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Abstract. International shipping is a major source of sulfur emissions. Combustion of marine fuels with high fuel sulfur content
(FSC) releases SO2, promoting sulfate aerosol particle formation. These particles cool the climate by enhancing cloud albedo
and reflecting solar radiation, but harm air quality and human health. In 2020, the IMO2020 regulation reduced the global
FSC limit from 3.5% to 0.5%, decreasing sulfate aerosol burdens and their cooling effect, uncovering previously masked
anthropogenic warming. Using a global aerosol-climate model, we quantify the loss of cooling and explore alternative emis-
sion scenarios that could preserve aerosol-induced cooling while improving air quality. Without IMO2020, model-simulated
shipping-induced aerosol effective radiative forcing is -112 mW m~2 globally. IMO2020 regulations reduce this cooling by
67 mW m~?2 and ship-induced PM, 5 concentrations decrease on average by 57% across the world’s most populous coastal
cities. Sensitivity simulations show that enforcing IMO2020 regulations in coastal regions yields the greatest air quality bene-
fits, whereas regulations over the open-ocean have little impact. However, coastal FSC reductions also account for the largest
loss of cooling, consistent with the combination of dense ship traffic and high cloud albedo susceptibility to changes in aerosol
concentrations. Retaining pre-IM0O2020 FSC in regions with at least 30% mean low-cloud cover could mitigate this loss of
cooling but at the cost of limited air quality improvements in some areas. Our findings highlight the trade-off between reduc-
ing shipping-induced air pollution and preserving aerosol-induced cooling. Future research should further assess this trade-off

considering additional alternative fuels.

1 Introduction

International shipping is the second-largest emitter of greenhouse gases (GHGs) within the transport sector, accounting for
9% (0.8 Gt CO3-eq) of total transport-related GHG emissions in 2019 (Jaramillo et al., 2022). Besides GHGs, in particular
COa, ships emit various short-lived climate forcers (SLCFs), like nitrogen oxides (NO,), CO, non-methane volatile organic
compounds (NMVOC), SO, and aerosol particles such as black and organic carbon (BC and OC) and sulfate (SOy4). These
aerosol particles and reactive chemical compounds significantly affect the Earth’s radiation budget and the environment, while
also deteriorating air quality, thus posing a risk to human health (Szopa et al., 2021; Pope and Dockery, 2006).

This study focuses on sulfur emissions and sulfate aerosol particles from international shipping. Until the recent introduction

of more stringent regulations, most ships used heavy fuel oil (HFO) as their main fuel, which is characterized by a very high
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FSC (about 2.6% by mass in 2018; Faber et al., 2021). As a consequence, global shipping contributed about 12% (12 Tg) to
global anthropogenic SO emissions in 2019 (Yi et al., 2025). The large majority of the sulfur contained in ship fuels is released
as gaseous SOs that is then oxidized in the atmosphere to sulfuric acid (H2SO,4) vapour, which in turn nucleates to form new
sulfate aerosol particles and/or condenses onto existing aerosol particles (Seinfeld and Pandis, 2016). These sulfate aerosol
particles can act as additional CCN enhancing the formation of cloud droplets. This in turn affects cloud microphysical and
optical properties as well as cloud lifetime (Twomey, 1977; Albrecht, 1989). As a result of the more numerous but smaller-sized
droplets — and under the assumption that the liquid water content of the cloud remains unchanged — cloud albedo increases
(i.e., clouds become brighter), which causes a negative effective radiative forcing (ERF) due to the increased reflection of solar
radiation (Twomey, 1977). The effect of aerosol-cloud interactions in shipping is well-known and evident, for instance, in
satellite images of ship tracks, known as ship tracks, formed behind ships (Schreier et al., 2007; Watson-Parris et al., 2022).
According to recent estimates, globally-averaged, shipping-induced ERF amounts to —146 mW m~2 including the effect of
both aerosol-radiation interactions and aerosol-cloud interactions for the year 2015 (Hendricks et al., 2026). Earlier studies
reported stronger cooling effects, with total aerosol ERF estimates ranging from about —600 to —390 mW m~2, depending on
the simulation year and model configuration. Specifically, Lauer et al. (2009), Eyring et al. (2010), and Partanen et al. (2013)
estimated total shipping-induced ERFs of —600 mW m~2 for 2012, —400 mW m~?2 for 2005, and —390 mW m~—2 for 2010,
respectively.

Aerosol particles from shipping also affect air quality and thus human health. Sofiev et al. (2018) estimated that approxi-
mately 400,000 premature cardiovascular disease and lung cancer deaths can be attributed to ship emissions in 2020 assuming
no regulations regarding the FSC. Specifically, particulate matter (PM) with diameter smaller 2.5 pm (PMs 5) is harmful to
human health (Pope and Dockery, 2006). Mortality rates are especially high in densely populated port areas and coastal regions
with high shipping activity, e.g. in Europe and Asia (Corbett et al., 2007).

In order to improve air quality by reducing sulfur and PM emissions from shipping, the IMO introduced global emission
control measures under Annex VI of MARPOL (The International Convention for the Prevention of Pollution from Ships).
In addition, even stricter limits have been imposed at the regional level within several Emission Control Areas (ECAs). Ships
entering ECAs must use low-sulfur fuel or operate wet scrubbers to remove sulfur compounds from the exhaust gases when
burning fuels with higher sulfur content (Buhaug et al., 2009). So far, ECAs have been established in the Baltic Sea, the North
Sea, along the western and eastern coasts of North America, and in the United States Caribbean sea area (Fig. S1). Recently,
the ECAs in the Canadian Arctic and the Norwegian Sea were enforced (International Maritime Organization, 2024), however
these are not included in our analysis. In the future, further areas covering e.g. the North-East Atlantic are expected to be
designated as ECAs (Faber et al., 2021). Fig. 1 shows the FSC limitation introduced by the IMO from 2008 to 2022. Until
2010, the FSC limit in ECAs (blue line) was 1.5%, which until the end of 2014 was then further decreased to 1%. From 2015
onwards, the maximum FSC in ECAs was limited to 0.1%. Outside ECAs, the maximum allowable FSC was 4.5% until 2012
was subsequently lowered to 3.5% until 2020 (Buhaug et al., 2009), although the global average FSC of the fleet was already
below this limit (2.6%). In January 2020, a new regulation known as IMO2020 was implemented, which drastically reduced
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IMO regulations: Outside ECAs vs. within ECAs
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Figure 1. Historical development of FSC limits imposed by the IMO for ships operating outside and within ECAs.

the FSC of ships operating outside ECAs from 3.5% to 0.5%, in order to further reduce environmental damage and risks to
human health caused by ship emissions (Faber et al., 2021).

The IMO fuel-sulfur regulations were primarily introduced to protect the environment, i.e. to improve air quality. However,
they also reduced the cooling effect of sulfate aerosols from ship emissions. This loss of aerosol cooling refers to the weakening
of the net negative ERF from ship emissions, which had previously masked part of the global warming. Several recent studies
have quantified the loss of aerosol cooling caused by the IMO2020 regulations. These studies can be grouped into three
categories according to their methodological approach: single-model studies (Partanen et al., 2013; Sofiev et al., 2018; Bilsback
et al., 2020; Yuan et al., 2022; Hausfather and Forster, 2023; Gettelman et al., 2024; Yoshioka et al., 2024) reported a loss
of cooling ranging from 27 to 330 mW m~2. The multi-model study by Skeie et al. (2024) estimated a loss of cooling of
73 mW m~2, whereas observational studies (Diamond, 2023; Hansen et al., 2025) found values between 100 and 500 mW m—?2
(see Fig. 4). These different estimates highlight that the effect of the IMO fuel-sulfur regulations on the aerosol cooling from
ship emissions remains a topic of ongoing scientific debate. As maritime trade is expected to expand further in the future
(UNCTAD, 2024), it is crucial to fully understand the consequences of marine emission regulations on climate and air quality.
Additionally, assessing the loss of aerosol cooling due to the IMO regulations is critical for better understanding the viability
and risks of geoengineering strategies like marine cloud brightening, which aims to reduce anthropogenic global warming
by brightening marine stratocumulus clouds through atmospheric injection of aerosols (Yuan et al., 2024). Warm low-level
clouds, especially marine stratocumulus, are particularly relevant in our study: they cover large areas of the subtropical oceans
and account for a substantial fraction of the global cooling effect of the short-wave cloud forcing (Chen et al., 2000).

In this work, we investigate the loss of aerosol cooling from international shipping due to IMO2020 regulations and also

analyze the change in PM concentrations using a state-of-the-art global aerosol-chemistry-climate model (Righi et al., 2023).
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While numerous studies have assessed the loss of aerosol cooling associated with IM0O2020, only a few have considered
the climate and air-quality impacts of sulfur reductions simultaneously. For instance, Partanen et al. (2013) investigated both
aspects in different fuel-sulfur scenarios, including reduced sulfur emissions near continents combined with higher sulfur
emissions over the open ocean, as well as a scenario approximately representing the IMO-2020 regulations. Sofiev et al. (2018)
similarly assessed both the air-quality and climate impacts of the IMO-2020 sulfur regulations by comparing projected 2020
ship emissions with and without implementation of the 0.5% FSC limit and evaluating changes in PM2.5-related premature
mortality and aerosol ERF. We extend the approach of Partanen et al. (2013) by considering the role of low-level cloud cover. In
addition to the analysis of IMO2020 and a scenario in which a higher FSC is retained in the open ocean while IMO-compliant
low FSC is applied in coastal regions, we look at three scenarios in which higher FSC is only permitted in regions exceeding
different thresholds of climatological low-level cloud-cover fraction. For each scenario we quantify the loss of cooling and
the ship-induced impact on the large-scale PMs 5 concentration in coastal areas and discuss the trade-off between the two
in terms of climate effects and air quality impacts. The goal is to assess whether it is possible to improve air quality while

simultaneously preserving the cooling effect induced by shipping aerosols.

2 Emissions setup and model simulations

The model simulations in this study are performed with the EMAC model (ECHAM/MESSy Atmospheric Chemistry) using
the model configuration by Righi et al. (2023), which has been applied in several studies for assessing the impact of transport
emissions on aerosols and climate. EMAC is a chemistry-climate model combining several submodels to simulate tropospheric
and middle-atmospheric processes, including interactions with oceans, land, and anthropogenic influences (Jockel et al., 2016).
Built on the Modular Earth Submodel System v2 (MESSy; Jockel et al., 2010), it uses ECHAMS as its core atmospheric
general circulation model (Roeckner et al., 2006). Aerosol microphysics is simulated by the submodel MADE3 (Modal Aerosol
Dynamics for Europe adapted for global applications, third version; Kaiser et al., 2014) with nine log-normally distributed
aerosol species representing three size classes and mixing states. Its performance has been evaluated with data from global
observational networks, aircraft-based field campaigns, and satellites (Kaiser et al., 2019). Cloud processes are handled by
the submodel CLOUD, accounting for aerosol effects on warm, mixed-phase, and cirrus clouds using a two-moment cloud
microphysics scheme (Kuebbeler et al., 2014). Aerosol-radiation and cloud-radiation interactions are explicitly represented via
the RAD and CLOUDOPT submodels (Dietmiiller et al., 2016). To isolate the aerosol effects, radiatively active gases (COq,
CH4, N3O, O3, and chlorofluorocarbons) are prescribed using globally averaged values and an ozone climatology. The model
resolution is T421.41 (~ 2.8° x 2.8°, ~300 km at the Equator) with 41 vertical levels extending from the surface to 5 hPa. The
simulations cover the time period 2010-2020 (11 years), with the first year excluded as spin-up. Meteorology is nudged using
ERAS reanalysis data (Hersbach et al., 2020). Further details on the model configuration can be found in Righi et al. (2023).
Compared to Righi et al. (2023), a different emission setup is used here to better account for the effects of the shipping emis-
sion regulations. Instead of using the CMIP6 emission inventory (Gidden et al., 2019), emission data for this work are taken

from the Copernicus Atmosphere Monitoring Service (CAMS) global emission inventory for anthropogenic emissions (Soulie
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Table 1. Overview of the simulations performed in this study and the corresponding annual emissions of the most relevant species. An
additional baseline simulation (BASE) without shipping emissions is used to quantify the shipping effects with the perturbation method. For
the definition of ocean/coastal regions and the cloud masks see Figs. S2 and S3 in the supplement. Emissions are in units of Tg(species),

Tg(NO) for NO,,, and 102® for particle number (Nac,). Particulate organic matter (POM) emissions are calculated as 1.4 times OC emissions.

Simulation Ship emissions CO2 NOx SOz SO4 BC POM  Naer
IMO-2020 CAMS 2020 824 10.5 2.0 0.13  0.012 0.24 9.4

PRE-IMO CAMS 2010 scaled to 2020 activity 824 12.1 100 055  0.029 0.44 24.0
PRE-IMO-OCEAN CAMS 2010 scaled to 2020 activity (open ocean only) 824 10.6 34 020  0.015 0.27 11.7

PRE-IMO-CLOUD30  CAMS 2010 scaled to 2020 activity (where clouds > 30%) 824 10.8 4.2 024 0.017 0.30 13.3
PRE-IMO-CLOUD40  CAMS 2010 scaled to 2020 activity (where clouds > 40%) 824 10.6 29 0.17  0.014 0.26 10.9
PRE-IMO-CLOUD50  CAMS 2010 scaled to 2020 activity (where clouds > 50%) 824 10.5 2.3 0.14  0.013 0.25 9.8

BASE No ship emissions - - - - - — —

et al., 2024), integrated with the Global Fire Assimilation System (GFAS) 1.2 dataset for biomass burning emissions (Coper-
nicus Atmosphere Monitoring Service, 2022). The dataset used for the ship emissions is the CAMS-GLOB-SHIP version 3.2
with a spatial resolution of 0.1° x 0.1° and a monthly temporal resolution. CAMS-GLOB-SHIP is generated by the Ship Traf-
fic Emission Assessment Model (STEAM v4.1; Johansson et al., 2017) and provides spatially-resolved fuel consumption and
emissions of CO2, CO, NO,, NMVOCs, BC, OC, SOy and SO,. For the purpose of this work, it is assumed that SOy is
emitted in form of SOs. The CAMS shipping emissions for the years 2014-2021 are based on observed vessel activity from
the terrestrial and satellite-based Automated Identification System (AIS), while for the years 2000-2013, the data are derived
by backcasting the 2016 vessel activity assuming certain changes in the energy efficiency of the vessels, number of vessels and
smaller average ship sizes in the past. Thanks to the detailed information on the global shipping activity and fuel consumption,
this inventory can account for the impact of socioeconomic disruptions, such as the COVID-19 pandemic or the introduction
of emission regulations, including the IMO regulations, and is therefore particularly suitable for this study.

Several simulations are performed to quantify the impact of shipping on climate and air quality after the introduction of
the IMO2020 regulations and in several emissions scenarios representing pre-IMO2020 conditions (Table 1). The goal is to
isolate the impact of the IMO2020 regulations and to explore possibilities how these could be adjusted to potentially minimize
the trade-off between air quality improvements and inadvertent climate warming following the reduction of shipping-induced
cooling. The reference simulation is IMO-2020 and represents shipping emissions under full compliance with the IM02020
regulations, which limit the FSC to 0.5% globally and to 0.1% within ECAs. It reflects real-world conditions in 2020 and is
used to assess the actual impact of regulated shipping emissions on climate and air quality. In this simulation, the annual global
ship emissions of SO2 amount to 2.0 Tg, with additional 0.13 Tg emitted in form of primary SOy.

For comparison, the impact of shipping prior to the IMO2020 regulations is assessed in the PRE-IMO simulation: it rep-
resents a hypothetical case in which no sulfur regulations were implemented. It uses 2010 emissions for all shipping-related

species with a FSC limit of 4.5% globally and 1% within ECAs, scaled to 2020 shipping activity. This scaling is realized using
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CO; emissions as a proxy for activity as the COy emission factor can be assumed constant (about 3.2 kgco, kg;uil). The
emissions of each species X are then calculated as:

COgOZO

X2020 = X2010

with the scaling factor CO3°2°/C03%!% = 1.02. This results in much higher annual global shipping emissions of SO, and SO,
compared to IMO-2020: 10.0 Tg and 0.55 Tg, respectively, with large increases also for the other species, while CO- emissions
remain constant at 824 Tg.

In the PRE-IMO-OCEAN simulation a similar scaling is applied to open-ocean regions only, while the IMO2020 values
are retained in coastal areas. The latter are defined based on the Exclusive Economic Zones, roughly covering coastal waters
within 200 nautical miles (~ 370 km) from the coastlines (Flanders Marine Institute, 2023, see Fig. S2). Analogous to Eq. (3),

the emissions of each species X in simulation PRE-IMO-OCEAN are calculated as:

2020
X2020 = nglg(open ocean) Wgolo + XQOQO (coastal). (2)
2

This simulation is designed to quantify the impact of a partial enforcement of the IMO2020 regulations, with the 0.5% FSC
limit applied only in the coastal regions, where impacts on air quality are more relevant, while the 4.5% FSC limit remains on
the open ocean, in an attempt to reduce the loss of cooling due to reduced sulfur emissions. The global emissions of SO5 and
SOy in this simulation are higher than those in the IMO-2020 case (3.4 Tg and 0.20 Tg, respectively) but lower than those in
the PRE-IMO case.

In the PRE-IMO-CLOUD30, PRE-IMO-CLOUD40 and PRE-IMO-CLOUDS50 simulations regions where high FSC emis-
sions are released are determined by the climatological average fraction of low-level clouds, since sulfur emissions have a
larger climate effect and a stronger cooling impact in regions where the fraction of these clouds is high. The aim is to maintain
a strong cooling effect while minimizing impacts on air quality, by specifically targeting climate sensitive regions. For that pur-
pose, we use a climatology of the cloud fraction from ESA Cloud_cci Advanced Very High Resolution Radiometer (AVHRR)
for the years 1996-2016 (Stengel et al., 2020) and apply scaled 2010 shipping emissions in the grid-boxes with a climatological

low-level cloud fraction C larger than a given threshold C, while 2020 emissions are applied outside these areas:

N 002020 R
X2020 = X2010 (C > C) Wgolo + X2020(C < C) (3)
2

We perform simulations for three different thresholds of 30% (PRE-IMO-CLOUD30), 40% (PRE-IMO-CLOUD40) and 50%
(PRE-IMO-CLOUDS0), respectively. The resulting cloud cover masks are shown in Fig. S3. The global annual emissions in
these simulations vary from 2.3 to 4.2 Tg of SO2 and from 0.14 to 0.24 Tg of SO4. Those values are quite close to those for the
PRE-IMO-OCEAN simulation, but exhibit a different geographical distribution. At this point, we want to emphasize that our
scaling approach assumes that, apart from changes in transport activity, fuel use and ship technology in the selected regions did
not change between 2010 and 2020. The scenarios therefore approximate a situation in which 2020 shipping activity occurs
with a 2010-like fleet and fuel state. This assumption is plausible given the long turnover times of the shipping fleet. However,

differences in emission factors for non-sulfur species between the 2010 and 2020 inventories remain a source of uncertainty.
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As in Righi et al. (2023), the shipping-induced effects on climate and air quality are quantified using the perturbation method.
This involves comparing each of the above simulations with a baseline simulation (BASE in Table 1) in which emissions from
the shipping sector are set to zero. The effect of the shipping sector in each of the simulations is then calculated as the
difference between the sensitivity simulation (SIM) and the BASE simulation. The resulting absolute change A in a specific
quantity (e.g., a climate or air quality indicator) due to ship emissions is defined as the difference A = SIM — BASE. The
statistical significance of the signal is evaluated using a paired-sample t-test at the 95% confidence level. The ERF is used as
a metric to quantify the climate impact and is calculated as the difference in the top-of-the-atmosphere (TOA) radiative fluxes

between the two simulations:

AERF = F, ™ — Fiaan”. @)
To quantify the fraction of ERF due to aerosol-cloud interactions, the cloud radiative forcing (CRF) is calculated:

ACRF = (F5i,™ — Bk ) — (FSir ™ - Faise ™). )

where Flear—sky iq the (diagnostic) TOA radiative flux calculated by the EMAC radiation scheme with no cloud radiative
effects. Note, however, that the clear-sky component cannot be attributed to aerosol-radiation interactions only, as it may also
include contributions from other forcings, such as changes in water vapor and the semi-direct effect.

To assess the impact on air quality, we use the ship-induced PMs 5 concentration at the surface, i.e. the mass concentration
in particles with diameter below 2.5 um at the lowermost model layer as a metric. PMs 5 is calculated from the EMAC model
output by adding the mass concentration of each aerosol species ¢ (excluding aerosol water) below a diameter of 2.5 um. For
the lognormal size distributions used by MADES3, this can be expressed as:

1 1 11’1(25/DV7)
— —_erf | ——L— 77
3 T3 < V2Ino, )1 ’ ©)

where m; ; is the mass of the aerosol species ¢ in mode j, o; the geometric standard deviation of mode j and Dy ; =

PM2'5 = Zmi,j

.3

exp [1n(Dj) +3In? crj] the volume median diameter of the mode j given its median diameter D; in ym.

For the analysis of air quality in coastal regions, we consider the ten most populous coastal cities on each continent with
populations larger than one million people (see Fig. S4 in the supplement). These cities provide the basis for assessing PM 5
changes under the different ship emission scenarios. We analyze both, absolute and relative PMs 5 concentrations, aggregated
at the global and continental scales. Relative PMy 5 values represent the contribution of shipping-related PMj 5 to the total
PMy 5.

3 Results
3.1 Climate effects

Figure 2a shows the ship-induced global-mean ERF and CRF for the emission scenarios investigated in this study. The

PRE-IMO simulation, representing ship emissions before the implementation of the IMO2020 sulfur regulations, exhibits
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the strongest aerosol cooling with an ERF of —1124-16 mW m~2. This is lower than the value of —145 437 mW m~? quanti-
fied by Righi et al. (2023) using the same model but with a different emission inventory (CMIP6 for 2015 instead of CAMS for
2020, see Sect. 2). Interestingly, the CRF accounts for 55% of the total effect in this study, while in Righi et al. this fraction was
much higher, around 80%. This could be attributed to the much higher BC emissions in CMIP6 (0.17 Tg vs. 0.03 Tg) leading
to a stronger warming from aerosol-radiation interactions and, consequently, a less-negative clear-sky ERF. This, in turn results
in a larger contribution from CRF dominating the total ERF. The different geographical distributions of the emissions in the
two inventories could also play a role, as the CRF depends on the aerosol-cloud interactions between ship-induced particles
and low-level clouds.

Following the enforcement of the IMO2020 regulations, which reduced the FSC from 3.5% to 0.5%, the shipping-induced
cooling decreases to —454 18 mW m~?2 in the IMO-2020 simulation. This corresponds to a reduction by a factor of 2.5
compared with PRE-IMO conditions and a loss of cooling of 67414 mW m~2 (Fig. 2b). This loss of cooling can be explained
by the 80% lower sulfur emissions from ships in IMO-2020, which decrease the number of available CCN. This leads to lower
cloud droplet number concentrations and reduced cloud brightness, i.e. a reversal of the marine cloud brightening (MCB)
effect. The reduction, however, is not only in the CREF, indicating that clear-sky effects and changes in the emissions of other
species, such as BC, also contribute substantially to the overall response.

The PRE-IMO-OCEAN scenario, in which the IMO2020 regulations are applied only in coastal regions while ships in the
open ocean continue to operate on fuels with a PRE-IMO FSC, results in an ERF of —65-+19 mW m~2. Maintaining high sulfur
emissions over open ocean regions, where low-cloud cover is often high, partially helps to preserve the cooling: compared to
the IMO-2020 scenario, the loss of cooling in this experiment is significantly smaller. This motivated further scenarios that
specifically target regions of high low-level cloud cover.

Applying PRE-IMO FSC only in regions with a climatological low-level cloud fraction exceeding 40% or 50% does not
help to preserve the cooling: both the PRE-IMO-CLOUD40 and PRE-IMO-CLOUDS0 simulations result in an ERF which is
not significantly different from the IMO-2020 scenario (—45+27 mW m~2 and —52+ 17 mW m~2, respectively) and the loss
of cooling shows a similar magnitude. Lowering the threshold to 30%, however, preserves a significant fraction of the cooling
effect, resulting in an ERF of —87 46 mW m~2. This represents the lowest loss of cooling among all regulation scenarios
explored here (25 + 17 mW m~2). This demonstrates that a scenario specifically targeting the cloudy regions can be effective

at reducing the loss of cooling resulting from the IMO2020 regulations.
3.2 Air quality impacts

Air quality impacts are presented in terms of ship-induced changes in the mean near-surface PM; 5 concentrations in Fig. 3a. As
expected, the PRE-IMO scenario produces the highest ship-induced PM; 5 concentrations among all scenarios. In this scenario,
ship emissions are responsible for an increase in the absolute mean PM, 5 concentrations of about 1.5 g m~2 in the 60 most
populous coastal cities on the globe, reflecting the strong contribution of sulfur emissions from ships to particulate matter
formation in coastal regions. Surface PMy 5 mass concentrations are particularly high in the European (2.4 ugm~3), Asian

(2.8 ugm~3) and African (1.9 ug m—3) coastal cities. These values are especially notable for Europe, since they represent 2010
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(a) - Ship-induced ERF and CRF (b) - Loss of cooling due to IMO2020 regulations
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Figure 2. Ship-induced climate effects for the simulations performed in this study: a) effective radiative forcing (ERF) and cloud radiative
forcing (CRF). b) Loss of cooling due to the IMO2020 regulations, calculated as the difference between the ERF (CRF) in each simulation
and the ERF (CRF) in the PRE-IMO simulation. The numbers next to each bar represent the corresponding values in mW m™2. The errorbars

represent the 95% confidence intervals.

conditions of FSC, when ECAs were already enforced in the North Sea and in the Baltic Sea, with a maximum allowable FSC of
1% (see Fig. 1). Without these early measures, the ship-induced PM3 5 concentrations would have been even higher. Regarding
the global relative impact, shipping-induced PM2.5 mass concentrations represent 6.4% of total PMs 5 concentrations under
PRE-IMO conditions with particularly high relative values in Europe (9.8%) and Africa (7.9%), followed by Asia (6.3%),
North America (5.1%), South America (2.8%) and Oceania (1.5%).

Ship-induced PMs 5 concentrations are substantially reduced in the IMO-2020 scenario, with a global average decrease of
53% with respect to PRE-IMO conditions. This highlights the effectiveness of the sulfur regulations in mitigating air pollution
from the shipping sector. A similar reduction is found for the PRE-IMO-OCEAN scenario, in which the IMO2020 regulations
are applied only in coastal regions. This indicates that reducing sulfur emissions near densely populated coastal areas can
be particularly effective in improving air quality. However, the magnitude of the reduction varies between continents. For
instance, Asian coastal cities experience the largest decrease in PMs 5 concentrations, from approximately 2.8 to 1.1 ugm~3
(a reduction of 61%), and North American coastal cities from 0.8 to 0.2 ugm~3 (75% reduction). In contrast, Europe shows
a smaller reduction, from 2.4 to 1.3 ugm™3 (46% reduction). The smaller response in Europe might be due to the early
implementation of ECAs before 2010, which explains why the further improvements in air quality were smaller in Europe

than in Asia and North America, where PRE-IMO PM, 5 concentrations are higher. The same conclusions hold for the relative
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Figure 3. Absolute (a) and relative (b) ship-induced change in near-surface PM2 5 concentration at the global level and in the 10 most
populous coastal cities of each continent (see Fig. S6) for the six simulations performed in this study. The values are derived from multi-
annual averages of the large-scale mean concentrations in the respective model grid-boxes. The errorbars indicate the 95% confidence

interval.

impact of shipping to PMs 5 concentrations. Under IMO-2020, the relative impact is reduced to 2.9% globally. A comparable
reduction is found under the PRE-IMO-OCEAN scenario, where the impact would be 3.1%.
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Ship-induced PM; 5 concentrations in both the PRE-IMO-CLOUDS0 and PRE-IMO-CLOUD40 scenarios are similar to
those under IMO-2020 conditions. Thus, restricting the FSC in marine fuels in regions with extensive low-level clouds can
largely preserve the air-quality benefits of the IMO2020 regulations. In contrast, the more extreme PRE-IMO-CLOUD30
scenario results in higher PMs 5 concentrations than all other regulated scenarios, while still remaining significantly lower than
for PRE-IMO conditions. Due to the geographical distribution of the low-level cloud cover (see Fig. S3), the ship-induced

PM, 5 concentrations increase in particular in Europe and North America, with respect to the IMO-2020 scenario.

4 Discussion
4.1 Comparison with previous studies

Figure 4 compares the loss of aerosol cooling in this study with values reported in previous studies that also investigated the
impact of the IMO2020 regulations on the ship-induced ERF. The estimates for the loss of cooling span a wide range from
approximately 27 to 500 mW m 2, reflecting methodological differences between the studies. The estimate of the present study
lies near the lower end of this range with a value of 67 mW m~2. All model-based studies apply a perturbation approach, in
which sulfur emissions from international shipping are reduced by approximately 80%, which represents the enforcement of
the IMO2020 regulations. However, the resulting loss of cooling effects differ because of variations in emission inventories,
model configurations, simulation lengths and representation of aerosol microphysics and cloud processes. While the majority
of the studies, including this work, rely on simulations from a single model, other approaches include multi-model ensembles
(Skeie et al., 2024), statistical methods (Diamond, 2023) and observational methods (Hansen et al., 2025).

Our results are most closely comparable with those by Sofiev et al. (2018) and Skeie et al. (2024). Sofiev et al. (2018) used the
SILAM chemical transport model and AIS-based shipping emission inventories, projecting 2015 emissions to 2020, and found
a loss of aerosol cooling of 71 mW m~2 in a scenario representing the enforcement of IMO-2020. Skeie et al. (2024) analyzed
output from four global climate models (CESM2, ModelE MATRIX, ModelE OMA, NorESM?2) and a chemistry transport
model (OsloCTM3) and estimated the global loss of aerosol cooling relative to 2019 shipping emissions. For each model, two
ensemble members were run with simulation lengths ranging from 50 to 200 years in order to improve the signal-to-noise
ratio. The model-specific mean loss of coolings range from 60 to 90 mW m~2, with a multi-model mean of 73 mW m~2. This
is close to our estimate. Skeie et al. (2024) also assumed a sulfur reduction of 8.7 Tg but used the CEDS emission inventory
(Hoesly et al., 2018). Among the four models, CESM2 estimated the largest loss of aerosol-induced cooling, with a mean of
90 mW m~?2 across the two ensemble simulations.

Hausfather and Forster (2023) estimated that the global sulfur emission reduction of 8.5 Tg caused a loss of cooling of
79 mW m~2, which is also close to our result. In contrast, Gettelman et al. (2024), using CESM2, reported a higher global loss
of aerosol cooling of 120430 mW m~2. They used a shorter 12-year simulation period compared to Skeie et al. (2024), which
may lead to a shorter sampling time of internal variability and may therefore affect the estimated forcing (both overestimation
or underestimation is possible). Yoshioka et al. (2024) also reported a higher global mean loss of cooling of 130420 mW m~2

using UKESM with a simulation period of 9 years. Yuan et al. (2022) estimated a substantially larger loss of aerosol cooling
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Figure 4. Overview of the literature results on the loss of aerosol cooling attributable to the IMO2020 regulations, compared with the results

of this study. The numbers next to each bar represent the corresponding values in mW m ™2,

of 200 mW m~2 by combining satellite observations from MODIS and CERES with the NASA GEOS-GOCART chemical
transport model. Their estimate, however, is averaged over the global ocean rather than over the entire Earth: since open-
ocean regions often include areas of high cloud susceptibility to aerosol perturbations, this approach yields a larger ERF losses
than global-mean calculations. However, their shipping-induced change in cloud droplet number is small compared to natural
background variability, which may contribute to the large uncertainty of £110 mW m~2,

An even larger estimate was reported by Partanen et al. (2013), who found a loss of aerosol cooling of 330 mW m~2. Their
study used a larger reduction in SO, emissions (11.1 Tg) and used baseline data from the ACCMIP inventory, implemented
within the ECHAM-HAMMOZ climate model. A limit of 0.1% FSC within 200 nautical miles of coastlines and 0.5% FSC
elsewhere was applied in their scenario. This differs from the actual IMO2020 regulations, which consider a 0.1% limit only
in the ECAs and a 0.5% limit outside ECAs, and may enhance the estimated loss of cooling because coastal areas are exposed
to dense ship traffic. Moreover, Partanen et al. (2013) assumed a median diameter of 44 nm for emitted sulfate particles. In

contrast, the MADE3 aerosol scheme used in this work assumes that 10% of the shipping mass emissions is released into the
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Aitken mode with a median diameter of 70 nm, while 90% into the accumulation mode with a median diameter of 260 nm
(Kaiser et al., 2019). This represents a more aged particle population and implicitly accounts for unresolved microphysical
processes in ship plumes (Petzold et al., 2008; Righi et al., 2013). Smaller exhaust particles imply higher particle number emis-

295 sions for the same emitted mass and may therefore enhance the CCN perturbation and the simulated aerosol-cloud response.
This may partly explain our comparatively small ERF estimate. Bilsback et al. (2020) reported one of the smallest estimates,
with a loss of aerosol cooling of 27 mW m~?2 using GEOS-Chem-TOMAS. They applied an 85% reduction in SO, emissions,
from 8.98 to 1.35 Tg, corresponding to a reduction of 7.63 Tg. This emission reduction is slightly smaller than that considered
by Skeie et al. (2024) and in our study, which may contribute to their smaller estimate of the loss of the cooling.

300 Diamond (2023) applied a statistical method to assess changes in cloud properties in the southeastern Atlantic shipping
corridor. Their study found a local loss of cooling from aerosol-cloud interactions of the order of 1000 mW m~2, corresponding
to a global-mean estimate of about 100 mW m~2. Hansen et al. (2025), based on observed changes in absorbed solar radiation,
suggested that the reduction in ship-induced aerosol particles after the IMO2020 regulations could have caused a loss of
aerosol cooling of about 500 mW m~2. This value is substantially larger than most model-based estimates and should therefore

305 Dbe interpreted in the context of the observational methods and assumptions used in that study.

Overall, the wide spread of published estimates shows that the loss of aerosol cooling from the IMO2020 regulations is highly
sensitive to methodological choices. Notably, the upper end of the estimated loss of aerosol coolings (up to 500 mW m~2) is
comparable to, and in some cases exceeds, earlier estimates of the total shipping-induced aerosol cooling (—146 to —600 mW m~2).
This comparison highlights that the magnitude of the estimated loss needs to be considered relative to the corresponding base-

310 line shipping-induced aerosol ERF, which itself varies substantially among studies. Differences in emission inventories, i.e.
emission totals and spatial distribution, model resolution, assumptions on the size distribution of the ship-emitted particles and
resulting particle number emissions can all influence the changes in CCN and the resulting ERF. As shown by Lauer et al.
(2007), both the magnitude of emissions and their location relative to clouds are very important to the ERF response. Despite
the large quantitative spread, all studies consistently indicate that the IMO2020 regulation on FSC reduced the net negative

315 EREF of shipping emissions, thereby weakening the aerosol-induced cooling effect from international shipping.
4.2 Emission regulation scenarios

A key result of our work is that a substantial loss of aerosol cooling already appears when the IM0O2020 regulations are
only applied to coastal regions, while ships operating in the open ocean continue to use PRE-IMO high sulfur fuels (PRE-
IMO-OCEAN scenario). This scenario leads to a global mean loss of aerosol cooling of 48 =17 mW m~2. The dominant
320 contribution of coastal sulfur reductions can be explained by two factors. First, coastal regions include the bulk of ship traffic,
i.e. 82% of global shipping activity and associated CO, emissions, as well as 86% of global SO, emissions, due to the high
traffic density near coasts (see Table 1). In contrast, only 18% of shipping activity occurs in open ocean regions. Second,
low-level cloud regimes, such as marine stratocumulus clouds, occur frequently in both coastal and open ocean regions and are
highly susceptible to aerosol perturbations. In the model, applying sulfur limits only in coastal regions weakens the CRF by

325 about 18 mW m~2, corresponding to approximately 40%. However, the CRF estimates carry substantial uncertainties, making
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a precise attribution of the response difficult. Overall, coastal sulfur reductions alone account for approximately a loss of 42%
of the PRE-IMO ERF. Therefore, the largest loss of aerosol-induced cooling is found when FSC limits are enforced globally,
affecting both coastal and open ocean regions.

The three scenarios focusing on low-level clouds further demonstrate that the assumed cloud-cover fraction thresholds
strongly influence the resulting loss of aerosol cooling. The largest loss of aerosol-induced cooling is found for the PRE-IMO-
CLOUD40 and PRE-IMO-CLOUDS0 scenarios. The reason is that these thresholds of 40% and 50% for the average low-level
cloud amount restrict the use of high-sulfur fuels to a comparatively small fraction of the ocean (Fig. S3). As a result, large
oceanic regions remain subject to the IMO-2020 sulfur limits, which leads to a substantial reduction in aerosol-induced cooling.
In contrast, the PRE-IMO-CLOUD?30 scenario exhibits the smallest loss of aerosol cooling and therefore preserves the largest
fraction of the PRE-IMO cooling effect. This can be explained by the much larger spatial extent of regions with an average
low-level cloud cover exceeding 30%. Since a large fraction of the ocean satisfies this lower threshold according to the 20-year
mean of satellite cloud data, PRE-IMO FSC is retained over large oceanic areas. Consequently, sulfur emissions remain higher
over a large part of the ocean. Aerosol-cloud interactions and the associated marine cloud brightening effect can persist more
strongly than in other scenarios. At the same time, the large ocean areas make this scenario quite unfeasible, as it would imply
returning to PRE-IMO regulations in several regions of the globe, including some coastal areas, thus compromising part of
the air quality benefits achieved by the FSC regulations. However, it is important to note, that the cloud cover masks used
here are based on low-level cloud-cover data from satellite measurements and are not identical to the cloud-cover distribution
simulated by EMAC. Although the mask determines where pre-IMO conditions are applied, the ERF response is calculated
by EMAC and therefore depends on the modelled cloud cover and AClIs. Righi et al. (2020) showed that EMAC captures
the large-scale pattern of total cloud cover well compared to ESA Cloud_cci data, but also exhibits regional biases. EMAC
slightly overestimates total cloud cover in the tropics and underestimates cloud cover in stratocumulus regions off the western
coasts of South America, Africa and Australia. These biases could affect the ERF response, especially for the more restrictive
PRE-IMO-CLOUDA40 and PRE-IMO-CLOUDS50 masks. For PRE-IMO-CLOUD?30, the effect on the spatial selection is likely
smaller, because large parts of the ocean remain anyway under pre-IMO conditions. For PRE-IMO-CLOUDS0, however, an
underestimation of marine stratocumulus clouds in EMAC could weaken the simulated ACIs in regions where shipping aerosols

are expected to be most effective, potentially leading to an underestimation of the negative ERF.
4.3 Air quality impacts and trade-off with climate effects

Our results in Fig. 3 show that the IMO2020 regulations significantly improved air quality in coastal regions. In the absence
of these regulations, ship-induced PM, 5 mass concentrations in the world’s most populous coastal cities would be more than
twice as high. The reductions are particularly pronounced in Asian, African and European coastal cities. This reflects the high
density of shipping activity near coastlines and along major shipping corridors, such as the Mediterranean Sea, the English
Channel and in Southeast Asia. For European coastal cities, our result for the mean PM 5 contribution from shipping emissions
under PRE-IMO conditions is broadly consistent with Partanen et al. (2013), who estimated maximum shipping-induced PMs 5

concentrations of 2 g m~—3 for western Europe’s coastal regions.
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Since the primary aim of the IMO2020 regulations was to improve air quality, the resulting loss of aerosol cooling consti-
tutes an unintended side effect. This highlights the trade-off faced by policymakers: reducing sulfur emissions from shipping
considerably improves air quality, but at the same time weakens the negative ERF from shipping aerosols. This trade-off is not
only specific to shipping, but it represents a general challenge in managing the mitigation of air-pollution, although the high
FSC of shipping fuels compared to other transport sectors makes shipping a sensible target for such mitigation measures.

Figure 5 illustrates this trade-off between climate and air quality for the shipping sector. The x-axis shows the global-
mean ship-induced PMs 5 concentrations in the most populous coastal cities, while the y-axis displays the corresponding
ship-induced ERF (cooling effect). Scenarios with reduced SO, emissions from ships lead to lower PM5 5 concentrations and
therefore improved air quality, but also to a decrease in aerosol-induced cooling (top-right portion of the diagram). When
limiting SO emissions in coastal regions (PRE-IMO-OCEAN scenario), substantial air-quality benefits are achieved at the
cost of a 42% loss of cooling relative to PRE-IMO.

From the perspective of addressing air pollution and at the same time trying to maintain the cooling, an ideal outcome
would combine minimal PMj 5 concentrations with maximal aerosol-induced cooling. However, the scenarios investigated in
this work suggest that such an optimum is hard to achieve: Either air quality is improved while reducing the cooling effect
or the cooling is retained at the cost of continued air pollution. The scenario that comes closest to this balance is PRE-IMO-
CLOUD?30, which preserves the largest fraction of aerosol-induced cooling (78%) while still reducing PM5 5 concentrations
relative to PRE-IMO conditions (43%). However, the 30% cloud cover threshold is satisfied in large parts of the oceanic regions
according to the satellite data. From a regulatory perspective, such a threshold may therefore be difficult to justify, as it would
permit the use of high FSC over extensive areas and thus provide only a weak spatial restriction. In addition, the cloud-cover
threshold used in this study is based on a 20-year climatological mean and therefore does not necessarily represent the actual
low-level cloud cover in the model. Seasonal variability may cause deviations from this mean state. This limits the feasibility

of this scenario in the real world.
4.4 Uncertainties

Estimates of the shipping ERF due to IMO2020 regulations is subject to substantial uncertainty. In this study, the uncertainty
associated with the ERF and loss of cooling values is expressed as a 95% confidence interval, calculated from the interannual
variability of the 10-year EMAC simulations. A major contribution to this uncertainty arises from aerosol-cloud interactions,
which account for approximately 50-70% of the total net cooling effect but exhibit strong interannual variability. Additional
uncertainty is related to emission estimates and to the representation of the atmospheric sulfur cycle in the model. The response
of clouds to aerosol emission changes is also highly inherently non-linear. According to Twomey (1977) and Carslaw et al.
(2013), the sensitivity of cloud albedo to aerosol changes decreases under more polluted baseline conditions: in clean envi-
ronments, small increases in aerosols can lead to strong cloud-albedo responses, whereas in already polluted environments the
effect saturates and becomes weak. Because the IMO2020 scenario shifts the system from a polluted to a cleaner regime, the
non-linear response of the aerosol-cloud system could explain why an 80% reduction in SO, emissions results in a smaller,

approximately 60% reduction in aerosol-induced cooling rather than a proportional change in ERF. Hence, the model repre-
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Trade-off between climate and air quality
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Figure 5. Trade-off between PM> 5 concentrations and the net ERF resulting from ship emissions under different emission scenarios. Each
point represents the results regarding air quality effects and radiative effects from shipping emissions for each scenario analyzed in this study.
The lower left portion of the plot represent the ideal situation limiting both the detrimental effects on air quality and the loss of cooling from

ship emissions. The errorbars represent the 95% confidence intervals.

sentation of the aerosol background concentrations and of the cloud mean state is another relevant source of uncertainties.
395 Finally, a further limitation of the present simulations is that they do not distinguish between different compliance strategies,
such as the use of low-sulfur fuels and exhaust gas cleaning systems. These strategies may affect particle size distributions and,
consequently, cloud microphysical responses (Escusa dos Santos et al., 2025). Instead, our model assumes the same particle
number size distribution across all simulations due to limited data availability on the size distributions of emitted particles for
different FSC. Moreover, a global model is not capable of resolving the (non-linear) plume processes, therefore it would be
400 difficult to test different size distributions for the particles emitted by different fuels, since these are usually measured in the

fresh exhaust, which is not representative for large scale effects addressed here.

5 Conclusions

Recent regulations introduced by the International Maritime Organization (IMO2020) reduced the sulfur content in ship fuels

by approximately 80%. These regulations aimed to improve air quality and thus protect human health and the environment,
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especially in coastal regions where air quality is strongly affected by ship traffic. However, the reduction of sulfur emissions
has also decreased the radiative cooling effect of aerosol particles, thereby contributing to a net radiative warming of the cli-
mate system. In this study, we quantified a global-mean loss of cooling due to the IMO2020 regulations of 67 4 14 mW m~2,
corresponding to 60% of the shipping ERF. Compared to previous estimates from other studies, our result is in good agreement
with the multi-model mean reported by Skeie et al. (2024) and the single-model study result reported by Sofiev et al. (2018),
although other studies reported larger values. Such a large spread in the values reported in literature can partly be explained by
differences in methodological approaches, underlying assumptions, and the overall uncertainty associated with aerosol-cloud
interactions. In terms of air quality impacts, we found that ship-induced near-surface PMs 5 concentrations in the most popu-
lous coastal cities of the world decreased by 57% due to IMO2020 regulations. We also investigated hypothetical regulation
scenarios and found that especially enforcing a 0.5%-limit only in coastal regions, while keeping pre-IMO sulfur limits over
the open ocean, is particularly effective at improving air quality in coastal areas, since emissions in these regions have the
largest impact on coastal pollution exposure. However, the loss of aerosol-induced cooling remains high, at 48 & 17 mW m~2
(43% of the shipping ERF). This indicates that under this scenario, improving air quality while maintaining the cooling effect
of ship emissions is not achievable. The only scenario that comes close to an ideal trade-off between air quality benefits and
a limited loss of cooling considers pre-IMO sulfur limits in regions with persistent low-level cloud cover above 30% on a
climatological mean basis. Given the large spatial extent of such regions, covering also several coastal areas, this scenario is
considered rather suboptimal. In addition, average PMs 5 concentrations in the coastal cities are reduced by only 43% instead
of 57% as in IMO-2020.

For policymakers, the trade-off between climate protection and air quality improvements remains an ongoing debate and
the shipping sector is just one prominent example of this trade-off. The ERF from shipping has been shown to exhibit strong
regional differences. Gettelman et al. (2024) found that the net ERF is heavily centered in the Northern Hemisphere due
to higher shipping activity, resulting in regional warming effects that are significantly larger than the global average, with
possible impacts on atmospheric circulation and dynamics. This is supported by the ship-track reduction studies conducted by
Yuan et al. (2022) and Watson-Parris et al. (2022), which highlighted the spatial correlation between aerosol-cloud interactions
and shipping lanes. Partanen et al. (2013) identified the strongest aerosol-induced cooling over the stratocumulus regions of
the North Pacific, where low-level clouds that are highly susceptible to aerosol perturbations coincide with high ship emissions
along major trade routes. These findings suggest that policymakers might consider implementing different sulfur regulations
for different regions rather than enforcing a global approach outside the coastal areas. For instance, in oceanic stratocumulus
regions where the aerosol-cooling effect is high, it may be possible to apply less stringent fuel sulfur limits without significantly
affecting air quality. Moreover, higher-resolution model simulations could be used to explore whether low-sulfur emission
control areas could be restricted to narrower coastal bands, thereby preserving air-quality benefits while further reducing the
loss of aerosol-induced cooling. Future research could also focus on the long-range transport of aerosol particles from shipping
to assess the extent to which emissions from open ocean regions might still affect air quality in distant coastal or inland areas.
Further investigations should also focus on how low sulfur fuels versus the use of conventional fuels in combination with wet

scrubbers to remove sulfur from the exhaust affect the emitted particle number and size distribution. This would allow to achieve
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a better understanding of the consequences of technical implementation of sulfur reduction strategies. Escusa dos Santos
et al. (2025) showed that the particle exhaust of scrubbers is subject to large variability and largely depends on the fuel type.
Recently, Zhang et al. (2024) identified a potential unintended side effect of the IMO2020 regulations: the reduction of SO and
particle emissions causes an increase of NMVOC, which are precursors to tropospheric ozone and secondary organic aerosol
formation, both being detrimental to air quality. Also, Kokkola et al. (2026) show that IMO-compliant fuels such as low-sulfur
heavy fuel oil (LS-HFO) and marine gas oil (MGO) emit BC-rich particles and may even produce a more positive radiative
effect than conventional high-sulfur HFO. This highlights the complexity of atmospheric responses to emission controls and
the continued need to assess the significance of such side effects in a more comprehensive manner. The IMO2020 regulations
provided an opportunity for real-world experiments on geoengineering strategies such as marine cloud brightening, as the
relatively sudden reduction of ship sulfur emissions allows to investigate how sensitive low marine clouds are to changes in
aerosol concentrations. In the near future, alternative fuels such as biofuels, ammonia, liquified natural gas, and methane are
expected to gain more importance, as the shipping sector faces the challenges of defossilisation and net-zero emission targets,
and their effects on both air quality and climate would need to be assessed in detail, considering GHGs and SLCFs and the

climate-air quality trade-offs in a comprehensive way.
Data availability. The simulation data described in this work will be made available with the final version of the manuscript.
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