 + 0.08%
(n = 2) compared to 0.2 £ 0.05% for younger ships). However,
this average is from a sample size of two. In the SECA, ships over
30 years old showed a mean aFSC of 0.045 £+ 0.011% (n = 3),
compared to 0.035 £ 0.015% for ships younger than 30 years.
Fig. 5 shows that, in the open ocean and SECA, there is no
strong correlation between aFSC and gross tonnage of the
vessel. For 2021/2022 measurements, the highest mean aFSC in
the open ocean was for 50 000-100,000 tonne ships (0.38 +
0.09%), which is slightly higher than the 100 000-200,000 tonne
ships (0.21 + 0.05%) and the 10 000-50 000 tonne ships (0.23 +
0.04%). Interestingly, in 2019, larger ships showed considerably
greater mean aFSC values (3.48 £ 0.47% for 100 001-200 000
tonne ships and 4.49 £ 1.31% for 50 000-100,000 tonne ships).
Inside the SECA, the highest mean aFSC was for 100 000-
200,000 tonne ships (0.07 + 0.03%). There is no intrinsic ship
feature that prevents the retrofitting of a scrubber or a switch to
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217501 -D ) %
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(0]
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Fig. 4 Boxplots displaying the aFSC (top) and ANO,,ACO, ratio (bottom) for individual vessels as a function of vessel age measured in each
sampling location. In cases where multiple flight passes of a plume from the same vessel were conducted on a single day, mean values were

computed beforehand.
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Fig.5 Boxplots displaying the aFSC (top) and ANO,/ACO; ratio (bottom) for individual vessels as a function of each vessels total internal volume
(gross tonnage) measured in each sampling location. In cases where multiple flight passes of a plume from the same vessel were conducted on

a single day, mean values were computed beforehand.

cleaner fuel, which is the likely reason for the lack of correlation
between age or size of ship with aFSC.

The aFSC in this sample of ships seems to depend
predominantly on the owner's or manager's decision to imple-
ment a suitable sulfur reduction solution. Ships opting for
scrubbers and for lower sulfur fuel were sampled during the
ACRUISE campaigns (Fig. 6). Although there were fewer ships
with scrubbers than without, the percentage of ships with
scrubbers increased after the IMO2020 regulation change (9%
with scrubbers in 2019, 28% with scrubbers in 2021 and 2022).
Fig. 6 shows clear differences in the aFSC between ships with
and without a scrubber. In the open ocean in 2021-2022, ships
equipped with a scrubber had a mean aFSC of 0.20 £+ 0.07%,
compared to 0.35 £ 0.05% for ships without scrubbers.
However, a two-sample ¢test showed that this difference was
not statistically significant (¢(43) = —1.6, p = 0.112), for ships
measured in SECA, the mean aFSC for ships with a scrubber was
0.01 £ 0.01% compared to 0.06 + 0.02% for those without (¢(24)
= —2.1, p = 0.047). As expected, in the open ocean in 2019,
before the IMO 2020 regulation came into effect, there was

Environ. Sci.. Atmos.

a large, statistically significant difference in the aFSC for ships
with and without a scrubber. The mean aFSC with a scrubber
was 0.7 = 0.65% compared to 3.61 + 0.57% without (£(11.3) =
—3.36, p = 0.006). Although the mean value for ships with
a scrubber was influenced by a single outlier, the median aFSC
was actually lower than that for ships with a scrubber in the
open ocean in 2021-2022 (0.002%, compared to 0.07%) (Fig. 6).
From this small sample size, it suggests that a scrubber cleans
exhaust emissions to a level well below the regulatory limits,
even though the sulfur content of the fuel itself may be signif-
icantly greater than the regulation allows. The mean aFSC for
ships with scrubbers could still be overestimated, as it's only
possible to determine whether a ship has a scrubber, not
whether the scrubber is actually turned on. There is some
evidence that if the ship is fitted with a scrubber the aerosol size
distribution bifurcates to a small mode and a larger mode.***
This is attributed to not all of the spray injected into the stack to
remove the SO, being drained into the sea but a proportion
being vented to the atmosphere having taken up significant SO,
and converting it to SO,4. This may result in our measured aFSC

© 2025 The Author(s). Published by the Royal Society of Chemistry
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ACRUISE flight campaigns across different sampling locations and
years. In cases where multiple flight passes of a plume from the same
vessel were conducted on a single day, mean values were computed
beforehand.

decreasing when the total S in the plume remains the same.
However, concurrent measurements using an Aerosol Mass
Spectrometer (see Yu et al., 2020 for details*) indicate that the
fraction of sulfur emitted as SO, in near-field plumes of ships
without scrubbers ranged from 0 to ~11%. While this fraction
was up to 70% for ships with scrubbers, the inclusion of SO,
still resulted in FSC largely within the 0.5% regulatory limit. We
only consider the aFSC calculated from the gas-phase SO, data
in this work. Targeted analyses, including the emission factor of
S0, in different cases, will be addressed in future studies.

3.2 Trends in the ANO,/ACO, ratio in ship plumes

ANO,/ACO, ratios (ppm ppm™') were quantified only during
the first ACRUISE campaign in 2019 and during both the port
measurement campaigns (Fig. 3). The open ocean ANO,/ACO,
ratio was 0.021 £ 0.002. The average values for identified ships
ranged from 0.009 to 0.041. A 200 000 tonne container ship
observed both in the open ocean and in SECA demonstrated
a large change in measured aFSC (Section 3.1). However, the
average ANO,/ACO, ratio for this ship remained the same
(0.020 + 0.002 and 0.020 =+ 0.006, respectively), suggesting that
the steps taken to reduce sulfur content had little or no effect on
the NO, emissions. It is likely that the aFSC changes was ach-
ieved using a change in fuel type. Ratios observed in the port
measurements were lower than for ships at sea. The average
ANO,/ACO, ratio for ships in the Port of Tyne was 0.009 + 0.001
and 0.011 £ 0.001 in the Port of Valencia. Ships travel slower in
ports or switch to auxiliary engines, a potential reason for the
NO, emissions lower than the open ocean. Similar to aFSC, the
ANO,/ACO, ratio seems to be independent of ship age and
gross tonnage (Fig. 4 and 5). Ships built after 2021 are required

© 2025 The Author(s). Published by the Royal Society of Chemistry
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to have lower NO, emissions within certain areas (including the
European SECA).*> Unfortunately, no measurements of NO,
were made on ships underway in the English channel in 2021 or
2022. Future work should assess NO, emissions in an emission
control area.

4 Discussion

4.1 Representativeness of the measured shipping fleet
composition

Across the 3 aircraft (ACRUISE) and 2 ground based campaigns
emissions of 171 identified ships were successfully quantified.
During ACRUISE-1 the identification rate was relatively low
because retrospective attribution of plumes to specific ships
based on Marine Traffic data proved to be a non-trivial task in
a busy shipping lane. The strategy was improved during
subsequent campaigns when ships were identified visually in-
flight and targeted multiple times. During the ground-based
measurements all sampled ships were identified.

According to the Review of Maritime Transport 2021,* the
majority of ships sailing all over the world are bulk carriers
(43%), oil tankers (29%) and container ships (13%). Currently
oil tankers are the fastest growing fleet. During ACRUISE the
dominant type were container ships (38%), followed by crude
oil and chemical tankers (26% together), specifically targeted
LNG tankers (9%) and bulk carriers (7%). For the ground
measurements passenger ships were the most represented type
(40%), followed by tugs (22%) and container ships (20%). The
differences from the global statistics reflect both regional
characteristics as well as measurement platform limitations in
case of ACRUISE. The dominance of container ships comes
from their large size and tall stacks that make them excellent
targets to sample from a research aircraft. Meanwhile, fishing
vessels were avoided due to the high numbers of sea birds
following them. For the SAQN measurements in Valencia, 46%
of the 36 vessels were passenger vessels (cruise ships or ferries),
23% were container ships, 23% were tugs and there were 1 each
of oil tanker, chemical tanker and a fishing vessel. For the Port
of Tyne measurements, 30% were passenger vessels, 30% were
tugs, with single samples of a container ship, offshore supply
vessel, military frigate and a vehicle carrier.

The current global average ship age is 22 years and it varies
by vessel type.*® For bulk carriers the average age is 11 years, for
oil tankers 20 years and for container ships 13 years. Ships have
been and continue to become bigger, with more mega-vessels
being built. The average age is 12 years for all ships globally,
10 years for bulk carriers and container ships and 11 years for
oil tankers. For our dataset, the average age is 11 (+8) years,
considerably younger than the global average, which possibly
relates to the relatively large size of ships sampled (2500 tonnes
minimum, 57 300 tonnes median) and the region we sampled.
In our sampled ships 30% of ships had sulfur scrubbers fitted in
2021 and 20% in 2022 whereas globally it is around 10%.

We have also looked at how the fleet of ships we measured
compares to the global fleet in terms of their contribution to
total sulfur emissions. Fig. 7 shows the percentage of sulfur
emissions (as given in the STEAM model inventory) by gross
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gross tonnage (top) and vessel construction year (bottom) in 2019 and 2021.

tonnage and vessel age for both the ACRUISE sampled data and
the global fleet (for both 2019 and 2021). The main difference in
terms of tonnage, is that the ACRUISE data seems to under-
sample both the smaller and very large ships. In 2019 the
measured ships showed that 13% of the sulfur emissions come
from ships <50 000 tonnes, whereas in the global fleet this is
32%. In 2021 it is 15% from ships <50 000 for the measured
ships and 40% for the global fleet. This is likely due to it being
easier for the aircraft to spot and measure the larger ships. Also,
45% in 2019 and 30% in 2021 of sulfur emissions in the
ACRUISE sample were from ships between 150 000 and 250 000
tonnes. For the global fleet this number is 11% in 2019 and 9%
in 2021, with a further 10% (2019) and 8% (2021) coming from
ships >250 000 tonnes, which were not sampled at all in this
study. This is likely because the very heavy oil tankers and bulk
carriers (which make up the majority of ships > 200 000 tonnes)
do not typically sail up the coast of Europe and in the English
Channel. In terms of vessel age, the main difference between
the measured and global fleet is that the measurements typi-
cally do not include as many older vessels. For example, in 2019,
25% of the sulfur emissions in the measured fleet come from
vessels built before 2004 but for the global fleet this number is
48%. In 2021, the age profile of the sulfur emissions is very
similar between the measured and STEAM inventory. Our
results described in Section 3.1 indicate that there is not a string
correlation between ship age or tonnage and hence we do not
believe that the differences in the measured and global fleet are
important when extrapolating our results globally.

Environ. Sci.. Atmos.

4.2 Comparison of measured and modelled aFSC

We compared measured aFSCs with the output of the STEAM
model for all ships measured during the 2019 and 2021
ACRUISE campaigns, with the comparison shown in Fig. 8
(individual ship names removed). The STEAM model assumes
that every ship complies with the SECA rules, therefore we only
compared ships in the Porto or Bay of Biscay (open ocean) areas.

In the 2019 data set the model places most of the ships at
about 2.0-2.5% FSC with two notable exceptions: a 2014 built
LNG tanker (0.03%) and a 2006 built ro-ro cargo ship (0.92%).
Neither of these ships were fitted with a scrubber. In the case of
the LNG tanker, modelled SO, emissions are lower than other
ships but CO, emissions were typical for the fleet. The model
assumes that the tanker uses LNG as fuel, however this seems
either not the case or the ship was running additional genera-
tors. The cargo ship does not stand out in terms of absolute
emissions of either SO, or CO,. For the LNG tanker the
measured value is more in line with the typical model output
range for non-LNG ships (2.20%), while for the cargo ship the
measured value (0.65 + 0.25%) is within uncertainty of the
modelled one. In 2021, the model value has all ships achieving
the 0.5% sulfur limit, therefore the 13 ships that were observed
breaching the limit are underestimated by the model. There
were 2 cases where observed aFSC was greater than the
modelled FSC by > 1%: a 61 700 tonne bulk carrier built in 2014
(1.52 + 0.13%) and a 66 400 tonne container ship built in 2008
(1.78 + 0.34%).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Taking the fleet averages, the 2019 average modelled FSC for
the sampled ships (2.00 + 0.58%) is significantly lower than
observed average aFSC (3.95 + 2.33%). This is because 8 out of
20 ships were observed exceeding the 3.5% limit, which is not
shown in the model values. For the 2021 ships, the average
modelled FSC was 0.37 + 0.15% which compared very well to
the average observed aFSC for these ships 0.34 & 0.21%. STEAM
also reflects the observation that FSC is lower when a ship has
a scrubber fitted. As described in Section 3.1, ships with
a scrubber showed an average observed aFSC of 0.20 £ 0.0.07%
whereas those without averaged 0.35 £+ 0.05%. STEAM output
suggests an average FSC of 0.18 + 0.02% and 0.36 £ 0.13 for
ships with and without a scrubber respectively. This analysis
demonstrates that, at least for the small sample size of
measured ships examined in this study, the assumptions in the
model, on average, align well with the measured sulfur emis-
sions, especially for measurements collected from 2021
onwards.

4.3 Comparison of ship emissions in ports versus open
ocean

An interesting result to come from this study is the difference in
aFSC between ships measured while manoeuvring in and out of
port and those at sea. Fig. 3 shows that average observed aFSC
for open ocean ships was 0.31 £+ 0.05% and 0.25 £ 0.07% in
2021 and 2022 respectively, whereas for the port of Valencia in
2022 (not in a SECA, but under an EU directive stipulating

© 2025 The Author(s). Published by the Royal Society of Chemistry

a maximum FSC of 0.1% for ships staying >2 hours in port) it is
0.11%. For English Channel (within the European SECA)
measurements in 2021, the average aFSC was 0.09 £ 0.04%,
whereas in the Port of Tyne in 2023 it was 0.04 £ 0.01%.
Reasons for this difference could be ships operating scrubbers
in port where there is a greater likelihood of regulatory moni-
toring and/or a greater percentage of passenger vessels
measured in ports. We also see a difference in the ANO,/ACO,
ratio for ships in the open ocean in 2019 (0.023 + 0.004)
compared to those moving in and out of the Port of Valencia in
2022 (0.011 + 0.001). The reason for this difference is not
immediately clear. NO, emission ratios have been shown to be
higher when engines are at lower load,*” which is likely when in
port. It is possible that ships in port are also using auxiliary
engines, potentially producing less NO, per unit fuel burnt.
The difference between aFSC and ANO,/ACO, emission
ratios in port and at sea is likely not important on a global scale
as the vast majority of the emitted SO, and NO, will take place
while the ship is at sea. However, it is important to consider the
difference when looking at the effect of ship emissions on local
air quality. Ship emissions make up the majority of SO,
observed in and around ports and will likely also have a signif-
icant effect on NO,. It is worth noting that the mean ANO,/ACO,,
ratio measured in both the Ports of Valencia and Tyne (0.011 £
0.001 and 0.008 £ 0.001 respectively) are significantly higher
than the ratio seen from road vehicles, with studies showing
that even the latest Euro 6 diesel vehicles have a ANO,/ACO,
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ratio between 0.0017-0.0026.** With the likely continued
reduction of NO, emissions from road vehicles due to fleet
electrification, shipping could become a very important NO,
source in port and coastal urban areas in the future. Of course,
if ships are able to switch to shore power while in port, their
emissions would also be reduced effectively to ‘zero’.

4.4 Wider effect of shipping emissions on ambient SO,
concentrations

SO, measurements from the Penlee Point Atmospheric Obser-
vatory over the past 7 years can be used to assess the effect that
changes in ship emissions have had on background SO,
concentrations. Fig. 9 shows annual mean SO, concentrations
from 2015 to 2022 for all wind directions and for when winds
are from the south-west, bringing air from the shipping lanes in
the English Channel and Bay of Biscay. Measurements at the
site have previously been used to show the reduction in back-
ground SO, from the end of 2014 when the FSC regulation
changed from 1% to 0.1% in the European SECA.* Whilst SO,
levels remained reasonably constant from 2015 to 2019, there
was another significant drop from 0.035 =+ 0.01 nmol mol " to
0.015 + 0.007 nmol mol ™~ * between 2019 and 2020, with further
decreases in 2021 (to 0.012 + 0.04 nmol mol ') and 2022 (to
0.007 =+ 0.001 nmol mol ). The drop from 2019 to 2021 of 65%
is lower than the 86% reduction observed in the aFSC
measurements between the two years, which is likely due to the
air at the observatory being influenced by ships both inside and
outside of the SECA (where the regulations did not change in

Environ. Sci.. Atmos.

2020) and by local emissions from small vessels unaffected by
the regulations. SO, levels are also affected by natural SO,
formed as a result of naturally-produced dimethylsulfide
oxidation, so the observed change is reasonable.

5 Conclusions

This paper presents a series of measurements of sulfur emis-
sions (in the form of aFSCs) and NO,, (ANO,/ACO, ratios) from
ships in a variety of locations in Europe, both in and out of
sulfur emission control areas. Measurements were taken before
and after the change in IMO sulfur fuel content regulations
from 3.5% to 0.5% in 2019 and observed a drop in mean
measured aFSC in the open ocean from 3.03 + 0.52% in 2019 to
0.31 £ 0.05% in 2021 and 0.25 & 0.07% in 2022. Other studies
have shown the knock-on effects of this reduction (e.g. in ship
tracks), these are the first aircraft-based observations demon-
strating the reduction outside of ports or coastal emission
control areas. This study largely justifies most model studies
that have tried to predict the change in global radiative forcing
post regulation, which often just assume a 7 fold reduction in
sulfur. It is worth noting that, in the open ocean, 5 ships out of
78 breached the 0.5% FSC limit in 2021 and 2022. These are
quite a substantial proportion of the observed fleet, suggesting
that whilst it is reasonable to assume the fleet average FSC is
below the 0.5% limit, there could be a significant number of
outlier ships breaching that limit, potentially having a large
effect on local air quality out of SECAs. Our data also show that
within the European SECA, FSC were even lower (0.09 £ 0.04%

© 2025 The Author(s). Published by the Royal Society of Chemistry
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in the English Channel and 0.04 %+ 0.01% for ships coming in
and out of the Port of Tyne), with no ships breaching the 0.1%
limit. The main variables that affect aFSC appear to be the
choice of fuel/scrubber, rather than ship type, age or tonnage.
The majority of ships have complied with regulation, which has
led to a noticeable reduction in the background SO, burden in
the northeast Atlantic. The limited sample size makes it difficult
to draw any conclusions about what might cause a ship to
breach the limit (e.g. age, tonnage) and more measurements are
needed to investigate the cause of these outliers, which would
contribute disproportionately to emissions. In addition, this
study is limited to the Eastern North Atlantic Ocean, English
Channel and two European ports. Measurements in other parts
of the world, especially in the open ocean are required to see if
this result is representative of the global industry.

Author contributions

JL and DP designed the flights and the ground based
measurements and wrote the manuscript. SW, WD and SL
carried out the data analysis and produced the figures. HC
helped design the flights and provided insight into the
outcomes. MS, FS, HW, SB, SBaug and CR, LT and PE made the
measurements. TB and MY designed the overall experiment, J-
PJ did the model calculations and JB provided support for the
ground-based measurements.

Conflicts of interest

There are no conflicts to declare.

Data availability

FAAM data described in this analysis can be accessed at the
Centre for  Environmental Data  Analysis  http://
catalogue.ceda.ac.uk/uuid/
affe775e8d8890a4556aec5bcd4e0b45¢c, CEDA. The code for
downloading FAAM data, performing the analysis and
producing the figures, along with data from the ground based
measurements is archived on Zenodo at https://doi.org/
10.5281/zenodo.16682384. The version of the code employed
for this study is version v1.0.0.

Supplementary information: SI1 for FAAM flight numbers,
dates and locations. SI2 for visualisations of flight tracks. SI3 for
ground based sampling locations. SI4 for tabulated aFSC data.
See DOI: https://doi.org/10.1039/d5ea00089k.

Acknowledgements

Airborne data was obtained using the FAAM Airborne Labora-
tory BAe-146-301 Atmospheric Research Aircraft [ARA], operated
by Airtask Ltd, managed by the National Centre for Atmospheric
Science, leased through University of Leeds, and owned by UK
Research and Innovation and the Natural Environment
Research Council (NE/T014849/1). Thanks to the FAAM team for
supporting the fights, including Maureen Smith, Doug Ander-
son and Alan Woolley. Thanks to the staff from Airtask Ltd for

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Environmental Science: Atmospheres

campaign organisation, flight planning and resolving any safety
issues: Barney Black, Finbarre Brennan, Peter Chappell, Steve
James, Mark Robinson and David Simpson. The authors
gratefully acknowledge the financial support provided by the UK
Natural Environment Research Council (grant numbers NE/
S005390/1, NE/S004564/1 and NE/S004467/1 (ACRUISE), NE/
N018044/1 (ACSIS), ST/S005366/1 (SAQN)) and the European
Union H2020 NEMO project. DP and LT thank the NERC
Spheres Doctoral Training Program for studentships. The Pen-
lee Point Atmospheric Observatory (PPAO) and the work of TGB
and MY were supported by NERC ACSIS and ACRUISE projects.
JL, PE and MS thank the National Centre for Atmospheric
Science (NCAS) for continued funding. JPJ thanks the support of
the Strategic Research Council at the Academy of Finland:
Marine waterways as a sustainable source of wellbeing, security,
and safety (Decision number: #365647).

References

1 E. Amsaluy, Y. Guo, H. Li, T. Wang, Y. Liu, A. Wang, X. Liu,
L. Tao, Y. Luo, F. Zhang, X. Yang, X. Li, W. Wang and
X. Guo, Short-term effect of ambient sulfur dioxide (SO,)
on cause-specific cardiovascular hospital admission in
Beijing, China: A time series study, Atmos. Environ., 2019,
208, 74-81.

2 J. M. Koken Petra, T. Piver Warren, F. Ye, A. Elixhauser,
M. Olsen Lola and ]. Portier Christopher, Temperature, air
pollution, and hospitalization for cardiovascular diseases
among elderly people in Denver, Environ. Health Perspect.,
2003, 111, 1312-1317.

3 P. Orellano, J. Reynoso and N. Quaranta, Short-term
exposure to sulphur dioxide (SO,) and all-cause and
respiratory mortality: A systematic review and meta-
analysis, Environ. Int., 2021, 150, 106434.

4 A. Lauer, V. Eyring, J. Hendricks, P. Jockel and U. Lohmann,
Global model simulations of the impact of ocean-going ships
on aerosols, clouds, and the radiation budget, Atmos. Chem.
Phys., 2007, 7, 5061-5079.

5 @. Endresen, E. Sergard, J. K. Sundet, S. B. Dalsgren,
I. S. A. Isaksen, T. F. Berglen and G. Gravir, Emission from
international sea transportation and environmental
impact, J. Geophys. Res.:Atmos., 2003, 108, 4560.

6 S.J. Smith, J. van Aardenne, Z. Klimont, R. J. Andres, A. Volke
and S. Delgado Arias, Anthropogenic sulfur dioxide
emissions: 1850-2005, Atmos. Chem. Phys., 2011, 11, 1101-
1116.

7 J. Lelieveld, G. ]J. Roelofs, L. Ganzeveld, ]J. Feichter and
H. Rodhe, Terrestrial sources and distribution of
atmospheric sulphur, Philos. Trans. R. Soc. London, Ser. B,
1997, 352(1350), 149-158, DOIL: 10.1098/rstb.1997.0010.

8 M. Schwikowski, A. Doscher, H. W. Giggeler
U. Schotterer, Anthropogenic versus natural sources of
atmospheric sulphate from an Alpine ice core, Tellus B,
1999, 938-951.

9 S. M. Murphy, H. Agrawal, A. Sorooshian, L. T. Padro,
H. Gates, S. Hersey, W. A. Welch, H. Jung, J. W. Miller,
D. R. Cocker, III, A. Nenes, H. H. Jonsson, R. C. Flagan and

and

Environ. Sci.. Atmos.


http://catalogue.ceda.ac.uk/uuid/affe775e8d8890a4556aec5bc4e0b45c
http://catalogue.ceda.ac.uk/uuid/affe775e8d8890a4556aec5bc4e0b45c
http://catalogue.ceda.ac.uk/uuid/affe775e8d8890a4556aec5bc4e0b45c
https://doi.org/10.5281/zenodo.16682384
https://doi.org/10.5281/zenodo.16682384
https://doi.org/10.1039/d5ea00089k
https://doi.org/10.1098/rstb.1997.0010
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ea00089k

Open Access Article. Published on 03 October 2025. Downloaded on 10/13/2025 8:14:09 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Environmental Science: Atmospheres

J. H. Seinfeld, Comprehensive Simultaneous Shipboard and
Airborne Characterization of Exhaust from a Modern
Container Ship at Sea, Environ. Sci. Technol., 2009, 43,
4626-4640.

10 M. S. Diamond, H. M. Director, R. Eastman, A. Possner and
R. Wood, Substantial Cloud Brightening From Shipping in
Subtropical Low Clouds, AGU Adv., 2020, 1, €2019AV000111.

11 V. Toll, M. Christensen, J. Quaas and N. Bellouin, Weak
average liquid-cloud-water response to anthropogenic
aerosols, Nature, 2019, 572, 51-55.

12 A. Possner, H. Wang, R. Wood, K. Caldeira and
T. P. Ackerman, The efficacy of aerosol-cloud radiative
perturbations from near-surface emissions in deep open-
cell stratocumuli, A¢mos. Chem. Phys., 2018, 18, 17475-
17488.

13 V. Eyring, I S. A. Isaksen, T. Berntsen, W. ]J. Collins,
J. J. Corbett, O. Endresen, R. G. Grainger, J. Moldanova,
H. Schlager and D. S. Stevenson, Transport impacts on
atmosphere and climate: Shipping, Atmos. Environ., 2010,
44, 4735-4771.

14 J. J. Corbett and H. W. Koehler, Updated emissions from
ocean shipping, J. Geophys. Res.:Atmos., 2003, 108, 4650.

15 C. Andersson, R. Bergstrom and C. Johansson, Population
exposure and mortality due to regional background PM in
Europe - Long-term simulations of source region and
shipping contributions, Atmos. Environ., 2009, 43, 3614-
3620.

16 J. J. Corbett, J. J. Winebrake, E. H. Green, P. Kasibhatla,
V. Eyring and A. Lauer, Mortality from Ship Emissions: A
Global Assessment, Environ. Sci. Technol., 2007, 41, 8512—
8518.

17 M. Sofiev, J. ]J. Winebrake, L. Johansson, E. W. Carr,
M. Prank, J. Soares, J. Vira, R. Kouznetsov, J.-P. Jalkanen
and J. J. Corbett, Cleaner fuels for ships provide public
health benefits with climate tradeoffs, Nat. Commun., 2018,
9, 406.

18 IMO, accessed 27th February 2025, https://www.imo.org/en.

19 D. A. Cooper, Exhaust emissions from ships at berth, A¢mos.
Environ., 2003, 37, 3817-3830.

20 L. Kattner, B. Mathieu-Uffing, J. P. Burrows, A. Richter,
S. Schmolke, A. Seyler and F. Wittrock, Monitoring
compliance with sulfur content regulations of shipping
fuel by in situ measurements of ship emissions, Atmos.
Chem. Phys., 2015, 15, 10087-10092.

21 A. Petzold, J. Hasselbach, P. Lauer, R. Baumann, K. Franke,
C. Gurk, H. Schlager and E. Weingartner, Experimental
studies on particle emissions from cruising ship, their
characteristic properties, transformation and atmospheric
lifetime in the marine boundary layer, Atmos. Chem. Phys.,
2008, 8, 2387-2403.

22 D. Lack, J. Corbett, B. Lerner, P. Massoli, P. K. Quin,
D. Coffman, T. Bates, D. Covert, B. Sierau, S. Herndon,
T. Onasch, T. Baynard, E. R. Lovejoy, A. R. Ravishankara
and E. Williams, Particulate Emissions from Commercial
Shipping. Chemical, Physical and Optical Properties, J.
Geophys. Res., 2009, 114, DOI: 10.1029/2008JD011300.

Environ. Sci.. Atmos.

View Article Online

Paper

23 D. A. Lack, C. D. Cappa, ]J. Langridge, R. Bahreini,
G. Buffaloe, C. Brock, K. Cerully, D. Coffman, K. Hayden,
J. Holloway, B. Lerner, P. Massoli, S.-M. Li, R. McLaren,
A. M. Middlebrook, R. Moore, A. Nenes, I. Nuaaman,
T. B. Onasch, J. Peischl, A. Perring, P. K. Quinn,
T. Ryerson, J. P. Schwartz, R. Spackman, S. C. Wofsy,
D. Worsnop, B. Xiang and E. Williams, Impact of Fuel
Quality Regulation and Speed Reductions on Shipping
Emissions: Implications for Climate and Air Quality,
Environ. Sci. Technol., 2011, 45, 9052-9060.

24 ]. Beecken, J. Mellqvist, K. Salo, J. Ekholm and J. P. Jalkanen,
Airborne emission measurements of SO,, NO, and particles
from individual ships using a sniffer technique, Atmos. Meas.
Tech., 2014, 7, 1957-1968.

25 S. Yang, M. A. Ghadikolaei, N. K. Gali, Z. Xu, M. Chu, X. Qin
and Z. Ning, Evaluating methods for marine fuel sulfur
content using microsensor sniffing systems on ocean-going
vessels, Sci. Total Environ., 2024, 942, 173765.

26 A. S. Mahajan, L. Tinel, V. Riffault, S. Guilbaud, B. D'Anna,
C. Cuevas and A. Saiz-Lopez, MAX-DOAS observations of
ship emissions in the North Sea, Mar. Pollut. Bull., 2024,
206, 116761.

27 D. A. Burgard and C. R. M. Bria, Bridge-based sensing of NO,
and SO, emissions from ocean-going ships, Atmos. Environ.,
2016, 136, 54-60.

28 D. Carslaw, S. Beevers, J. Tate, E. Westmoreland and
M. Williams, Recent evidence concerning higher NO
emissions from passenger cars and light duty vehicles,
Atmos. Environ., 2011, 45, 7053-7063.

29 S. E. Wilde, L. E. Padilla, N. J. Farren, R. A. Alvarez, S. Wilson,
J. D. Lee, R. L. Wagner, G. Slater, D. Peters and D. C. Carslaw,
Mobile monitoring reveals congestion penalty for vehicle
emissions in London, Atmos. Environ.:X, 2024, 21, 100241.

30 L. Goldsworthy and I. Galbally, Ship engine exhaust
emissions in waters around Australia - an overview, Air
Qual. Clim. Change, 2011, 45, 24-32.

31 J. D. Lee, F. A. Squires, T. Sherwen, S. E. Wilde, S. J. Cliff,
L. J. Carpenter, J. R. Hopkins, S. J. Bauguitte, C. Reed,
P. Barker, G. Allen, T. J. Bannan, E. Matthews, A. Mehra,
C. Percival, D. E. Heard, L. K. Whalley, G. V. Ronnie,
S. Seldon, T. Ingham, C. A. Keller, K. E. Knowland,
E. G. Nisbet and S. Andrews, Ozone production and
precursor emission from wildfires in Africa, Environ. Sci.:
Atmos., 2021, 1, 524-542.

32 J. T. Shaw, G. Allen, P. Barker, J. R. Pitt, D. Pasternak,
S. J.-B. Bauguitte, J. Lee, K. N. Bower, M. C. Daly,
M. F. Lunt, A. L. Ganesan, A. R. Vaughan,
F. Chibesakunda, M. Lambakasa, R. E. Fisher, J. L. France,
D. Lowry, P. I. Palmer, S. Metzger, R. ]J. Parker, N. Gedney,
P. Bateson, M. Cain, A. Lorente, T. Borsdorff and
E. G. Nisbet, Large Methane Emission Fluxes Observed
From Tropical Wetlands in Zambia, Global Biogeochem.
Cycles, 2022, 36, €2021GB007261.

33 S.T. Andersen, L. J. Carpenter, C. Reed, J. D. Lee, R. Chance,
T. Sherwen, A. R. Vaughan, ]. Stewart, P. M. Edwards,
W. ]J. Bloss, R. Sommariva, L. R. Crilley, G. J. Nott,
L. Neves, K. Read, D. E. Heard, P. W. Seakins,

© 2025 The Author(s). Published by the Royal Society of Chemistry


https://www.imo.org/en
https://doi.org/10.1029/2008JD011300
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ea00089k

Open Access Article. Published on 03 October 2025. Downloaded on 10/13/2025 8:14:09 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

34

35

36

37

38

39

40

41

L. K. Whalley, G. A. Boustead, L. T. Fleming, D. Stone and
K. W. Fomba, Extensive field evidence for the release of
HONO from the photolysis of nitrate aerosols, Sci. Adv.,
2023, 9, eadd6266.

R. L. Wagner, N. ]J. Farren, ]J. Davison, S. Young,
J. R. Hopkins, A. C. Lewis, D. C. Carslaw and M. D. Shaw,
Application of a mobile laboratory using a selected-ion
flow-tube mass spectrometer (SIFT-MS) for characterisation
of volatile organic compounds and atmospheric trace
gases, Atmos. Meas. Tech., 2021, 14, 6083-6100.

M. Yang, T. G. Bell, F. E. Hopkins and T. ]J. Smyth,
Attribution of atmospheric sulfur dioxide over the English
Channel to dimethyl sulfide and changing ship emissions,
Atmos. Chem. Phys., 2016, 16, 4771-4783.

C. Yu, D. Pasternak, J. Lee, M. Yang, T. Bell, K. Bower, H. Wu,
D. Liu, C. Reed, S. Bauguitte, S. Cliff, J. Trembath, H. Coe
and J. D. Allan, Characterizing the Particle Composition
and Cloud Condensation Nuclei from Shipping Emission
in Western Europe, Environ. Sci. Technol., 2020, 54, 15604-
15612.

A. Grigoriadis, S. Mamarikas, I. Ioannidis, E. Majamaki,
J.-P. Jalkanen and L. Ntziachristos, Development of
exhaust emission factors for vessels: A review and meta-
analysis of available data, Atmos. Environ.:X, 2021, 12,
100142.

P. A. Barker, G. Allen, M. Gallagher, J. R. Pitt, R. E. Fisher,
T. Bannan, E. G. Nisbet, S. J. B. Bauguitte, D. Pasternak,
S. Cliff, M. B. Schimpf, A. Mehra, K. N. Bower, J. D. Lee,
H. Coe and C. ]J. Percival, Airborne measurements of fire
emission factors for African biomass burning sampled
during the MOYA campaign, A¢mos. Chem. Phys., 2020, 20,
15443-15459.

J. P. Jalkanen, A. Brink, J. Kalli, H. Pettersson, J. Kukkonen
and T. Stipa, A modelling system for the exhaust emissions
of marine traffic and its application in the Baltic Sea area,
Atmos. Chem. Phys., 2009, 9, 9209-9223.

K. N. Fossum, C. Lin, N. O'Sullivan, L. Lei, S. Hellebust,
D. Ceburnis, A. Afzal, A. Tremper, D. Green, S. Jain,
S. Bycenkiené, C. O'Dowd, J. Wenger and J. Ovadnevaite,
Two distinct ship emission profiles for organic-sulfate
source apportionment of PM in sulfur emission control
areas, Atmos. Chem. Phys., 2024, 24, 10815-10831.

L. Le Berre, B. Temime-Roussel, G. M. Lanzafame,
B. D'Anna, N. Marchand, S. Sauvage, M. Dufresne, L. Tinel,
T. Leonardis, ]J. Ferreira de Brito, A. Armengaud, G. Gille,
L. Lanzi, R. Bourjot and H. Wortham, Measurement report:
In-depth characterization of ship emissions during
operations in a Mediterranean port, Atmos. Chem. Phys.,
2025, 25, 6575-6605.

© 2025 The Author(s). Published by the Royal Society of Chemistry

42

43

44

45

46

47

48

49

50

51

View Article Online

Environmental Science: Atmospheres

IMO, url: https://www.imo.org/en/OurWork/Environment/
Pages/Nitrogen-oxides-(NOx)-%E2%80%93-Regulation-
13.aspx, last accessed 8th July 2025.

Review of Maritime Transport, Technical report, 2021, url:
https://unctad.org/publication/review-maritime-transport-
2021, last accessed 8th July 2025.

L. E. Padilla, G. Q. Ma, D. Peters, M. Dupuy-Todd, E. Forsyth,
A. Stidworthy, J. Mills, S. Bell, I. Hayward, G. Coppin,
K. Moore, E. Fonseca, O. A. M. Popoola, F. Douglas,
G. Slater, K. Tuxen-Bettman, D. Carruthers, N. A. Martin,
R. L. Jones and R. A. Alvarez, New methods to derive street-
scale spatial patterns of air pollution from mobile
monitoring, Atmos. Environ., 2022, 270, 118851.

D. Watson-Parris, M. W. Christensen, A. Laurenson,
D. Clewley, E. Gryspeerdt and P. Stier, Shipping
regulations lead to large reduction in cloud perturbations,
Proc. Natl. Acad. Sci. U. S. A., 2022, 119, e2206885119.

T. Yuan, H. Song, R. Wood, C. Wang, L. Oreopoulos,
S. E. Platnick, S. von Hippel, K. Meyer, S. Light and
E. Wilcox, Global reduction in ship-tracks from sulfur
regulations for shipping fuel, Sci. Adv., 2022, 8, eabn7988.
M. Yoshioka, D. P. Grosvenor, B. B. B. Booth, C. P. Morice
and K. S. Carslaw, Warming effects of reduced sulfur
emissions from shipping, Atmos. Chem. Phys., 2024, 24,
13681-13692.

A. Gettelman, M. W. Christensen, M. S. Diamond,
E. Gryspeerdt, P. Manshausen, P. Stier, D. Watson-Parris,
M. Yang, M. Yoshioka and T. Yuan, Has Reducing Ship
Emissions Brought Forward Global Warming?, Geophys.
Res. Lett., 2024, 51, €2024GL109077

B. H. Samset, L. J. Wilcox, R. J. Allen, C. W. Stjern,
M. T. Lund, S. Ahmadi, A. Ekman, M. T. Elling, L. Fraser-
Leach, P. Griffiths, J. Keeble, T. Koshiro, P. Kushner,
A. Lewinschal, R. Makkonen, ]J. Merikanto, P. Nabat,
L. Narazenko, D. O'Donnell, N. Oshima, S. T. Rumbold,
T. Takemura, K. Tsigaridis and D. M. Westervelt, East
Asian aerosol cleanup has likely contributed to the recent
acceleration in global warming, Commun Earth Environ.,
2025, 6, 543.

L. Temple, et al., An intercomparison of aircraft sulfur
dioxide measurements in clean and polluted marine
environments, Atmos. Meas. Tech., 2025, DOI: 10.5194/
egusphere-2025-3678.

W. Van Roy, ]J.-B. Merveille, K. Scheldeman, A. Van
Nieuwenhove, R. Schallier, B. Van Roozendael and
F. Maes, Assessment of the Effect of International
Maritime Regulations on Air Quality in the Southern North
Sea, Atmosphere, 2023, 14, 969.

Environ. Sci.. Atmos.


https://www.imo.org/en/OurWork/Environment/Pages/Nitrogen-oxides-(NOx)-%E2%80%93-Regulation-13.aspx
https://www.imo.org/en/OurWork/Environment/Pages/Nitrogen-oxides-(NOx)-%E2%80%93-Regulation-13.aspx
https://www.imo.org/en/OurWork/Environment/Pages/Nitrogen-oxides-(NOx)-%E2%80%93-Regulation-13.aspx
https://unctad.org/publication/review-maritime-transport-2021
https://unctad.org/publication/review-maritime-transport-2021
https://doi.org/10.5194/egusphere-2025-3678
https://doi.org/10.5194/egusphere-2025-3678
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ea00089k

	SO2 and NOx emissions from ships in North-East Atlantic waters: in situ measurements and comparison with an emission model
	SO2 and NOx emissions from ships in North-East Atlantic waters: in situ measurements and comparison with an emission model
	SO2 and NOx emissions from ships in North-East Atlantic waters: in situ measurements and comparison with an emission model
	SO2 and NOx emissions from ships in North-East Atlantic waters: in situ measurements and comparison with an emission model
	SO2 and NOx emissions from ships in North-East Atlantic waters: in situ measurements and comparison with an emission model
	SO2 and NOx emissions from ships in North-East Atlantic waters: in situ measurements and comparison with an emission model
	SO2 and NOx emissions from ships in North-East Atlantic waters: in situ measurements and comparison with an emission model

	SO2 and NOx emissions from ships in North-East Atlantic waters: in situ measurements and comparison with an emission model
	SO2 and NOx emissions from ships in North-East Atlantic waters: in situ measurements and comparison with an emission model
	SO2 and NOx emissions from ships in North-East Atlantic waters: in situ measurements and comparison with an emission model

	SO2 and NOx emissions from ships in North-East Atlantic waters: in situ measurements and comparison with an emission model
	SO2 and NOx emissions from ships in North-East Atlantic waters: in situ measurements and comparison with an emission model
	SO2 and NOx emissions from ships in North-East Atlantic waters: in situ measurements and comparison with an emission model
	SO2 and NOx emissions from ships in North-East Atlantic waters: in situ measurements and comparison with an emission model
	SO2 and NOx emissions from ships in North-East Atlantic waters: in situ measurements and comparison with an emission model

	SO2 and NOx emissions from ships in North-East Atlantic waters: in situ measurements and comparison with an emission model
	SO2 and NOx emissions from ships in North-East Atlantic waters: in situ measurements and comparison with an emission model
	SO2 and NOx emissions from ships in North-East Atlantic waters: in situ measurements and comparison with an emission model
	SO2 and NOx emissions from ships in North-East Atlantic waters: in situ measurements and comparison with an emission model
	SO2 and NOx emissions from ships in North-East Atlantic waters: in situ measurements and comparison with an emission model


