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Abstract.

The University of York’s laser-induced fluorescence (LIF) instrument for measuring sulfur dioxide (SO2) was compared to a
commercial pulsed fluorescence (PF) analyser and iodide chemical ionisation mass spectrometer (I"CIMS) aboard the UK
FAAM research aircraft in both remote and ship-polluted marine environments. In high SO, concentration plumes, the LIF
instrument and PF analyser compared well, but LIF was the only instrument capable of SO, measurements in the remote marine
boundary layer due to its campaign limit of detection (LoD, 3 o) of 0.07 ppb at 10 seconds compared with 0.4 ppb for the PF
analyser. Quantification of SO, using I-CIMS was challenging due to a significant interference, but good signal correlation
with the other instruments was observed in polluted air mases. A comparison of response time was also made, for which the I
CIMS and LIF instrument proved much faster than the PF analyser with 3-efolding times of 0.6, 2 and 17 seconds respectively.
This work demonstrates the importance of sensitive instrumentation like the LIF_system for quantifying low concentrations of
SOy, such as over remote marine environments, at the time resolutions required for a fast moving platform. This is particularly
relevant now as a result of more stringent sulfur emission regulations for shipping, and likely more so in the future as

anthropogenic SO, concentrations continue to decline.
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1 Introduction

Sulfur dioxide (SO) plays a pivotal role in the chemistry of the troposphere, and has been long recognised as an anthropogenic
air pollutant (Firket, 1936) and contributor to acid rain (Gorham, 1958), leading to a number of legislations limiting its
emission. Since the 1970’s, global anthropogenic SO, emissions have been decreasing (Smith et al., 2011) and are now below
many countries’ emission commitment limits (Department for Environment, 2024). However, even at present day levels, SO,
from both anthropogenic and biogenic sources generate sulfate aerosols which still play an important role in the Earth’s
radiative budget (Capaldo et al., 1999; Myhre et al., 2013). In the atmosphere, SO, is oxidised by gas- and aqueous-phase
chemistry to sulfate aerosols, which contribute to the formation of cloud condensation nuclei (Faloona, 2009; Merikanto et al.,
2009). Both the direct radiative forcing from these aerosols, and the indirect forcing from aerosol-cloud interactions result in
a net cooling effect on the planet (Penner et al., 2001). Understanding the extent to which aerosol-cloud interactions are
masking greenhouse gas-induced warming remains the largest source of uncertainty in quantifying present day anthropogenic
radiative forcing (Forster et al., 2021). In situ measurements of aerosols and their precursor species are necessary to reduce
this uncertainty and to validate climate model estimations of radiative forcing. Therefore, it is of interest to accurately and
precisely quantify the concentration of SO, in the background atmosphere if we are to predict the effects of changing emission

rates on the climate.

The role of SO; in the formation of new particles is particularly important in clean environments with few primary particle
sources, and SO emissions from the global shipping sector represent an important anthropogenic source in remote regions.
These have been declining over recent years as a result of regulations introduced by the International Maritime Organisation
(IMO), limiting the sulfur content of ship’s fuel. These measures were implemented in response to air quality concerns in
coastal regions, where aerosols from ship emissions are estimated to cause 400,000 premature deaths and ~ 14 million
childhood asthma cases annually (Sofiev et al., 2018). The most recent regulation in January 2020, hereafter referred to as
IM02020, enforced a reduction of sulfur fuel content from 3.5 to 0.5 % by mass at the point of exhaust emission for ships in
international waters. The global climate consequence of this regulation has been assessed by a recent surge of radiative forcing
estimates ranging from 0.02 to 0.2 W m-2 (Bilsback et al., 2020; Diamond, 2023; Gettelman et al., 2024; Jin et al., 2018; Jordan
and Henry, 2024; Quaglia and Visioni, 2024; Skeie et al., 2024; Sofiev et al., 2018; Yoshioka et al., 2024; Yuan et al., 2024,
2022), made using a number of different modelling methods and assumptions. Yoshioka et al., (2024) predicted a
corresponding global mean warming of 0.04 °C averaged over 2020-2049, making it more difficult to limit warming to 1.5 °C,
in line with the Paris Agreement, over the next few decades. Nevertheless, these regulations have resulted in significant
reductions in atmospheric SO, concentrations over the ocean, and thus increased the relative importance of biogenic precursor

emissions such as dimethyl sulfide (Yang et al., 2016).
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SO, absorbs strongly in the ultraviolet region of the electromagnetic spectrum, characterised by a series of absorption bands

at wavelengths from 403 to 106 nm (Manatt and Lane, 1993; Rufus et al., 2003; Stark et al., 1999). Therefore, spectroscopic

SO, detection techniques typically exploit this UV region.

Fluorescence-based techniques employ excitation in the € band (~190-230 nm), which offers the highest absorption cross

sections and fluorescence quantum yields, thus providing the most sensitive detection. Since other atmospheric species also

exhibit strong absorption features in this UV region (e.g. the Hartley band of O3 and the y system of NO), techniques using

broadband excitation sources (e.g. the lamp in the PF analyser used in this work) are susceptible to spectral interferences,

thereby reducing their sensitivity and selectivity to SO,. These interferences can be somewhat overcome by the use of bandpass

filters to control the excitation wavelength, even more powerful however is the ability to resolve spectral features of SO, by

the use of a narrow band light source such as a laser. The combination of such a light source with the large absorption cross

section of SO, at these wavelengths make LIF a prime candidate for achieving SO, detection with both very high sensitivity

and specificity.

Remote sensing techniques (e.q. differential optical absorption spectroscopy (DOAS) and UV camera spectral imaging)

primarily target the weaker B band (~300-320 nm), which enables the utilisation of commercial UV cameras and detectors and

coincides with less interference from other species but also corresponds to smaller SO, absorption cross sections than the €

band. Such remote detection techniques are, in general, not sufficiently sensitive to detect the low levels of SO, seen in clean

marine air due to the smaller absorption cross sections at 300-320 nm and because they rely on absorption rather fluorescence

detection.

Measurements and models show that SO in remote marine environments is usually on the order of 10 pptv (Bian et al., 2024).
In order to test our understanding of SO production and loss in these remote marine environments and over the range of
altitudes where sulfate aerosol production is important, airborne sampling is required. Unfortunately, typical commercial
instruments currently used for the detection of SO lack the sensitivity to perform these measurements at the time resolutions
required for a fast moving platform. Aircraft studies using the pulsed-fluerescence{PF) technique to measure SO over the
ocean are dominated by measurements of high SO, concentrations in ship plumes, mainly for assessing compliance to IMO
regulations (Beecken et al., 2014; Lack et al., 2011; Yu et al., 2020). The only recent PF aircraft measurements of remote
marine SO, were conducted by Zanatta et al., (2020), who struggled to quantify the low SO, concentrations seen at high
altitudes. Other remote marine SO, measurements via the PF technique were performed at a stationary site, hence making use
of long-term averaging to achieve a limit of detection (LoD) of 25 pptwv at 5 minutes in order to quantify the background levels
as low as 50 pptv (Yang et al., 2016). However, these PF analyser studies were both conducted pre-IMO2020 regulation.
Alternative aircraft techniques used to measure SO; include the remote sensing technique of differential-optical-absorption
spectroscopy-{DOAS), which has again been reported for measurements of ship plumes (Berg et al., 2012; Cheng et al., 2019;
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Seyler et al., 2017). The most recent measurements (post-IM0O2020) using this technique were made by Mahajan et al., (2024)
during a stationary site campaign to measure ship plumes, however, it was noted that SO, concentrations were below their
LoD on a particular day due to sampling of clean air masses. Therefore, more specialised instruments with greater sensitivities

are required for measurements of further declining SO concentrations.

Chemical ionisation mass spectrometry (CIMS) measurements of SO, have been conducted on airborne platforms using a
range of negative ion chemistries (Lee et al., 2018), with the best reported sensitivity coming from the use of a COs ion by
Thornton et al. (2002), Speidel et al. (2007) and Fiedler et al. (2009), achieving 36 LoDs of ~ 1 pptv, 22 pptv and 30 pptv
respectively at 1 s. More recently, an instrument that uses the technique of laser-induced fluorescence (LIF) to measure SO,
has been developed by Rollins et al. (2016) and its performance on an aircraft has since been demonstrated on multiple field

campaigns (Rickly et al., 2021, 2022; Rollins et al., 2016, 2017). It employs a narrow linewidth laser to selectively excite SOy,

hence offering improved sensitivities compared to broadband techniques. This LIF instrument has been reported to attain a
LoD (30) of ~ 10.2 pptv at 1 s (Rickly et al., 2021), in addition to and-can-achieve-a true 5 Hz measurement rate (Rollins et

al., 2016). With comparably low LoDs to CIMS, LIF may be more favourable, especially for aircraft measurements of SO,

due to its smaller size and weight, ease of operation, and lack of known interferences (Rickly et al., 2021). In this work, we
introduce the University of York’s custom-built LIF instrument, based on Rollins et al. (2016), for in situ trace measurements

of SO», and compare airborne measurements with both an iodide CIMS (I"CIMS) and a commercial PF SO, analyser.

2 SOz instrumentation

The third Atmospheric Composition and Radiative forcing change due to the International Ship Emissions regulations
(ACRUISE-3) campaign took place on 29" April to 3 May 2022 aboard the UK Facility for Airborne Atmospheric
Measurements (FAAM) BAe-146 research aircraft (Yu et al., 2020). The campaign consisted of three 5-hour flights, spanning
a range of altitudes between 0.07 and 3.2 km. The instrumentation available for measuring SO during this campaign included
the York LIF instrument, a PF SO, analyser, and an I"CIMS, which are described herein. Both individual ship plumes on the
order of one to tens of ppb of SO, (termed ‘polluted’) and more remote marine regions outside of shipping lanes on the order
of tens to a few hundred ppt (termed ‘clean’) were sampled in international waters around Milford Haven, UK and the Bay of
Biscay (Fig. S4). Henee;tThese flights were ideal for comparing the three techniques as a wide range of concentrations were
measured. In this work, the LoDs of the instruments are described to a 3 ¢ confidence interval at 1 and 10 second averaging
times and response time is defined as the time taken for 5 % of the initial concentration to remain, referred as the 3 e-folding
response time (e~3). A summary comparing these statistical characterisations of the techniques as run during the ACRUISE-
3 flights can be found in Table 1.
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Table 1. Comparison of LIF_instrument, PF analyser and I"CIMS technigues-in terms of LoD, response time, sampling rate, and mixing ratio
uncertainty as performed during the ACRUISE-3 campaign._*The uncertainty given for the I'lCIMS is the uncertainty in the cps data since
no mixing ratios were reported (see section 2.3).

Technique Organisation LoD at 10 (1) 3 e-folding Sampling rate Uncertainty in
seconds (3 o, response time (Hz) mixing ratios* (2
ppbv) (seconds) c)
LIF University of 0.07 (0.22) 2 5 10 % + 6.5 pptv
York
PF FAAM 0.4 (1.1) 17 1 18 %
I"CIMS University of - 0.6 4 102 %-
Manchester

2.1 Laser-induced fluorescence

The University of York’s laser-induced fluorescence (LIF) instrument is a custom-built system for the highly sensitive
detection of SO,, based on the system originally demonstrated by Rollins et al. (2016) and improved by Rickly et al. (2021).
The fifth harmonic (216.9 nm) of an in-house built pulsed tuneable fibre-amplified semiconductor diode laser system (1084.5
nm, 3 ns pulse duration, 200 kHz repetition rate) is used to selectively excite SO, and the subsequent fluorescence photons
are detected using a photon counting head (Hamamatsu H10682-210). The laser wavelength is tuned on and off a strong SO;

transition_peak to the € band (C(!B,) € X(*A1))-peak, which is tracked using a reference cell that is maintained at a constant

SO, concentration. The difference between the number of fluorescence photons at these positions is directly proportional to
the SO, concentration within the sample cell.

The University of York laser system differs from that described in Rickly et al. (2021) in that we use a semiconductor optical
amplifier (SOA, Innolume) to pulse the continuous wave output of a distributed feedback seed laser diode (Innolume) at 200
kHz. The SOA is temperature controlled to 25 °C to ensure reproducible laser pulse generation. Other notable differences to
Rollins et al. (2016) are that we use a proportional valve (Birkert 2873) to maintain constant mass flow, and a pressure
controller (Alicat PCH-100TORRA-D-MODTCPIP-A515) to maintain cell pressure.
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Figure 1. Example laboratory SO calibration in zero air where the LIF signal is the difference between the linearised and normalised on-
line and off-line sample cell counts. The orange line shows a York regression fit to the seven data points, indicating a slope of 38.7 £ 2.1
counts st mW-! pptv?, a y-intercept of 620 + 1700 counts s* mW-! (both 2 ¢ confidence), and a correlation coefficient of R? = 1.0. The x
error bars are dominated by the uncertainty in the SO2 calibration standard (5 %), but also include uncertainties in the mass flow controllers
(=(0.8 % of reading + 0.2 % of full scale)) and the cell flow meter (£3 %). The y error bars (not visible) represent two standard errors of the
LIF signal.

The pulse pair resolution of the photon counting head detector (20 ns) limits the available signal count rate to be equal to the
repetition rate of the excitation laser, resulting in a need for a linearity correction that is important at high signal rates (Rollins
et al., 2016). However, due to the combined effect of relatively low laser power (see below) and high laser repetition rate (200
kHz) in this work, the correction was only effective mainly for ship plume measurements where mixing ratios reached 140
ppb. Linearised counts are then normalised by laser power, which is measured by a phototube (Hamamatsu R6800U-01). The
difference between the corrected fluorescence counts at the on-line and off-line laser wavelength positions is converted to SO-
mixing ratio via the sensitivity factor of the system (Equation 1), which is determined as the slope of a calibration plot using a
dynamic dilution of an SO, standard in air. An example of a multi-point calibration from a laboratory experiment is shown in
Fig. 1.

[502] — Sonline;:_ Suffline (l)
503

where [SO,] is the SO, mixing ratio (ppt¥), Soniine aNd Syrf1ine are the on-line and off-line linearised and normalised
fluorescence counts (counts s mW), and Cs,, is the experimentally determined sensitivity factor of the system to SO, (counts

st mw pptvd).
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Figure 2. Relative LIF sensitivity factor over a cell pressure range of 100 to 500 mbar. The error bars are derived from the sensitivity
uncertainties (Fig. 1), given to two standard errors.

Figure 2 shows how the relative sensitivity (calculated via normalising the sensitivity factor at a given pressure by that at 500
mbar) varies with cell pressure for the York LIF system. Whilst the number of SO, molecules per unit volume increases by a
factor of 5 from 100 to 500 mbar, the sensitivity factor only increases by approximately a factor of 2 due to the increasing
importance of quenching at higher pressures. During the ACRUISE-3 flights, the use of a pressure-building ram inlet allowed
both the sample and reference cells to be operated at 400 + 2 mbar for the full altitude range (between 0.07 and 3.2 km) of the

campaign to maximise instrument sensitivity (Fig. 2) at the lower external pressures.
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Figure 3. LIF precision (Allan deviation) of a 10 min stable ambient measurement of mean mixing ratio 75 pptv during flight C287 (orange)
and a 3.5 h zero air measurement, performed recently in the laboratory with improved laser power and sensitivity (blue). Both traces are
compared to the expected precision (Poisson limit). The precision (1 o) at an averaging time of 10 s for each trace is marked by the red dots
(23 pptv for the orange trace, 5.4 pptv for the blue).

The ACRUISE-3 aircraft campaign was the first deployment of the York LIF instrument in the field. At the time, we were
facing difficulties with lower fifth harmonic laser power (mean power of ~ 27 uW during the campaign) compared to Rollins
et al. (2016) (~ 1 mW), using a comparable optical setup. Therefore, the 3 ¢ LoD was determined as 70 pptv at 10 seconds

from a stable ambient measurement of mixing ratio close to the LoD, which is shown by the orange Allan deviation trace in

Fig. 3.

Table 2. Summary of the calibrations performed in both ambient air and zero air during each flight, showing the mean sensitivity (x),
standard deviation of the sensitivities (¢) and the number of calibrations (N).

Ambient Air Zero Air
Flight % (counts st o (counts s N % (counts s o (counts st N
mW- pptv)  mwW-1pptvt) mW-2pptvt)  mW pptv?)
C285 33.8 0.7 9 34.0 1.7 10
C286 32.7 15 7 34.8 0.9 7
C287 34.8 0.8 14 35.7 13 4
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During the ACRUISE-3 flights, multi-point calibrations were carried out using a 5 ppm SO- in N standard (BOC, £ 5 %)
added to the end of the inlet across the expected concentration range (0.5 — 12.5 ppb) approximately every 30 minutes to ensure

data accuracy and to capture instrumental drift. The observed drift resulted from variations in laser linewidth caused by external

temperature fluctuations within the aircraft cabin, which directly impacts instrument sensitivity. A flow rate of 2 SLPM was

used, giving a 3 e-folding response time of ~ 2 seconds. To assess the possible quenching effect of excited SO, by water
vapour, or increased wall losses when sampling humid air, calibrations in both stable ambient air and dry zero air were carried
out, for which these effects proved negligible as shown in Table 2. For calibrations in zero air, it was necessary to overflow
the inlet, however, subsequent analysis deemed this overflow insufficient for a true zero to be measured, likely a result of
pressure build-up in the inlet line from the ram inlet. Since these calibrations were performed during stable ambient mixing

ratios in absence of any spikes in SO, such as the conditions shown in Fig. 112, the calculated sensitivities are unlikely to be

affected. Hence, we justify including the calibrations in zero air in our analyses. As the sensitivities during the course of a
flight largely agree within errors a I
during-the-course-of a-flight (Fig. S1 — S3), and-hence-a mean sensitivity has been calculated from both calibrations in ambient
and zero air, and applied on a flight-by-flight basis. Finally, the uncertainty in the SO, mixing ratios was-were calculated from

the uncertainty in the instrument sensitivity via a York regression fit to a calibration plot (Wu and Zhen Yu, 2018, Fig. 1). This

gives a 2 ¢ uncertainty of ~ 10 % + 6.5 pptv across each flight.

Since the ACRUISE-3 campaign, improvements have been made to the York LIF system. Firstly, the conversion efficiency of
the fifth harmonic generation has been improved by replacing the KTP crystal with a temperature-controlled PPLN crystal,
yielding a ~ 30-fold increase in UV laser power. In addition, the efficiency of the collection optics has also been improved by
adding a lens (Edmund, #49-695) before the PMT module to focus the fluorescence into the detection head, giving a factor of
~ 4 better sensitivity. These advancements have substantially improved the instrument’s precision, as shown by the blue Allan
variance trace in Fig. 3.

2.2 Pulsed fluorescence

As part of the core instrumentation on board the FAAM aircraft, a commercial Thermo Fisher Scientific model TEi-43i TLE
SO, analyser was used to measure SO, during the entire ACRUISE campaign. Based on the UV pulsed fluorescence (PF)
method_technigue, it uses a broader, non-tuneable SO, excitation wavelength range compared to LIF and hence is more
susceptible to interfering species. To minimise SO, fluorescence quenching by water vapour, the PF analyser is equipped with
an external Nafion dryer (PermaPure Multi-strand, PD-50T-24MPR). A heated hydrocarbon kicker is used to remove
interferences caused by volatile organic compounds which fluoresce at similar UV wavelengths to that of SO,. Owing to their
broad spectral features relative to SO, these compounds do not interfere with SO, mixing ratio measurements using the LIF

technique, as they contribute equally to background counts at both the on-line and off-line wavelengths.

9
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Modifications were made to the PF instrumentanalyser in 2016 to improve its suitability for airborne measurements. The
sample flow rate was increased from approximately 0.5 to 2 SLPM to improve the instrument response time by replacing the
original TEi43i glass capillary and flow sensor with a mass flow controller (MFC3, Alicat Scientific, MCS-5SLPM-D-I-
VITON). Also, a second hydrocarbon kicker was added to enhance sample flow conductance at this higher sample mass flow

rate.

During the flights, the PF analyser was run at a flow rate of 2 SLPM, giving an in-flight response time (3 e-folding) of 17
seconds. A comparable inlet to the LIF instrument was used. In-flight single point calibrations were carried out by overflowing
the instrument inlet with a 2.5 SLPM mass flow controlled calibration gas mixture of 374 ppb SOz in Air (BOC, £ 6 %). Mulit-
point calibrations were also performed on the ground post-ACRUISE-3 deployment as a check of the sensitivity. To account
for baseline drift, frequent (~10 to 15-minute interval) zero measurements were performed by passing the air sample through
an external zero air scrubber cartridge filled with activated charcoal. Mean zeros are then linearly interpolated to provide a

drift-corrected baseline, which is subtracted from the raw fluorescence counts, before being scaled by the detector sensitivity.

The instrument LoD (3 o) during the ACRUISE-3 deployment has been determined as 400 ppt at 10 seconds. Finally, the

overall uncertainty in SO, mixing ratios has been calculated as + 18 % for a 2 ¢ confidence interval.

2.3 lodide chemical ionisation mass spectrometry

Matthews et al., 2023 have previously described in detail the University of Manchester (UoM) iodide ion- High Resolution-
Time of Flight-Chemical lonisation Mass Spectrometer (I"CIMS, Aerodyne Research, Inc) for use on the FAAM Research
Aircraft. Briefly, iodide ions cluster with sample gasses in the pressure-controlled ion-molecule reaction (IMR) region creating
a stable adduct. The flow is then sampled through a critical orifice into the first of the four differentially pumped chambers in
the CIMS, the short segmented quadrupole (SSQ), which is also independently pressure controlled. Quadrupole ion guides
transmit the ions through these stages. The ions are then subsequently pulsed into the drift region of the CIMS where the arrival
time is detected with a pair of microchannel plate detectors with an average mass resolution of 4000 (m/Am). The UoM I
CIMS operates with an IMR pressure of 72 mbar for aircraft campaigns and instrument backgrounds are taken every minute
for 6 seconds by overflowing the inlet with ultra-high purity (UHP) nitrogen. The CIMS instrument analysis software (ARI
Tofware version 3.1.0, Stark et al., 2015) was utilized to obtain high resolution, 1 Hz, time series of the compounds presented
here. Mass-to-charge calibration was performed for 5 known masses; I-, I-.H20, I-.HCOOH, I,-, Is-, covering a mass range of
127 to 381 m/z. The mass-to-charge calibration was fitted using a square-root equation and was accurate to within an average

of 1 ppm.

10
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Figure 4. High resolution peak fitting at m/z 191 during ambient sampling in ACRUISE-3 for A) average mass spectrum for flight C285

(left), B) in a ship plume (middle) and C) calibration using a commercial standard (right).
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Figure 5. Time series of the high-resolution peak fitting at m/z 191 taken at 4 Hz. Peaks at ~ 13:33 and 13:40 are due to ship plumes.
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I-CIMS detects SO as a cluster with iodide at m/z 190.866372. During the ACRUISE-3 campaign, the SO peak is in close
proximity to a larger interfering peak, as shown in Fig. 4. The UoM I"CIMS has sufficient
resolving power to accurately separate the overlapping peaks. Diagnostic tools in the analysis software (ARI Tofware version
3.1.0, Stark et al., 2015) have been used to estimate the uncertainties in the signal intensity fitted for SO, due to the mass
calibration and multipeak fitting. However, despite the very accurate mass calibrations there is still an associated uncertainty
of approximately 30 % for the signal intensity from an offset of 1 ppm. Additional uncertainties arise from the multipeak fitting
at m/z 191 and for SO is an average of 97 % when measuring in ambient air (Fig. 5). This uncertainty however decreases in
ship plumes as the magnitude of the SO, peak increases. In comparison, the uncertainty in the signal fitted for SO, during the

offline calibration is significantly reduced and is 3 % for the multipeak fitting.

The I'lCIMS SO, measurements were calibrated offline using a stable flow of SO, generated using a commercially sourced
known concentration gas mixture (BOC, 1 ppm £ 5 % of SO, diluted in air) and a custom-built dynamic dilution system, which
allows for a calibration gas to be diluted into a carrier gas, and in this instance, ultra-high purity (UHP) N2 was used. The
concentration of the outflow can be controlled by varying the flows of the calibrant and carrier gas, each of which are
individually regulated using two MFCs (Alicat Scientific, MCS-5SLPM-D-1-VITON and MCS-500SCCM-D-I-VITON). In
this case 1.2 SLM of the outflow was delivered to the CIMS by 14” PTFE tubing and the overflow exhausted at calculated
concentrations of 25, 50, 75, and 100 ppb. Additionally, the instrument’s humidity dependence to the detection of SO, was
calculated by actively adding water vapour into the IMR by passing UHP N through deionised water (Fig. 6). The presence
of I"H20- clusters, which are proportional to humidity of the air as it enters the instrument, can alter the ionisation efficiency
of species detected by I'CIMS and for SO, results in decreased sensitivity with increasing 1.H,O- clusters (i.e. negative
humidity dependence). Inconsistencies in the calibration results with measured concentrations in the field revealed an

unquantifiable offset in the retrieved SO, data, for this reason the CIMS data will be presented in counts per second (cps) and

utilised to assess the varying time response of the three instruments.

12
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Figure 6. UoM I"CIMS humidity dependent sensitivity to SOz determined from an offline calibration using a commercial standard of SOz.
The error bars represent one standard deviation.

3 Results and discussion

This work compares airborne SO, measurements frommade by the LIF instrument, PF_analyser and I"CIMS based on their

measured time series, instrument precision and response time during the ACRUISE-3 campaign. To construct a consistent
dataset from all three instruments, each time series has been averaged to 10 seconds (by taking the mean of each 10 s block).
This averaging time was chosen as a balance between the rapid changes observed due to the direct sampling of ship plumes
and the response time of the PF systemanalyser of 17 seconds. The comparison is split between polluted (high SO.) and clean
(low SO,) regions due to the different analytical requirements for measurements in these distinct environments. A map showing

all three flight tracks, coloured by the LIF SO, mixing ratios, is shown in Fig. S4.

3.1 Polluted environments

Measurements made in polluted SO, marine environments include those in individual ship plumes and within shipping lanes.
An example of a polluted time series comparison from flight C285 is shown in Fig. 7 which contains a series of time-matched
ship plume events. Comparing the magnitude of these peaks suggests that the LIF_instrument and PF_analyser agree well.
These conclusions are consistent with the correlation plots containing data from all three ACRUISE-3 flights. Figure 8A shows
the correlation between the LIF instrument and PF_ analyser from 400 pptv (the PF LoD efthePFat 10 s) to the greatest plume
mixing ratio of ~ 40 ppb, and shows near-unity agreement (slope = 0.90) to within their combined uncertaintiesy-efthe-LH=
and-PF. The relationship between the CIMS data in cps and LIF SO, mixing ratios also displays a linear correlation (Fig. 8B)
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325 but with a poorer fit. Due to the challenges in calibrating the CIMS, described above, the gradient of this plot has been used to
estimate CIMS SO, mixing ratios for comparison of response time and noise distributions across the three SO, measurement

techniques.
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330 Figure 7. Time series of 10 s averaged, time matched data during flight C285, comparing LIF and PF SO2 measurements.
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Figure 8. Correlation of the 10 s averaged, time matched data for all three ACRUISE-3 flights. (A) Correlation between the PF and LIF SO2
mixing ratios, excluding points below the instrument’s LoD. (B) Correlation between the I"CIMS in cps and LIF SOz mixing ratios. The
coloured dashed lines represent the ordinary least squares (OLS) regression Hnea+fit and the solid black line represents the 1:1 ratio (for the
mixing ratio comparison only)._Gradient and intercept uncertainties have been given to a 2¢ confidence interval.

A comparison of response time can be made from the time series of a single ship plume peak in Fig. 9, recorded at 5 Hz, 1 Hz

and 4 Hz for the LIF instrument, PF_analyser and I"CIMS respectively. To remove the lag time as a result of different inlet

lengths, the peaks have been time-matched by the increase in SO, mixing ratios upon intersecting a ship plume. Figure 9 shows
the SO, mixing ratios recorded by the I"CIMS fall to out-of-plume levels the quickest and its time series displays the greatest
structure. This is evident in the faster I'CIMS response time of 0.6 s (3 e-folding) compared to the LIF system of 2 seconds
and the PF analyser of 17 seconds. The LIF signal-shews exhibits similar structure to the I'CIMS data, however, butthe slower
gas flush rate means the features are smoothed, and the LIF signal takes longer than the I"CIMS to return to background levels.

Further improvements to the LIF system, detailed in section 2.1, have increased itsthe-LI= true measurement rate to 10 Hz.
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The comparatively slow response time of the PF instrumentanalyser results in it being unable to resolve the plume structure,

and shows a significant delay in returning to background levels.
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Figure 9. Time series comparing instrument response time, matched by the increasing SO2 mixing ratio due to measurement of a ship plume
during flight C285. The LIF data is presented at 5 Hz, the PF at 1 Hz, the I'CIMS at 4 Hz and the CO2 data at 10 Hz. To note, I'CIMS SOz
mixing ratios have been estimated based on the gradient of the fit to the LIF data (Fig. 8B).

Plume sampling can be used to quantify emissions ratios, and the ratio of SO,:CO, can be used to calculate ship sulfur fuel
content for applications in compliance monitoring (Beecken et al., 2014; Berg et al., 2012; Kattner et al., 2015; Lack et al.,
2011; Lee et al., 2025; Yu et al., 2020). Average emissions ratios can be derived via two methods for a ship plume event: a)
the integration method where the area under the peak and above the baseline is calculated (Beecken et al., 2014; Kattner et al.,
2015; Lack et al., 2011; Lee et al., 2025; Yang et al., 2016), and b) the regression method where the slope of a correlation plot
is taken (Aliabadi et al., 2016). The regression method is a useful approach as it removes the necessity to subtract the
background concentrations (Wilde et al., 2024). However, it is a less popular approach, especially for in situ airborne sampling,
since it relies on sufficient data points for a statistically valid regression analysis and a similar plume structure between the
two species, as shown by the SO, I'CIMS and CO trace in Fig. 9. Hence, this requires fast response time instrumentation for
aircraft measurements of plume transects as the plume duration can be extremely short. On the other hand, the integration

method provides a response time-independent way of reliably analysing these short duration plume events.
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370 uncertainties have been given to a 2c confidence interval. Fhe-inearfits-havegradients-and-R? values-of 148+ 0.21 ppb ppm~*-and-0.85

{LIF): 153 ppb-ppmt-and-0.65{CIMS).

This work makes use of the fast response time of the I'CIMS (to achieve fine plume structure) and the accuracy of the LIF
technigue to compare the integration and regression methods. Therefore, I'CIMS SO, mixing ratios have been estimated based
375 on the gradient of the fit to the LIF data (Fig. 8B). In the integration method, background concentrations have been determined
using an exponentially weighted moving average, and peak areas have been calculated relative to this baseline using a
trapezoidal approximation. For the plume in Fig. 9, the corresponding regression analysis is shown in Fig. 10 and the results
of this ship plume event, as well as three others, are shown in Table 3. Plots for the remaining three plumes are given in Fig.

S5 - S7. To note, due to the much slower response time of the PF technique, an emission ratio via the regression method could

380 not be calculated.
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Table 3. Comparison of integration and regression methods for calculating SO2:CO2 emission ratios of four ship plumes during different
flights. The LIF SOz,and I'CIMS SO2 data-and the-CO2 data have been sampled to 4 Hz, however, the PF SOz data is at 1 Hz. *I"CIMS SO2

mlxmg ratlos have been estlmated based on the gradlent of the fit to the LIF data (Fig. 8B). Since-no-instrument-uncertainty-was-reported;

emission ratio. SFC uncertainties include an estimated 6 % error to account for the emission of sulfur as sulfate.

Flight

C285

C286

C287

C287

Plume
duration

(seconds)

59

156

Number of

data points

36

28

236

624

S0,:CO; emission ratio (ppb ppm™) via
integration (SFC, %)

LIF

2.08 +£0.05
(0.48 =
0.032)
1.24+0.06
(0.29 +
0.021)
1.95+0.03
(0.45 +
0.032)
1.78 £ 0.03
(0.41 +
0.031)

PF
219+0.11
(0.51 %
0.043)

2.00 £ 0.06
(0.46 £
0.03%)
1.70 £ 0.04
(0.39 +
0.031)

18

I"CIMS*
1.73 +£0.46
(0.40£ 0.11)

1.91+0.48
(0.44 +0.12)

1.97 +0.19
(0.46 + 0.05)

2.22+0.16
(0.52.+ 0.05)

er—e-Emission ratio uncertainties have been given to a 2¢
confldence mterval The correspondlng sulfur fuel content (SFC) has been calculated via Equation 2 and is given in brackets after each

S0,:CO; emission ratio (ppb

ppm™?) via regression (SFC,

%)

I-CIMS*
153+0.39
(0.36.£0.09)

1.85+0.49
(0.43.+0.12)

2.11+0.19
(0.49 + 0.05)

2.29+0.11
(0.53.+0.04)

LIF
1.48 +0.21
(0.34 % 0.05)

0.74+0.13
(0.17 £ 0.03)

1.3840.12
(0.32 + 0.03)

1.44 % 0.07
(0.33 +
0.032)
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A check of the compliance of the sampled ships to the IMO2020 regulation (0.5 % sulfur fuel content in international waters)
can be made through calculation of the sulfur fuel content (SFC) from the emission factors. Assuming that 87 % of ship fuel

by mass is carbon, the SFC mass percent is related to the emission ratio via the following equation (Kattner et al., 2015):

SFC[%)] = % x 0.232[%] )

where the SO,:CO, ratio is the emission ratio, calculated above, and 0.232 is the mass conversion factor for fuel content.
Equation 2 also assumes that all sulfur is emitted as SO, and all carbon as CO,. The latter of these assumptions is deemed a
reasonable estimate since little to no CO was measured during the ACRUISE-3 campaign, suggesting a complete combustion
pathway. However, it is known that not all sulfur is released as SO, — some is directly emitted as sulfate, SO4%. The amount
of SO4* released has been shown to correlate with the SFC (Yu et al., 2020) and it also increases with plume aging. Since the
calculation of plume age is beyond the scope of this paper, the SFC is not corrected for sulfate (which is estimated as 6 % for
a plume age of max. 15 minutes (Yu et al., 2020)), and this 6 % discrepancy has been included in the uncertainty. Therefore,
using the mean of the emission ratios calculated via the two methods, the corresponding SFCs of the sampled ships are given
in Table 3, which shows they are all compliant to the IMO2020 regulation.

As shown in Table 3, the accuracy of the regression method for calculating emission ratios is dependent on the response time
of the instrument. The I"CIMS has a response time closer to that of the CO, measurements and hence gives emission ratios that
are in greater agreement to those calculated via the integration method. The consistently lower regression emission ratios
derived from the LIF data are likely due to the smoothing effect as a result of a longer response time compared to the I'CIMS.
However, the I'CIMS is limited by its large uncertainty and its greater R? values suggest that a single factor correction is unable
to capture any variability associated with the interference. Therefore, improvements to the LIF2s system’s response time will

make it the more desirable instrument for calculating emission ratios via the regression method.

3.2 Clean environments

In order to understand the role of sulfur in controlling particle formation in remote regions, and thus their direct and indirect
climate impacts, measurements of SO, need to be made with sufficient sensitivity and precision to provide observations at a
time resolution capable of constraining on our understanding of key processes. A comparison of precision and noise
distribution has been made for the three instruments from low SO, mixing ratios measured in clean marine environments,
outside of shipping lanes. Figure 11A shows an example time series comparison of clean SO, measurements from flight C286.
Two observations can be made from this time series comparison which are more evident in the corresponding histogram plot
in Fig. 11B: (1) SO; is above the LIF instrument’s LoD, unlike the PF analyser and I"'CIMS and (2) the distribution of the LIF
signal is much narrower than the PF analyser and I"CIMS signals, given their standard deviations of 0.044, 0.14 and 0.27 ppbv

respectively. For exploring statement (1), it is necessary to consider the 3 o LoDs of the three instruments during the flight at
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the same averaging time as the time series and each other (10 s). These are 0.07 and 0.4 ppbv for the LIF instrument and PF
analyser respectively at 10 s, and even higher for the I'CIMS. Comparing the mean mixing ratios measured by the LIF
instrument, PF_analyser and I"CIMS of 0.18, -0.094 and 0.050 ppby, it is evident that the LIF system is sensitive enough to

capture these low mixing ratios. This is not the case for the PF analyser and I"CIMS and therefore their observed distributions

are indistinguishable from a measurement of zero.
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Figure 11. Time series (A) and histogram (B) of 10 s averaged, time matched data during flight C286, comparing the LIF_instrument, PF
analyser and I"'CIMS SO2 measurements. The distributions are divided into 10 bins for each instrument and hence the bin widths are scaled
accordingly.

The 15-minute time period in Fig. 11A has been chosen as the ambient measurements are relatively stable and hence useful
for comparing instrumental noise in flight via the width of the distributions in Fig. 11B. We have assumed a well-mixed
atmosphere and that the LIF_signal distribution is determined predominantly by instrumental noise (evidenced by Fig. S8).
Therefore, as ambient variability is present but minimal, the LIF signal distribution is an upper limit assessment of its precision.
We conclude that the noise distribution for the LIF instrument is significantly narrower than the PF analyser and I"CIMS,
making it a powerful tool for capturing SO, mixing ratios in remote marine environments at a range of altitudes. Figure S9
shows an altitude plot of LIF SO, mixing ratios averaged across each 100 m bin width for all three ACRUISE-3 flights. This
data is compared to SO, mixing ratios measured by the LIF instrument during the seventh aircraft campaign of The North
Atlantic Climate System Integrated Study (ACSIS-7)(Archibald et al., 2025), which sampled clean remote marine air over the

North Atlantic during 5" — 9t May 2022. It is evident that the marine environment sampled during ACSIS-7 was cleaner at

the sea surface, likely reflecting the reduced influence of ship emissions compared to ACRUISE-3. SO, mixing ratios, however,

become increasingly comparable to those measured during ACRUISE-3 at higher altitudes and display a similar decreasing

trend with altitude up to 2000 m due to vertical mixing and diffusion from marine SO, sources. The ACSIS-7 profile exhibits

a notable mixing ratio inversion at 2000 m, coincident with the marine boundary layer height.
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While reported observations of SO, altitude profiles over the ocean are scarce, relevant comparisons can be drawn from

measurements in the Atlantic between 30N — 54N during the ATom campaigns (Bian et al., 2024). Considering differences in

sampling strategies, time of year and location etc., the ATom profiles are consistent with our observations, showing SO, mixing

ratios of a similar order of magnitude, albeit slightly lower, and a comparable decreasing trend with altitude (up to 3.8 km).

4 Conclusions

Three SO instruments were involved in an intercomparison experiment on board the U.K. FAAM research aircraft: LIF, PF
and I'CIMS. A range of SO, concentrations were measured, from < 70 ppt in clean marine environments up to 40 ppb in ship-
polluted environments (at 10 seconds averaging), west of the English Channel over international waters. In polluted

environments, SO, measurements made by the LIF_instrument and PF analyser agreed within the errors of the instruments.

However, the LIF and I'CIMS measurements were found to disagree by a constant factor. This work has also allowed a
comparison of SO2:CO; emission ratio calculation methods (integration versus regression), and the regression method has
proved to be in greater agreement to the integration method when using fast time response instrumentation. In clean
environments, the ambient mixing ratios are below the LoDs of the PF and I"CIMS instruments, and therefore the LIF system
is the only instrument in this study able to detect SO, mixing ratios between 70 and 400 ppt. From this intercomparison, we
conclude that for measurements of low SO, concentrations requiring high sensitivity and low noise, such as those in remote
marine environments, LIF is a powerful technique. While I"CIMS has demonstrated a response time approximately three times
faster than LIF, making it more suitable for aircraft measurements, its sensitivity to SO is limited and for the instrument used
in this study, has unresolved issues surrounding accurate quantification. Ongoing improvements to the LIF instrument have
akready-improved-the-instrument its LoD to 16.2 pptv at 10 s (3o) and are-inereasing-increased its flush rate towards flux-scale
response times (>5 Hz), therefore-alowing enabling both fast and accurate measurements of SO,. All three techniques are
valuable for improving our understanding of atmospheric SO, but application dependent. The LIF technique is becoming
more crucial both today and in the future, as more stringent emission reductions, such as the IM0O2020 regulation, lead to

cleaner SO, environments.

Code and data availability

The LIF and I'CIMS data in addition to the code to reproduce the figures in this paper can be found at https://github.com/wacl-
york/LIF-cals (link will be made available on publication). Aircraft measurements including the PF data are available on the
CEDA Archive in the individual flight folders from the ACRUISE
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(https://catalogue.ceda.ac.uk/uuid/d6eb4e907¢124482881d7d03c06903e4) and ACSIS
(https://catalogue.ceda.ac.uk/uuid/7e92f3a40afc494f9aaf92525ebb4779) projects.

Author contribution

The York LIF instrument was based on the work of AR and built by SY, LT, JV, SR, EG and PE, and supervised by PE.
Aircraft LIF measurements were taken by LT and JV, I'CIMS by EM and TB and PF by SB and SB. The ACRUISE aircraft
campaign was led by MY with planning from JL, HC and DP. LT performed the data analysis with help from SL and DP. The

paper was written by LT (with the I"CIMS section written by EM), with contributions from all co-authors.

Competing interests
The authors declare that they have no conflict of interest.

Acknowledgements

The authors would like to thank the UK Natural Environment Research Council (NERC) for supporting this work via capital
award NE/T008555 for the development of the York LIF-SO2 and supporting the fieldwork via the ACRUSIE project
(NE/S005390) and the NERC National Centre for Atmospheric Science (NCAS) for supporting some of the remote ocean
flights as part of the North Atlantic Climate System Integrated Study (ACSIS) program of work. LT would like to thank the
Panorama NERC Doctoral Training Partnership (NE/S007458). EM would like to thank Harald Stark for his advice on
resolving and calibrating the CIMS SO peak.

References

Aliabadi, A. A., Thomas, J. L., Herber, A. B., Staebler, R. M., Leaitch, W. R., Schulz, H., Law, K. S., Marelle, L., Burkart, J.,
Willis, M. D., Bozem, H., Hoor, P. M., Kéllner, F., Schneider, J., Levasseur, M. and Abbatt, J. P. D.: Ship emissions
measurement in the Arctic by plume intercepts of the Canadian Coast Guard icebreaker Amundsen from the Polar 6 aircraft
platform, Atmos. Chem. Phys., 16(12), 7899-7916, doi:10.5194/acp-16-7899-2016, 2016.

Archibald, A. T., Sinha, B., Russo, M. R., Matthews, E., Squires, F. A., Abraham, N. L., Bauguitte, S. J. B., Bannan, T. J.,
Bell, T. G., Berry, D., Carpenter, L. J., Coe, H., Coward, A., Edwards, P., Feltham, D., Heard, D., Hopkins, J., Keeble, J.,
Kent, E. C., King, B. A., Lawrence, I. R., Lee, J., Macintosh, C. R., Megann, A., Moat, B. |., Read, K., Reed, C., Roberts, M.
J., Schiemann, R., Schroeder, D., Smyth, T. J., Temple, L., Thamban, N., Whalley, L., Williams, S., Wu, H. and Yang, M.:
Data supporting the North Atlantic Climate System Integrated Study (ACSIS) programme, including atmospheric composition;
oceanographic and sea-ice observations (2016-2022); and output from ocean, atmosphere, land, and sea-ice models (1950-
2050), Earth Syst. Sci. Data, 17(1), 135-164, doi:10.5194/ESSD-17-135-2025, 2025.

22


https://catalogue.ceda.ac.uk/uuid/d6eb4e907c124482881d7d03c06903e4
https://catalogue.ceda.ac.uk/uuid/7e92f3a40afc494f9aaf92525ebb4779

520

525

530

535

540

545

550

Beecken, J., Mellgvist, J., Salo, K., Ekholm, J. and Jalkanen, J. P.: Airborne emission measurements of SO2, NOx and particles
from individual ships using a sniffer technique, Atmos. Meas. Tech., 7(7), 1957-1968, doi:10.5194/amt-7-1957-2014, 2014.
Berg, N., Mellgvist, J., Jalkanen, J. P. and Balzani, J.: Ship emissions of SO 2 and NO 2: DOAS measurements from airborne
platforms, Atmos. Meas. Tech., 5(5), 1085-1098, doi:10.5194/amt-5-1085-2012, 2012.

Bian, H., Chin, M., Colarco, P. R., Apel, E. C., Blake, D. R., Froyd, K., Hornbrook, R. S., Jimenez, J., Jost, P. C., Lawler, M.,
Liu, M., Lund, M. T., Matsui, H., Nault, B. A, Penner, J. E., Rollins, A. W., Schill, G., Skeie, R. B., Wang, H., Xu, L., Zhang,
K. and Zhu, J.: Observationally constrained analysis of sulfur cycle in the marine atmosphere with NASA ATom measurements
and AeroCom model simulations, Atmos. Chem. Phys., 24(3), 1717-1741, doi:10.5194/ACP-24-1717-2024, 2024.

Bilsback, K. R., Kerry, D., Croft, B., Ford, B., Jathar, S. H., Carter, E., Martin, R. V. and Pierce, J. R.: Beyond SOx reductions
from shipping: assessing the impact of NOx and carbonaceous-particle controls on human health and climate, Environ. Res.
Lett., 15(12), 124046, doi:10.1088/1748-9326/abc718, 2020.

Capaldo, K., Corbett, J. J., Kasibhatla, P., Fischbeck, P. and Pandis, S. N.: Effects of ship emissions on sulphur cycling and
radiative climate forcing over the ocean, Nature, 400(6746), 743746, d0i:10.1038/23438, 1999.

Cheng, Y., Wang, S., Zhu, J., Guo, Y., Zhang, R., Liu, Y., Zhang, Y., Yu, Q., Ma, W. and Zhou, B.: Surveillance of SO2 and
NO2 from ship emissions by MAX-DOAS measurements and the implications regarding fuel sulfur content compliance,
Atmos. Chem. Phys., 19(21), 1361113626, doi:10.5194/acp-19-13611-2019, 2019.

Department for Environment, F. and R. A. (Defra) webmaster@defra. gsi. gov. u.: Emissions of air pollutants in the UK —
Sulphur dioxide (SO2) - GOV.UK, [online] Available from: https://www.gov.uk/government/statistics/emissions-of-air-
pollutants/emissions-of-air-pollutants-in-the-uk-sulphur-dioxide-so2 (Accessed 19 February 2024), 2024.

Diamond, M. S.: Detection of large-scale cloud microphysical changes within a major shipping corridor after implementation
of the International Maritime Organization 2020 fuel sulfur regulations, Atmos. Chem. Phys., 23(14), 8259-8269,
doi:10.5194/acp-23-8259-2023, 2023.

Faloona, I.: Sulfur processing in the marine atmospheric boundary layer: A review and critical assessment of modeling
uncertainties, Atmos. Environ., 43(18), 2841-2854, doi:10.1016/j.atmosenv.2009.02.043, 2009.

Fiedler, V., Nau, R., Ludmann, S., Arnold, F., Schlager, H. and Stohl, A.: East Asian SO2 pollution plume over Europe
&ndash; Part 1: Airborne trace gas measurements and source identification by particle dispersion model simulations, Atmos.
Chem. Phys., 9(14), 4717-4728, d0i:10.5194/acp-9-4717-2009, 2009.

Firket, J.: Fog along the Meuse valley, Trans. Faraday Soc., 32(0), 1192-1196, doi:10.1039/TF9363201192, 1936.

Forster, P., Alterskjaer, K., Smith, C., Colman, R., Damon Matthews, H., Ramaswamy, V., Storelvmo, T., Armour, K., Collins,
W., Dufresne, J., Frame, D., Lunt, D., Mauritsen, T., Watanabe, M., Wild, M., Zhang, H., Pirani, A., Connors, S., Péan, C.,
Berger, S., Caud, N., Chen, Y., Goldfarb, L., Gomis, M., Huang, M., Leitzell, K., Lonnoy, E., Matthews, J., Maycock, T.,
Waterfield, T., Yelekei, O., Yu, R. and Zhou, B.: Climate Feedbacks, and ClimateSensitivity. In Climate Change 2021: The
Physical Science Basis. Contribution of Working Group | to the SixthAssessment Report of the Intergovernmental Panel on
Climate Change, , 923-1054, doi:10.1017/9781009157896.009, 2021.

23



555

560

565

570

575

580

585

Gettelman, A., Christensen, M. W., Diamond, M. S., Gryspeerdt, E., Manshausen, P., Stier, P., Watson-Parris, D., Yang, M.,
Yoshioka, M. and Yuan, T.: Has Reducing Ship Emissions Brought Forward Global Warming?, Geophys. Res. Lett., 51(15),
€2024GL109077, d0i:10.1029/2024GL 109077, 2024.

Gorham, E.: The influence and importance of daily weather conditions in the supply of chloride, sulphate and other ions to
fresh waters from atmospheric precipitation, Philos. Trans. R. Soc. Lond. B. Biol. Sci., 241(679), 147-178,
doi:10.1098/RSTB.1958.0001, 1958.

Jin, Q., Grandey, B. S., Rothenberg, D., Avramov, A. and Wang, C.: Impacts on cloud radiative effects induced by coexisting
aerosols converted from international shipping and maritime DMS emissions, Atmos. Chem. Phys., 18(22), 16793-16808,
d0i:10.5194/acp-18-16793-2018, 2018.

Jordan, G. and Henry, M.: IMO2020 Regulations Accelerate Global Warming by up to 3 Years in UKESM1, Earth’s Futur.,
12(8), e2024EF005011, doi:10.1029/2024EF005011, 2024.

Kattner, L., Mathieu-Uffing, B., Burrows, J. P., Richter, A., Schmolke, S., Seyler, A. and Wittrock, F.: Monitoring compliance
with sulfur content regulations of shipping fuel by in situ measurements of ship emissions, Atmos. Chem. Phys., 15(17),
10087-10092, doi:10.5194/acp-15-10087-2015, 2015.

Lack, D. A., Cappa, C. D., Langridge, J., Bahreini, R., Buffaloe, G., Brock, C., Cerully, K., Coffman, D., Hayden, K.,
Holloway, J., Lerner, B., Massoli, P., Li, S. M., McLaren, R., Middlebrook, A. M., Moore, R., Nenes, A., Nuaaman, I., Onasch,
T. B., Peischl, J., Perring, A., Quinn, P. K., Ryerson, T., Schwartz, J. P., Spackman, R., Wofsy, S. C., Worsnop, D., Xiang, B.
and Williams, E.: Impact of fuel quality regulation and speed reductions on shipping emissions: Implications for climate and
air quality, Environ. Sci. Technol., 45(20), 9052-9060, doi:10.1021/es2013424, 2011.

Lee, B. H., Lopez-Hilfiker, F. D., Schroder, J. C., Campuzano-Jost, P., Jimenez, J. L., McDuffie, E. E., Fibiger, D. L., Veres,
P. R., Brown, S. S., Campos, T. L., Weinheimer, A. J., Flocke, F. F., Norris, G., O’Mara, K., Green, J. R., Fiddler, M. N.,
Bililign, S., Shah, V., Jaeglé, L. and Thornton, J. A.: Airborne Observations of Reactive Inorganic Chlorine and Bromine
Species in the Exhaust of Coal-Fired Power Plants, J. Geophys. Res. Atmos., 123(19), 11,225-11,237,
d0i:10.1029/2018JD029284, 2018.

Lee, J. D., Pasternak, D., Wilde, S. E., Drysdale, W. S., Lacy, S. E., Moller, S. J., Shaw, M., Squires, F. A., Edwards, P.,
Temple, L. G., Coe, H., Wu, H., Batten, S. E., Bauguitte, S., Reed, C., Bell, T. G., Yang, M., Jalkanen, J.-P. and Buhigas, J.:
SO2 and NOx emissions from ships in North-East Atlantic waters: in situ measurements and comparison with an emission
model, Environ. Sci. Atmos., 5(12), 1282-1296, doi:10.1039/D5EA00089K, 2025.

Mabhajan, A. S., Tinel, L., Riffault, V., Guilbaud, S., D’Anna, B., Cuevas, C. and Saiz-Lopez, A.: MAX-DOAS observations
of ship emissions in the North Sea, Mar. Pollut. Bull., 206, 116761, doi:10.1016/j.marpolbul.2024.116761, 2024.

Manatt, S. L. and Lane, A. L.: A compilation of the absorption cross-sections of SO2 from 106 to 403 nm, J. Quant. Spectrosc.
Radiat. Transf., 50(3), 267-276, doi:10.1016/0022-4073(93)90077-U, 1993.

Matthews, E., Bannan, T. J., Khan, M. A. H., Shallcross, D. E., Stark, H., Browne, E. C., Archibald, A. T., Mehra, A,
Bauguitte, S. J. B., Reed, C., Thamban, N. M., Wu, H., Barker, P., Lee, J., Carpenter, L. J., Yang, M., Bell, T. G., Allen, G.,

24



590

595

600

605

610

615

620

Jayne, J. T., Percival, C. J., McFiggans, G., Gallagher, M. and Coe, H.: Airborne observations over the North Atlantic Ocean
reveal the importance of gas-phase urea in the atmosphere, Proc. Natl. Acad. Sci. U. S. A., 120(25), €2218127120,
d0i:10.1073/pnas.2218127120, 2023.

Merikanto, J., Spracklen, D. V., Mann, G. W., Pickering, S. J. and Carslaw, K. S.: Impact of nucleation on global CCN, Atmos.
Chem. Phys., 9(21), 8601-8616, doi:10.5194/acp-9-8601-2009, 2009.

Myhre, G., Shindell, D., Bréon, F.-M., Collins, W., Fuglestvedt, J., Huang, J., Koch, D., Lamarque, J.-F., Lee, D., Mendoza,
B., Nakajima, T., Robock, A., Stephens, G., Takemura, T. and Zhang, H.: Anthropogenic and Natural Radiative Forcing. In:
Climate Change 2013: The Physical Science Basis. Contribution of Working Group 1 to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change, edited by T. . Stocker, D. Qin, G.-K. Plattner, M. Tignor, S. K. Allen, J.
Boschung, A. Nauels, Y. Xia, V. Bex, and P. M. Midgley, Cambridge University Press, Cambridge, United Kingdom and New
York, NY, USA. [online] Available from: https://www.ipcc.ch/site/assets/uploads/2018/02/WG1AR5_Chapter08_FINAL.pdf
(Accessed 18 September 2024), 2013.

Penner, J. E., Andreae, M., Annegarn, H., Barrie, L., Feichter, J., Hegg, D., Jayaraman, A., Leaitch, R., Murphy, D., Nganga,
J. and Pitari, G.: Aerosols, their direct and indirect effects, in Climate Change 2001: The Scientific Basis. Contribution of
Working Group | to the Third Assessment Report of the Intergovernmental Panel on Climate Change, edited by B. Nyenzi and
J. Prospero, Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA. [online] Available from:
https://www.ipcc.ch/site/assets/uploads/2018/03/TAR-05.pdf (Accessed 18 September 2024), 2001.

Quaglia, I. and Visioni, D.: Modeling 2020 regulatory changes in international shipping emissions helps explain anomalous
2023 warming, Earth Syst. Dynam, 15, 1527-1541, doi:10.5194/esd-15-1527-2024, 2024.

Rickly, P. S., Xu, L., Crounse, J. D., Wennberg, P. O. and Rollins, A. W.: Improvements to a laser-induced fluorescence
instrument for measuring SO2 - Impact on accuracy and precision, Atmos. Meas. Tech., 14(3), 2429-2439, doi:10.5194/amt-
14-2429-2021, 2021.

Rickly, P. S., Guo, H., Campuzano-Jost, P., Jimenez, J. L., Wolfe, G. M., Bennett, R., Bourgeois, |., Crounse, J. D., Dibb, J.
E., Digangi, J. P., Diskin, G. S., Dollner, M., Gargulinski, E. M., Hall, S. R., Halliday, H. S., Hanisco, T. F., Hannun, R. A.,
Liao, J., Moore, R., Nault, B. A., Nowak, J. B., Peischl, J., Robinson, C. E., Ryerson, T., Sanchez, K. J., Schoberl, M., Soja,
A. ], St. Clair, J. M., Thornhill, K. L., Ullmann, K., Wennberg, P. O., Weinzierl, B., Wiggins, E. B., Winstead, E. L. and
Rollins, A. W.: Emission factors and evolution of SO2 measured from biomass burning in wildfires and agricultural fires,
Atmos. Chem. Phys., 22(23), 15603-15620, doi:10.5194/acp-22-15603-2022, 2022.

Rollins, A. W., Thornberry, T. D., Ciciora, S. J., McLaughlin, R. J., Watts, L. A., Hanisco, T. F., Baumann, E., Giorgetta, F.
R., Bui, T. V. and Fahey, D. W.: A laser-induced fluorescence instrument for aircraft measurements of sulfur dioxide in the
upper troposphere and lower stratosphere, Atmos. Meas. Tech., 9(9), 46014613, doi:10.5194/amt-9-4601-2016, 2016.
Rollins, A. W., Thornberry, T. D., Watts, L. A, Yu, P., Rosenlof, K. H., Mills, M., Baumann, E., Giorgetta, F. R., Bui, T. V.,
Hopfner, M., Walker, K. A., Boone, C., Bernath, P. F., Colarco, P. R., Newman, P. A., Fahey, D. W. and Gao, R. S.: The role

of sulfur dioxide in stratospheric aerosol formation evaluated by using in situ measurements in the tropical lower stratosphere,

25



625

630

635

640

645

650

Geophys. Res. Lett., 44(9), 4280-4286, doi:10.1002/2017GL072754, 2017.

Rufus, J., Stark, G., Smith, P. L., Pickering, J. C. and Thorne, A. P.: High-resolution photoabsorption cross section
measurements of SO2, 2: 220 to 325 nm at 295 K, J. Geophys. Res. Planets, 108(E2), 5011, doi:10.1029/2002JE001931, 2003.
Seyler, A., Wittrock, F., Kattner, L., Mathieu-Uffing, B., Peters, E., Richter, A., Schmolke, S. and Burrows, J. P.: Monitoring
shipping emissions in the German Bight using MAX-DOAS measurements, Atmos. Chem. Phys., 17(18), 10997-11023,
doi:10.5194/acp-17-10997-2017, 2017.

Skeie, R. B., Byrom, R., Hodnebrog, &., Jouan, C. and Myhre, G.: Multi-model effective radiative forcing of the 2020 sulfur
cap for shipping, Atmos. Chem. Phys, 24, 13361-13370, doi:10.5194/acp-24-13361-2024, 2024.

Smith, S. J., van Aardenne, J., Klimont, Z., Andres, R. J., Volke, A. and Delgado Arias, S.: Anthropogenic sulfur dioxide
emissions: 1850-2005, Atmos. Chem. Phys., 11(3), 1101-1116, doi:10.5194/acp-11-1101-2011, 2011.

Sofiev, M., Winebrake, J. J., Johansson, L., Carr, E. W., Prank, M., Soares, J., Vira, J., Kouznetsov, R., Jalkanen, J. P. and
Corbett, J. J.: Cleaner fuels for ships provide public health benefits with climate tradeoffs, Nat. Commun. 2018 91, 9(1), 1-
12, doi:10.1038/s41467-017-02774-9, 2018.

Speidel, M., Nau, R., Arnold, F., Schlager, H. and Stohl, A.: Sulfur dioxide measurements in the lower, middle and upper
troposphere: Deployment of an aircraft-based chemical ionization mass spectrometer with permanent in-flight calibration,
Atmos. Environ., 41(11), 2427-2437, doi:10.1016/j.atmosenv.2006.07.047, 2007.

Stark, G., Smith, P. L., Rufus, J., Thorne, A. P., Pickering, J. C. and Cox, G.: High-resolution photoabsorption cross-section
measurements of SO2 at 295 K between 198 and 220 nm, J. Geophys. Res. Planets, 104(E7), 16585-16590,
d0i:10.1029/1999JE001022, 1999.

Stark, H., Yatavelli, R. L. N., Thompson, S. L., Kimmel, J. R., Cubison, M. J., Chhabra, P. S., Canagaratna, M. R., Jayne, J.
T., Worsnop, D. R. and Jimenez, J. L.: Methods to extract molecular and bulk chemical information from series of complex
mass spectra with limited mass resolution, Int. J. Mass Spectrom., 389, 2638, doi:10.1016/j.ijms.2015.08.011, 2015.
Thornton, D. C., Bandy, A. R., Tu, F. H., Blomquist, B. W., Mitchell, G. M., Nadler, W., Lenschow, D. H., Thornton, D. C.,
Bandy, A. R., Tu, F. H., Blomquist, B. W., Mitchell, G. M., Nadler, W. and Lenschow, D. H.: Fast airborne sulfur dioxide
measurements by Atmospheric Pressure lonization Mass Spectrometry (APIMS), J. Geophys. Res. Atmos., 107(D22), 4632,
d0i:10.1029/2002JD002289, 2002.

Wilde, S. E., Padilla, L. E., Farren, N. J., Alvarez, R. A., Wilson, S., Lee, J. D., Wagner, R. L., Slater, G., Peters, D. and
Carslaw, D. C.: Mobile monitoring reveals congestion penalty for vehicle emissions in London, Atmos. Environ. X, 21,
100241, doi:10.1016/J.AEAOA.2024.100241, 2024.

Wu, C. and Zhen Yu, J.: Evaluation of linear regression techniques for atmospheric applications: The importance of appropriate
weighting, Atmos. Meas. Tech., 11(2), 1233-1250, doi:10.5194/amt-11-1233-2018, 2018.

Yang, M., Bell, T. G., Hopkins, F. E. and Smyth, T. J.: Attribution of atmospheric sulfur dioxide over the English Channel to
dimethyl sulfide and changing ship emissions, Atmos. Chem. Phys., 16(8), 4771-4783, doi:10.5194/acp-16-4771-2016, 2016.
Yoshioka, M., Grosvenor, D. P., Booth, B. B. B., Morice, C. P. and Carslaw, K. S.: Warming effects of reduced sulfur

26



655

660

665

emissions from shipping, Atmos. Chem. Phys, 24, 13681-13692, doi:10.5194/acp-24-13681-2024, 2024.

Yu, C., Pasternak, D., Lee, J., Yang, M., Bell, T., Bower, K., Wu, H., Liu, D., Reed, C., Bauguitte, S., Cliff, S., Trembath, J.,
Coe, H. and Allan, J. D.: Characterizing the Particle Composition and Cloud Condensation Nuclei from Shipping Emission in
Western Europe, Environ. Sci. Technol., 54(24), 15604—-15612, doi:10.1021/acs.est.0c04039, 2020.

Yuan, T., Song, H., Wood, R., Wang, C., Oreopoulos, L., Platnick, S. E., Von Hippel, S., Meyer, K., Light, S. and Wilcox, E.:
Global reduction in ship-tracks from sulfur regulations for shipping fuel, Sci. Adv., 8(29), 7988, doi:10.1126/sciadv.abn7988,
2022.

Yuan, T., Song, H., Oreopoulos, L., Wood, R., Bian, H., Breen, K., Chin, M., Yu, H., Barahona, D., Meyer, K. and Platnick,
S.: Abrupt reduction in shipping emission as an inadvertent geoengineering termination shock produces substantial radiative
warming, Commun. Earth Environ., 5(1), 281, doi:10.1038/s43247-024-01442-3, 2024.

Zanatta, M., Bozem, H., Kéllner, F., Schneider, J., Kunkel, D., Hoor, P., de Faria, J., Petzold, A., Bundke, U., Hayden, K.,
Staebler, R. M., Schulz, H. and Herber, A. B.: Airborne survey of trace gases and aerosols over the Southern Baltic Sea: from
clean marine boundary layer to shipping corridor effect, Tellus B Chem. Phys. Meteorol.,, 72(1), 1-24,
doi:10.1080/16000889.2019.1695349, 2020.

27



