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Abstract. The 2020 International Maritime Organisation regulations (IM0O2020) reduced shipping SO, emissions by roughly
80 %, decreasing the cooling effect of sulphate aerosols on marine clouds, leading to a positive radiative forcing. Recent
Global Climate Model (GCM) studies agree on a positive Effective Radiative Forcing (ERF) of ~ 0.10 W m~?2 from IM02020.
However, these studies rely on parameterisations for sub-grid scale emission processes with assumptions on primary sulphate
fraction, particle size, and injection altitude, which contradict observational evidence for shipping exhaust plumes. Using the
UKESMI.1 climate model, we conduct sensitivity experiments to quantify the impact of these uncertainties. We find that re-
allocating primary sulphate from the accumulation and coarse modes to the Aitken mode increases the IMO2020 ERF from
0.10 W m~2 to between 0.19 and 0.31 W m~2, and additionally increasing primary sulphate fraction increases this further up
to 0.41 W m~2. This sensitivity is driven primarily by the cloud radiative effect (ACRE) responding to an order-of-magnitude
increase in modelled aerosol number emissions for the same sulphur mass, and is consistent with earlier shipping studies
using other GCMs. Because recent GCM estimates rely on the same biased sub-grid emission assumptions, we argue this
underestimate is structural across recent studies, and we find that the default-parameter experiment with a 0.10 W m~2 forc-
ing significantly underestimates regional ACRE values relative to published satellite observations. An IMO2020 ERF 2 to 4
times the current consensus would explain a larger portion of Earth’s energy imbalance since 2020 and of the recent global

temperature surge.

1 Introduction

Before 2020, most commercial ships burned high sulphur heavy fuel oils (Mueller et al., 2023). Combustion of these fuels
emits both sulphate aerosol (SO,4) and sulphur dioxide gas (SO-); once emitted, SO is rapidly oxidised through gas-phase
and aqueous-phase pathways further contributing to sulphate aerosol mass and number. Sulphate aerosol is reflective and
hygroscopic, directly reflecting additional solar radiation and increasing cloud albedo by enhancing cloud droplet number
concentration (/Ng) (Twomey, 1974, 1977). Additional cloud adjustments, such as precipitation suppression, extended cloud
lifetime and increased cloud fraction can enhance this effect (Albrecht, 1989; Chen et al., 2022), although enhanced cloud-
top entrainment and evaporation may partly offset it (Ackerman et al., 2004; Bretherton et al., 2007; Small et al., 2009).
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Shipping emissions have a particularly effective cooling influence because they perturb highly susceptible clouds over dark
ocean surfaces (Bellouin et al., 2020).

On 1 January 2020, motivated by public-health concerns (Corbett et al., 2016), the International Maritime Organization
implemented the “Marpol Annex VI” regulation (hereafter IMO2020), reducing the maximum allowable sulphur content of
marine fuels from 3.5 % to 0.5 % (IMO, 2019). This cut shipping SO, emissions by ~80 % corresponding to a roughly 8 Tg per
year reduction in major emissions inventories (Hoesly et al., 2018; Klimont et al., 2017). This has resulted in a positive radiative
forcing and associated warming, resulting from an unmasking of the cooling effect of shipping SO, emissions. (Capaldo et al.,
1999; Jin et al., 2018; Lauer et al., 2007, 2009; Partanen et al., 2013; Peters et al., 2012, 2013; Righi et al., 2011; Sofiev et al.,
2018).

Observations have shown both a decrease in the number of detectable ship tracks (Watson-Parris et al., 2022; Yuan et al.,
2022) and large-scale regional changes to cloud microphysics from IMO2020 (Diamond, 2023; Manshausen et al., 2023).
However, attributing observed global cloud and radiative perturbations to IMO2020 remains challenging due to large natural
variability and a pre-existing downward trend in cloud brightness, related to broader anthropogenic aerosol emission reductions
(Gettelman et al., 2024; Watson-Parris et al., 2022; Zhang et al., 2025). Consequently, Global Climate Model (GCM) experi-
ments remain essential for quantifying the effective radiative forcing (ERF) associated with IMO2020. Due to their resolution
GCMs must parameterise a range of important processes, introducing structural uncertainty. This is reflected by the spread
of modelled IMO2020 forcing estimates, ranging from +0.03 to +0.33 W m~? (Bilsback et al., 2020; Partanen et al., 2013).
However, more recent model experiments have converged on a tighter range of +0.07 to +0.15 W m~2 (Gettelman et al., 2024;
Jordan and Henry, 2024; Quaglia and Visioni, 2024; Skeie et al., 2024; Yoshioka et al., 2024; Yuan et al., 2024).

An important source of uncertainty in modelled estimates of the IMO2020 effective radiative forcing arises from the treat-
ment of sub-grid scale emission plume processes. In GCMs, these near-source processes are necessarily represented through a
small set of prescribed emission choices governing: the mass fraction of sulphur emission treated as primary sulphate aerosol
at emission, the assumed particle size (modal allocation) of that primary sulphate, and the emission altitude of shipping SO,.
Auvailable observations of ship exhaust suggest that rapid sulphate formation and emitted size distributions may not be optimally
represented by default model parameters; we discuss this in detail in Sect. 2.

It has been demonstrated that the cloud radiative effect (CRE) from shipping emissions is sensitive to uncertainties in primary
sulphate fraction (Partanen et al., 2013) and primary sulphate size (Righi et al., 2011; Peters et al., 2012, 2013). Changes to
the indirect and direct aerosol forcing from uncertainties in SO, emission choices for all anthropogenic sources have also
been quantified across multiple models (Ahsan et al., 2023). However, no study has attempted to quantify any of these three
uncertainties specifically in the context of the IMO2020 forcing. Additionally, since recent model estimates of the IMO2020
EREF rely on similar assumptions regarding the representation of these processes (Table Al) it is possible that the convergence
to an estimate of ~0.1 W m~2 (Figure 1) is a result of shared structural bias rather than a physical constraint. Here we present
results from a set of new UKESM1.1 atmosphere-only simulations designed to evaluate the sensitivity of the IMO2020 ERF

to these uncertainties.
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Figure 1. Effective Radiative Forcing (ERF) or Radiative Forcing (RF) estimates from all prior modelling studies. The model used is shown

on the y-axis label and estimates are grouped by colour corresponding to publication. Error bars on the mean values show one standard error.

2 Model representation of near-source sulphate aerosol formation in shipping plumes

60 In most CMIP6-era global climate models (GCMs), including UKESM 1.1, sulphur emissions are prescribed entirely as sulphur
dioxide (SO3), with a fixed fraction of emitted sulphur mass (usually 2.5 %) instantaneously converted to sulphate aerosol on
emission. This primary sulphate fraction (fso,) is set as a global constant for all natural and anthropogenic SO,, emissions,
intended to parameterise rapid near-field oxidation within concentrated plumes unresolved at GCM grid scales and timesteps.

This choice was made by AeroCom phase I in the early 2000s (Dentener et al., 2006; Stier et al., 2005) and has remained
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largely unchanged since. However, since fso, is the only source of direct sulphate aerosol emissions in GCMs, it should
arguably capture sulphate aerosol formed from combustion and in exhaust systems before emission as well as unresolved
sub-grid scale oxidation.

Direct measurements of ship exhaust indicate that the fraction of fuel sulphur converted to sulphate aerosol within engines
and exhaust systems before emission ranges from approximately 2.4 %, at an engine load of 25 %, to 5 % at an engine load
of 75 % (Agrawal et al., 2008, 2010). Typical cruising engine loads for the global fleet range from 40 to 85 % (Jalkanen
et al., 2012; Borén et al., 2023). These values do not account for additional oxidation in the near-exhaust plume, where high
humidity, and abundant catalysts and precursor gases promote faster sulphate nucleation than under background boundary layer
conditions (Corbin et al., 2018; Ding et al., 2021; Stevens et al., 2012; Tian et al., 2014).

Aircraft measurements of ship plumes from the recent ACRUISE campaign found that SO4 accounts for over 10 % of
total S mass within 30 minutes from emission (Yu et al., 2020; Lee et al., 2025), comparable to a typical GCM time step
(an atmospheric timestep in our model is 20 minutes). Furthermore, relying on a single global fso, value fails to account
for pristine marine environments, which have low condensation sinks that heavily favour rapid nucleation (Mao et al., 2021;
Kerminen et al., 2018). This suggests that the commonly used 2.5 % value may represent a substantial underestimate of the
effective sulphate mass fraction for shipping emissions.

In recent GCM studies, the resulting primary sulphate is typically emitted into accumulation and/or coarse aerosol modes
using a uniform treatment across all anthropogenic SO, sources. In UKESM1.1, 50 % of the primary sulphate mass is emitted
into the accumulation mode and 50 % into the coarse mode following Stier et al. (2005); corresponding treatments in other
GCMs used to estimate the IMO2020 forcing are summarised in Table Al and discussed in Sect. 4.3. However, observations of
ship exhaust plumes consistently show that aerosol size distributions are dominated by sulphate particles in the Aitken mode,
with mean diameters (D)) less than 90 nm (Petzold et al., 2008; Jonsson et al., 2011; Yu et al., 2020). Consistent with this,
recent work has shown, using a high-resolution nested regional model, that the observed ship plume number size distributions
from ACRUISE (Yu et al., 2020) cannot be reproduced without allocating all primary sulphate to Aitken mode, and either
scaling fso,, or increasing organic carbon aerosol emissions, or both (Yoshioka et al., in prep). The uncertainty surrounding

modelled SO, emission altitude is discussed in Methods Sect. 3.3 along with the details of our experimental design choices.

3 Methods
3.1 UKESMI.1 - general description

UKESMI1.1 (Mulcahy et al., 2023) uses the HadGEM3-GC3.1 coupled climate model (Kuhlbrodt et al., 2018) as its physical
core, with the Global Atmosphere 7.1 (GA7.1) atmospheric configuration (Walters et al., 2019) and atmospheric composition
represented by the stratosphere—troposphere configuration of the UK Chemistry and Aerosol (UKCA) model (Archibald et al.,
2020). In this study, UKESMI1.1 is run in its atmosphere-only configuration, with sea surface temperatures (SSTs), sea-ice
concentrations, ocean biogeochemistry, and land-surface vegetation properties prescribed using output from previous fully

coupled SSP2-4.5 simulations. Aerosol number concentrations are treated prognostically using the two-moment Global Model
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of Aerosol Processes (GLOMAP-mode) modal aerosol microphysics scheme (Mann et al., 2010, 2012) for all aerosol species
except mineral dust, which is simulated using the CLASSIC dust scheme (Woodward, 2001).

For large-scale (non-convective) clouds, aerosol activation to cloud droplets is governed by the UKCA-Activate scheme
(West et al., 2014), which incorporates the parameterisation of Abdul-Razzak and Ghan (2000). Large-scale cloud precipitation
formation is represented by the one-moment microphysics scheme of Wilson and Ballard (1999), with autoconversion and
accretion following Khairoutdinov and Kogan (2000). Large-scale cloud fraction, cloud water vapour, and liquid water content
are treated prognostically using the PC2 cloud scheme (Wilson et al., 2008), with updates described by Morcrette (2012).
Convective cloud processes are parameterised separately and do not explicitly account for aerosol interactions; this means that

the convective cloud component of aerosol forcing is absent in UKESM1.1.
3.2 UKESML1.1 - updated configuration choices

We use an updated version of the Abdul-Razzak and Ghan (2000) (ARG2000) scheme recently developed by Ghosh et al.
(2025). We chose to do this because the default ARG2000 scheme inadequately represents cloud droplet activation by over-
suppressing maximum supersaturation under high aerosol low updraft conditions (Ghan et al., 2011; Nenes and Seinfeld, 2003;
Phinney et al., 2003). Ghosh et al. (2025) re-tuned three parameters to better capture kinetic limitations on activation, reducing
this bias and improving agreement with a cloud parcel model; we refer to the ARG scheme with these updates implemented as
ARG-G25 hereafter. The largest impacts on activation from ARG-G25 occur for Aitken mode aerosols in polluted, low-updraft
regimes which is potentially important for marine stratocumulus in major shipping corridors. We also implement a correction
to the hygroscopicity (k) parameter values in UKCA based on the recommendations of Petters and Kreidenweis (2007); this
reduces the sulphate « from 0.9 in the previous default set up to 0.61. All our experiments in Table 1 use identical model
configurations with both changes applied. We run additional sensitivity experiments to check if these two changes impact our

results (Sect. 4.1).
3.3 Experimental design

We follow the ERF diagnostic methodology of Jordan and Henry (2024), using free-running ensembles of 10-year (119 months)
fixed SST simulations as recommended by Forster et al. (2016). Each experiment comprises a control (CTL) and an IMO pair
(Table 1), with ensembles of 5 to 10 members per pair used to isolate the forced response from internal variability. The
parameter space defined by varying primary sulphate fraction (fso,), primary sulphate mode allocation, Aitken-mode size,
and emission altitude includes substantially more combinations than could feasibly be simulated. Our experimental matrix is
therefore designed to isolate the response to individual parameters, explore the combined response under physically motivated

parameter sets, and allow for easier comparison to some prior studies.
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Figure 2. (a) Annual mean SO, emission difference [Tg yr— 11 between our Control (CTL) and IMO experiments, averaged over our 10-year
simulation duration. (b) Particle number size distribution for 1 ug SO4 for the three different Aitken mode primary SOy sizes we use and the
UKESM default primary SO, size distribution (50 % coarse with D, =1500nm and 50 % accumulation with D, =150nm) shown by the

black line.

3.3.1 Emissions set-up

Sea ice and SST are prescribed from a 2005 to 2014 climatology following Forster et al. (2016), with other surface boundary
conditions taken from the parent SSP2-4.5 simulation (Sect. 3.1). Greenhouse gas concentrations and non-shipping anthro-
pogenic emissions follow SSP2-4.5 (O’Neill et al., 2016), with non-shipping emissions from the CMIP6 CEDS dataset (Hoesly
et al., 2018; McDuffie et al., 2020). These boundary conditions and non-shipping emissions are unchanged between the CTL
and IMO simulations.

Shipping SO emissions are from the historical CMIP7 CEDS dataset. The CTL uses 2019 emissions repeated for the full
10-year simulation, while the IMO simulations use the 2020 to 2023 data with 2023 repeated for the remaining 6 years. This
captures any impact from disruptions to global commerce caused by COVID-19, although this impact on total ship traffic
has been shown to be relatively small (March et al., 2021) and is small relative to the change in SO, emissions resulting
from IM0O2020 in our dataset (Fig. S1). Our dataset gives an 8.0 Tgyr—! SO, emission reduction between CTL and IMO
simulations, corresponding to a 77 % reduction in shipping SO> emissions which agrees with recent best estimates. Figure 2
shows the spatial distribution of this reduction, which is identical across all our experiments.

Changes to black carbon (BC) and organic carbon (OC) aerosol from shipping may have also occurred due to IMO2020
though these are harder to quantify compared to sulphur emissions, and previous work indicates that their contributions are of

second-order importance for estimating the radiative effect of shipping (Peters et al., 2012). In our simulations, shipping OC
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aerosol emissions are prescribed from the CEDS CMIP6 SSP2-4.5 inventory and are identical in the CTL and IMO experiments,

while BC aerosol from shipping is not included.

3.3.2 Sensitivity tests

Table 1. UKESM1.1 experiments. Each experiment comprises a CTL (control) and an IMO run with ensemble size given as ncrr, + nivo.
The final column entries are the mode that the fso, mass is emitted into with Acc. short for accumulation and the brackets indicating the

assumed mean emission diameter for the mode.

Experiment Ensemble size SO emission altitude (m)  fso, (%) Primary sulphate size

Base 10+10 20 2.5 50 % Acc. (D, =150nm), 50 % Coarse (D) = 1500 nm)
High 10+10 100-320 25 50 % Acc. (D, =150nm), 50 % Coarse (D; = 1500 nm)
High_4.5 10+10 100-320 4.5 50 % Acc. (D, =150nm), 50 % Coarse (D; = 1500 nm)
Ait 545 20 2.5 100 % Aitken (D, =60nm)

Ait_88nm 545 20 25 100 % Aitken (D, =88 nm)

Ait_44nm 5+5 20 2.5 100 % Aitken (D, =44 nm)

Ait_High 5+5 100-320 2.5 100 % Aitken (D, =60 nm)
Ait_High_4.5 5+5 100-320 4.5 100 % Aitken (D), =60nm)

Ait_10 10+10 20 10.0 100 % Aitken (D, =60nm)

Base represents the UKESM1.1 default SOy emission configuration used for previous IMO2020 forcing studies with models
using UKCA (Gettelman et al., 2024; Jordan and Henry, 2024; Yoshioka et al., 2024). For all experiments the changes to
emission assumptions are applied only to shipping SO, emissions. All other SO, sources are emitted into the lowest model
level and use the default primary SO, treatment.

High represents an increase in emission altitude following the same shipping SO, emission altitude range as the recent
emissions model intercomparison project sensitivity experiments (Ahsan et al., 2023). This corresponds to model levels 3 to 6
in UKESM1.1, with the SO, mass in each model grid box split evenly between these 4 levels.

This represents a physically motivated improvement compared to the default (Base) assumption where all shipping emissions
are injected at 20 m, since the ship stacks of the so-called post-Panamax global shipping fleet are 50 to 70 m tall (Chosson et al.,
2008; Gan et al., 2023), and plume rise (which is not resolved by GCMs) can rapidly take exhaust plumes to 100 to 500+ m
(Briggs, 1965; Chosson et al., 2008; Xu et al., 2021; Badeke et al., 2022).

For a different set of sensitivity experiments, Ahsan et al. (2023) increased primary SOy fraction to 7.5 % for all anthro-
pogenic emission sources. Here, based on the evidence of rapid SO, formation in shipping plumes presented in Sect. 2, we use
a slightly higher shipping-specific fso, of 10 % in one experiment. We use a middle fso, of 4.5 % primary sulphate fraction
which has been widely used (Lauer et al., 2007, 2009; Peters et al., 2012, 2013; Partanen et al., 2013) and update shipping pri-

mary sulphate to be all allocated to the Aitken mode, based on the evidence in Sect. 2. In experiments Ait_88nm and Ait_44nm,
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we also test the sensitivity to varying Aitken primary sulphate size within a range used by prior modelling studies (Lauer et al.,

2009; Partanen et al., 2013). All of these details and experiment names can be seen in Table 1.
3.4 ERF decomposition

We decompose the total ERF following Ghan (2013) into three components: the instantaneous radiative forcing (IRF), corre-
sponding to aerosol-radiation interactions (ARI); the difference in cloud radiative effect (ACRE), predominantly caused here
by aerosol—cloud interactions (ACI); and the clear-clean radiative adjustments (clear-clean RA) associated with changes to the

atmospheric state and surface albedo in the absence of aerosols and clouds.
3.5 Observational data

Top of Atmosphere Cloud Radiative Effect (CRE) data used is from the Clouds and the Earth’s Radiant Energy System
(CERES) Energy Balanced and Filled (EBAF) Top-of-Atmosphere (TOA) Edition 4.2 dataset (Loeb et al., 2018).

4 Results and discussion
4.1 Forcing sensitivity results

In the model default configuration (Base), the global-mean IMO2020 ERF is 0.10 W m~2 (Fig. 3). This is slightly lower than the
estimates of 0.14 W m~2 (Jordan and Henry, 2024) and 0.13 W m~2 (Yoshioka et al., 2024) that used previous configurations
of the Met Office atmospheric model. We attribute this difference to the x-fix (Sect. 3.2; Table S1) which reduces sulphate
activation efficiency and therefore weakens the CRE component of the IMO2020 ERF. In a separate sensitivity test isolating
the role of the x-fix (Default versus Base_ARG2000 in Table S1), this adjustment decreased the ERF from 0.13 to 0.10 W m—2,
bringing the Base ERF closer to the mean of post-2020 published model experiment results (Fig. 1). We also tested the impact
of updating the activation scheme from ARG2000 to ARG-G25 in isolation and found it had no statistically significant impact
on the IMO2020 ERF under a wide range of emission parameterisations (Table S1, Fig. S2).

Figure 3 summarises the IMO2020 ERF across the experiment suite and decomposes the response into ACRE, IRF, and
clear-clean RA following Ghan (2013). The IMO2020 ERF shows a high sensitivity to the changes to shipping-emission
assumptions, spanning a range of 0.10-0.41 W m~2 across our experiments. The ERF changes between experiments are dom-
inated by changes to ACRE, with IRF and clear-clean RA remaining relatively stable.

This high sensitivity of the ACRE term is mainly due to the sensitivity of the cloud response to aerosol number emissions
in our updated experiments (Figure 4d). Changing fso, allocation to Aitken mode in isolation increases ERF strongly (by
a factor of 1.9 to 3.1), with the magnitude sensitive to the assumed Aitken mean diameter (D,,). Changing from the default
coarse/accumulation mode split to Aitken mode fso, increases sulphate aerosol number emission (for a fixed SO, mass) by
~10x with D,, = 88 nm, ~31x with D, = 60nm, and ~79x with D, = 44 nm. However there are competing effects; more

numerous aerosol will lead to higher N4 and so a stronger Twomey effect but only if the aerosol is above the minimum critical
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diameter for activation. The total ERF for Ait_88nm is larger than Ait though this is likely due to noise as there is overlap

between the standard error ranges and the ACRE term is larger in the Air experiment.

IMO2020 Effective Radiative Forcing Across Experiments
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Figure 3. Ensemble mean, global mean ERF from IM0O2020 and components: difference in cloud radiative effect (ACRE), instantaneous
radiative forcing (IRF) and clear-clean radiative adjustments (clear-clean RA) calculated following Ghan (2013). Error bars are one ensemble
standard error from the mean (SEM). For Base, High and High_4.5 the Ghan decomposition quantities are computed from a subset of 7 out

of the 10 ensembles members used for the ERF, all other experiments use all members for all values.

Increasing fso, results in a consistent ERF increase, although the impact on the IMO2020 ERF of going from from 2.5 %
to 4.5 % in isolation is not statistically significant in our results. The ERF increase from Ait to Ait_I0 is highly significant (p
= 0.002 from a two-tailed t-test), with a factor of 4 increase in fso, roughly doubling the IMO2020 ERF. This sensitivity also
arises from the sensitivity to aerosol number since the emitted number increase from reducing primary sulphate size is being
further multiplied by the fso, scale factor.

We find a consistent increase in the IMO2020 ERF from increasing emission altitude, however these increases are not
statistically significant in isolation, larger ensemble sizes would be needed to determine the robustness of these changes. The
combined forcing impact of increasing emission altitude and reallocating fso, to Aitken mode is slightly superadditive but is
within the uncertainty range of an additive response (the ERFs of Ait_High - Base is larger than (High - Base) + (Ait - Base)
but only by 0.8 times the propagated SEM).
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Relationships Between Shipping Primary SO, Number, Pacific and Atlantic Cloud Responses,
and Global IMO2020 ACRE
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Figure 4. Relationships between the shipping primary SO4 number per Kg of emitted SO2, global mean ACRE and regional mean cloud
properties calculated over the North Atlantic (20°N-70°N, 70°W-10°W), South Atlantic (SA) (65°-0°S, 25°W-15°E), and North Pacific
(20°N-70°N, 140°E-120°W) in all of our experiments.

205 The increases in ACRE are spatially concentrated in regions where substantial shipping emissions are collocated with per-
sistent low marine clouds, with the largest contributions arising from the Southeast Atlantic, North Pacific and North Atlantic
(Fig. S3, S4). The global ACRE magnitude across experiments correlates strongly with the SO, aerosol number emission per
unit SO, and the microphysical and macrophysical cloud adjustments to IMO2020 in these regions (Fig. 4). Hence the mecha-
nism for the sensitivity we find arises from the high sensitivity to aerosol number perturbations in persistent “number-limited”
210 marine low cloud regimes especially marine stratocumulus regions, which has been extensively documented (e.g. Twohy et al.,

2005; Reutter et al., 2009; Wood, 2012; Stevens and Feingold, 2009).
4.2 Comparison to results from prior work

Lauer et al. (2007, 2009) modelled all shipping primary sulphate emissions in the Aitken mode across all experiments. The
2007 study found a larger shipping aerosol indirect effect from an inventory with a higher fso,, although total shipping sulphur
215 emissions were also higher in that inventory. The 2009 study estimated the IMO2020 forcing at 0.30-0.31 W m~2, taken as the
difference in total shipping indirect forcing between the No Control and Global 0.5 experiments, with the small range coming
from two different emission inventories. This is very close to the ERF estimate of 0.31 W m~2 from our Ait_44nm experiment

which has the closest match to their model set up, which used fso, =2.5 % in Aitken mode with D), =30 nm.
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Righi et al. (2011) found a high sensitivity of the indirect radiative forcing from shipping to the assumed size of primary
sulphate aerosol emissions; the total indirect forcing from shipping was —0.4 W m~2 for their experiment with all primary
sulphate in Aitken mode with D, =30nm and fso, =2.5 %.

Peters et al. (2012) used ECHAM-HAM which shares the same default fso, assumptions as UKESM from Stier et al. (2005).
They investigated the impact on the total shipping radiative forcing of increasing fso, from 2.5 % (Experiment A) to 4.5 %
and simultaneously changing primary sulphate to be all in Aitken mode with D, =60 nm (Experiment B). Using an emission
inventory with 8.0 Tg SO, yr—! (which is the same as our modelled reduction from IMO2020) they found this change increased
the total radiative forcing from shipping from —0.10 W m~2 to —0.32 W m~2 (with shipping emissions at 60—170 m above sea
level for all experiments). The fso, changes between these two Peters et al. (2012) experiments is identical to the changes from
our High to Ait_High_4.5 experiments and our IMO2020 ERF increase from +0.14 W m~2 to +0.31 W m~2 between these two
experiments agrees well with this result.

Partanen et al. (2013) allocate 100 % of shipping primary sulphate to Aitken mode with D,, =88 nm for all their experiments
used to estimate shipping aerosol forcing. Using this fso, size, fso, =2.5 % and emissions in the lowest model layer they find
an IMO2020 ERF of 0.33 W m~2; this experiment has identical parameters to our Ait_88nm experiment which finds an ERF
estimate of 0.26+0.04 W m~2, meaning that the difference in primary sulphate size explains a large portion of this discrepancy
between the recent IMO2020 estimates in UKESM and Partanen’s higher estimate. Another important factor is their use of
an emission inventory with a higher percentage (88 %) and absolute (11.1 Tgyr~!) SO, reduction compared to ours (77 %
and 8.0 Tgyr—!) which would be expected to result in a larger forcing. Partanen et al. (2013) also find that increasing fso,
from 2.5 % to 4.5 % increases the total radiative effect of shipping emissions from —0.39 to —0.50 W m~? for their emission
inventory with 12.5 Tg SOy yr— 1.

Both the sign and magnitude of the sensitivity to shipping primary sulphate size and fraction that we have found in
UKESMI.1 are well supported by the available prior work, these results are summarised in Table Al. Our results indicate
that a significant portion of the difference between the higher IMO2020 forcing values from Partanen et al. (2013) and Lauer
et al. (2009) compared to recent model estimates (Fig. 1) can be explained by the smaller assumed shipping emission primary

sulphate size in their experiments.
4.3 Why do all recent studies agree on the magnitude of the IM02020 radiative forcing?

A review of all the published IMO2020 model estimates reveals that all (except Lauer et al. (2009) and Partanen et al. (2013)
who found an ERF > 0.3 W m~2) are subject to one or both of the following methodological limitations.

First is the reliance on restrictive emission setups. Most global climate models (GCMs) assume that shipping emissions are
injected entirely into the lowest model level, apply a fixed 2.5 % primary sulphate fraction, and emit particles either solely into
the accumulation mode or split them with the coarse mode (Table Al). ECHAM (Gettelman et al., 2024) relies on the same
default primary sulphate parameterisation as UKESM, originating from Stier et al. (2005) (Zhang et al., 2012; Tegen et al.,
2019). Similarly, three estimates from CESM2 (Danabasoglu et al., 2020) assign 100 % of primary sulphate to the accumulation

mode with a D), of 155 nm. This size was explicitly selected by Liu et al. (2012) to match the number of emissions per unit

11



255

260

265

270

275

280

285

https://doi.org/10.5194/egusphere-2026-2654
Preprint. Discussion started: 20 May 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

mass in the Stier et al. (2005) coarse/accumulation split, a decision carried forward into subsequent model versions (Tilmes
et al., 2015; Emmons et al., 2020). Consequently, the shipping SO4 number emission changes resulting from our sensitivity
experiments apply directly to ECHAM, CESM, and UKESM variants (using UKCA), which together account for 8 of the 10
GCM ERF estimates published since 2018 (Fig. 1). The two other GCM ERF estimates face similar constraints. NorESM (Skeie
et al., 2024) assigns all primary sulphate to the accumulation mode with D,, = 150 nm (Kirkevag et al., 2018; Seland et al.,
2020). Yuan et al. (2024) derived detailed aerosol fields from GEOS-GOCART bulk mass data using a neural network emulator
(MAMnet) trained on MAM7. Because MAMY7 inherits the same primary sulphate parameters as CESM from Liu et al. (2012),
any structural biases regarding aerosol number and size distributions from this are propagated directly into MAMnet and so
Yuan et al.’s results. The widespread use of the same shipping emission assumptions, particularly governing emitted aerosol
number helps explain why all of the recent seemingly independent model estimates agree so well on the magnitude of the
IM0O2020 ERF.

The second limitation is the use of model configurations that structurally exclude macrophysical cloud adjustments, and
so cannot diagnose the full ERF. The estimates from Bilsback et al. (2020), Sofiev et al. (2018) and OsloCTM3 and NASA
GISS ModelE in Skeie et al. (2024) are constrained to capturing only the instantaneous cloud-albedo (Twomey) effect. This
conflicts with the Intergovernmental Panel on Climate Change (IPCC) standard for evaluating ERF. The standard framework
requires free running GCM simulations with fixed sea surface temperatures (SSTs) precisely to capture the atmosphere’s full
response (Forster et al., 2016; Bellouin et al., 2020). Rapid adjustments to liquid water path (LWP) and cloud fraction have
been repeatedly highlighted as a significant portion of the total aerosol-cloud forcing signal (Chen et al., 2024; Gryspeerdt
et al., 2020; Yuan et al., 2023). While GCMs including UKESM1 struggle to represent these adjustments accurately (Malavelle
et al., 2017; Miilmenstédt et al., 2024b, a; Grosvenor and Carslaw, 2020) this will be a net positive contribution to the IMO2020
CRE and we have shown it to be particularly important under updated emission parameters (Fig. 4c, f). Therefore excluding it
entirely will lead to underestimation of the IMO2020 ERF.

These restrictive emission parameterisations in GCMs and the exclusion of macrophysical contributions has likely led to a

systematic underestimation of the IMO2020 ERF in the recent literature.
4.4 Comparison to observations

It is important to reconcile our higher ERF estimates with recent observational studies that have used satellite data to estimate
the realised cloud forcing from IM02020.

Zhang et al. (2025) used an ensemble of 100 neural networks to isolate the IMO2020 signal from satellite measurements over
three marine stratocumulus regions. Table 2 compares the regional mean ACRE values from their satellite-derived analysis,
which accounts for cloud brightness and cloud fraction changes, to our Base and Ait_10 experiments over the same regions.
The Base experiment underestimates these observational values by over an order of magnitude across all three regions, while
Ait_10 captures the correct order of magnitude but still underestimates by roughly a factor of two. Zhang et al. (2025) also
report a global forcing estimate of 0.074 Wm™2, but this figure is calculated by assuming zero forcing outside their three

analysis regions, which together cover only ~4.2 % of the global surface area. It therefore represents the contribution of these
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three regions to the global IMO2020 ERF rather than a global constraint, and is consistent with a substantially larger total

forcing once contributions from other areas are included.

Table 2. Regional mean net ACRE (W m~?2) comparison between satellite-derived estimates and our Base and Ait_10 UKESMI.1 experi-
ments. Absolute regional forcing values for the Zhang et al. (2025) analysis regions were provided directly by the authors (J. Zhang, personal
communication, 2026), as they cannot be precisely derived from the published text alone. All regional means for both the satellite estimates
and the model experiments were calculated using exclusively ocean-only grid points within the following bounding boxes: Northeast Pacific

(NEP; 10°—40° N, 155°-115° W), Southeast Pacific (SEP; 40°-0° S, 100°~70° W), and Southeast Atlantic (SEA; 25°-0° S, 15° W=15° E).

Region Zhang et al. (2025) Base (ERF=0.10Wm~2) Ait_10 (ERF=0.41 Wm~2)
Northeast Pacific (NEP) 2.29 0.13 0.90
Southeast Pacific (SEP) 0.79 0.18 0.47
Southeast Atlantic (SEA) 2.39 0.06 0.99

Diamond (2023) applied a universal kriging algorithm to MODIS satellite retrievals to estimate the local first indirect effect
from IMO2020 over a shipping corridor in the Southeast Atlantic (SEA), finding a forcing of ~2Wm~2 in September—
October-November (SON) and ~0.5 W m™? in the annual mean over the corridor. These estimates capture the first indirect
effect only and assume clean reference conditions outside the corridor, so represent a lower bound on the total regional shipping
ACRE.

In our Base experiment the corridor-mean ACRE is 0.34 W m~—2 in SON and 0.13 W m~2 in the annual mean, well below
Diamond’s estimates. In Aiz_I0 it rises to 2.4 W m~2 (SON) and 1.3 W m~2 (annual), comparable in magnitude to Diamond’s
SON value although potentially overestimating the annual mean. Direct comparison is complicated by SO5 inventory differ-
ences (Fig. S6) and by the coarse resolution of N96 (~135 km) output over a region only a few grid cells wide.

Possner et al. (2016) showed that GCM-scale emission dilution can overestimate ship-induced SW CRE through loss of
sub-grid Ny variability, suggesting experiments matching Diamond’s corridor ACRE may overestimate the gobal forcing.
However, the comparison with Zhang et al. (2025) indicates that any resolution-driven overestimate in our simulations is not
large enough to undermine the case for an upward revision.

Gettelman et al. (2024) demonstrated a “significant but weak” spatial correlation of 0.26 between the CERES CRE anomaly
and the CESM2 IM0O2020 ACRE over the Northern Hemisphere (20-70°N, ocean only), exceeding the one standard deviation
range of pre-2020 random correlations. Here we replicate their methodology; Figure 5 shows the results. We find NH correla-
tions of 0.29, 0.14, and 0.37 for CESM2, Base, and Ait_I0 respectively, all exceeding the one standard deviation threshold. The
higher CESM2 correlation relative to Base likely reflects better isolation of the IMO2020 signal in nudged simulations. Over
the SEA, Base and CESM2 correlations are indistinguishable from variability, whereas Ait_10 is 0.47, exceeding the range of
expected random values (Fig.5d). This means that under default emission parameters, IMO2020 cannot explain the observed

regional CRE anomaly over the SEA, but with updated primary SO4 in UKESM1.1 a clear spatial fingerprint emerges.
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Hansen et al. (2025) argued based on observations that the IMO2020 ERF was of the order of 0.5 W m~2. While this
estimate has been scrutinised for potentially conflating aerosol forcing with coupled SST—cloud feedbacks, our results identify
a mechanism which can reconcile the difference between this top-down inference and lower estimates from recent model

experiments.

CERES Observed Post-2020 Net CRE Anomaly UKESM1.1 Base IMO2020 ACRE
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Figure 5. Annual mean observed CERES net CRE anomaly (2020-2025 relative to 2002-2019 climatology) (a) and net IMO - CTL ACRE
from Base (b) and Ait_I0 (c). (d) Pattern correlations between each experiment’s net ACRE from IM02020 (including CESM2 from Get-
telman (2024)) and post-2020 CERES anomalies. Violins show the null distribution from correlations against individual pre-2020 CERES
years. Note the different map colour scales. Stippling denotes regions significant at the 90 % (model) and 95 % (CERES) confidence levels,
using the Benjamini—-Hochberg False Discovery Rate (FDR) correction (Wilks, 2006, 2016).

In summary, our experiments with updated emission parameters bring the modelled regional ACRE closer to satellite-derived
estimates with some evidence suggesting that even our Ait_I0 experiment with an ERF of 0.41 W m~2 is underestimating the
ACRE from IM02020. Recent modelling studies report 0.04-0.14 °C of additional global warming by 2030 attributed to
IMO2020 (Jordan and Henry, 2024; Quaglia and Visioni, 2024; Gettelman et al., 2024; Watson-Parris et al., 2025; Yoshioka
etal., 2024), based on ERFs of 0.12-0.14 W m~2 (Figure 1). Our higher ERF range would imply a substantially larger warming
impact attributable to IM0O2020, although coupled simulations, ideally from multiple models, would be required to quantify
this fully.
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5 Conclusions

We have demonstrated that the IMO2020 effective radiative forcing is highly sensitive to model assumptions controlling the
number, size, and vertical distribution of sulphate aerosol emitted from shipping. In UKESM1.1 reallocating shipping pri-
mary sulphate from accumulation and coarse modes to Aitken mode, consistent with ship exhaust observations, increases the
IM02020 ERF from 0.10 W m~2 to between 0.19 and 0.31 Wm~2, driven by an order-of-magnitude (10-79x) increase in
modelled aerosol number emissions for the same sulphur mass. Additionally increasing the primary sulphate fraction from 2.5
to 10 % yields an ERF of 0.41 W m~? from further increasing aerosol number emissions. We also find a consistent but uncertain
positive ERF increase from increasing emission altitude which combines with increases from primary sulphate changes.

These results are well supported by previous studies using climate models with independent lineage to UKESM1.1. Our re-
sults indicate that differences in assumed primary sulphate size explains the majority of the discrepancy between earlier higher
estimates of the IMO2020 forcing and the recent consensus near 0.1 W m~2. However the magnitude of the sensitivities iden-
tified here will likely vary between models due to differences in updraft velocities (Virtanen et al., 2025), and the community
would benefit from further investigation with other CMIP6 and later generation climate models.

Our higher ERF estimates are also supported by comparison to observations: updated emission parameters bring the mod-
elled regional ACRE substantially closer to published satellite-derived estimates and improve spatial correlations with observed
CERES anomalies. Some discrepancy with these satellite-derived estimates remains, although close agreement is not necessar-
ily expected given the inherent methodological differences between coarse-resolution global model output and satellite-derived
regional estimates. Continued observational constraints on IMO2020 are an important avenue for future work.

All recent GCM estimates of the IMO2020 ERF use accumulation or coarse mode primary sulphate, low primary sulphate
fraction (2.5%), and lowest-level emission injection, all of which we have shown to suppress the modelled IMO2020 ERF. The
fundamental reason this bias will carry across models is physical: any model that represents the Twomey effect will produce
a larger cloud forcing in response to a large increase in CCN-active aerosol number. We therefore conclude that, due to these
shared assumptions, recent climate model estimates of the Effective Radiative Forcing and thus the resulting warming from
the IMO2020 shipping regulations has been systematically underestimated and is larger and less well constrained than the
convergence to ~0.1 Wm™2 in the literature suggests. However we emphasise that all GCMs, including ours, are subject to
common resolution-imposed limitations on the representation of aerosol-cloud interactions.

Our results suggest that the forcing is 2 to 4 times larger than the current consensus, if true this would correspond to a
significantly larger warming impact from IMO2020 than is currently recognised. Based on the potential importance of this
result, it is recommended that other models perform experiments using an identical framework to assess the multi-model

response to IMO shipping regulation changes under improved emission assumptions.
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Appendix A: Summary of emission assumptions in prior IM02020 modelling studies

EGUsphere\

Table Al: Results and assumptions from previous IMO2020 modelling studies.

Reference ERF/RF Model Activation ASO2  ASOq Height fsoy Primary SOy size

(Wm—?2) scheme (Tgyr™1') (%) (%) (modal split, Dp)
Base_ARG2000 0.097 UKESMI.1 ARG 8.0 71.3 ~20m 2.5  50% Acc. (150nm), 50% Coarse (1500nm)
Base 0.100 UKESMI1.1 ARG-G25 8.0 71.3 ~20m 2.5  50% Acc. (150nm), 50% Coarse (1500nm)
High 0.136 UKESMI1.1 ARG-G25 8.0 77.3  100-320m 2.5  50% Acc. (150nm), 50% Coarse (1500nm)
High_4.5 0.164 UKESM1.1 ARG-G25 8.0 77.3 100-320m 4.5 50% Acc. (150nm), 50% Coarse (1500nm)
Ait 0.187 UKESMI1.1 ARG-G25 8.0 71.3 20m 2.5 100% Aitken (60 nm)
Ait_88nm 0.256 UKESMI1.1 ARG-G25 8.0 71.3 ~20m 2.5 100% Aitken (88 nm)
Ait_44nm 0.309 UKESMI1.1 ARG-G25 8.0 71.3 ~20m 2.5 100% Aitken (44 nm)
Ait_High 0.270 UKESMI1.1 ARG-G25 8.0 77.3  100-320m 2.5 100% Aitken (60 nm)
Ait_High_4.5 0.309 UKESMI1.1 ARG-G25 8.0 77.3  100-320m 4.5 100% Aitken (60 nm)
Ait_10 0.407 UKESMI1.1 ARG-G25 8.0 71.3 ~20m 10 100% Aitken (60 nm)
Jordan and Henry (2024) 0.139 UKESM1 ARG 9.9 85.7 ~20m 2.5  50% Acc. (150nm), 50% Coarse (1500nm)
Yoshioka et al. (2024) 0.128 HadGEM-GC3.1 ARG 8.0 80 ~20m 2.5  50% Acc. (150nm), 50% Coarse (1500nm)
Gettelman et al. (2024) 0.11 CESM2 ARG 8.0 80 MLI~40m 2.5 100% Acc. (155 nm)
Gettelman et al. (2024) 0.14 UKCA (UKESM1) ARG 8.0 80 ~20m 2.5  50% Acc. (150nm), 50% Coarse (1500nm)
Gettelman et al. (2024) 0.15 ECHAM ARG 8.0 80 ML1 2.5 50% Acc. (150nm), 50% Coarse (1500nm)
Quaglia and Visioni (2024) 0.14 CESM2 ARG 8.4 90 MLI~40m 2.5 100% Acc. (155 nm)
Skeie et al. (2024) 0.085 CESM2 ARG 8.7 80 MLI1~40m 2.5 100% Acc. (155 nm)
Skeie et al. (2024) 0.065  GISS ModelE_ MATRIX ARG 8.7 80 MLI1 2.5 99% Acc. (68 nm), 1% Ait. (13 nm)
Skeie et al. (2024) 0.08 GISS ModelE_OMA NA 8.7 80 MLI 2.5 NA
Skeie et al. (2024) 0.065 NorESM2 ARG 8.7 80 MLI1 2.5 100% Acc. (150 nm)
Skeie et al. (2024) 0.07 OsloCTM3 NA 8.7 80 MLI1 2.5 NA
Yuan et al. (2024) 0.14 GEOS-GOCART ARG 7.4 85 MLI1 2.5 NA
Bilsback et al. (2020) 0.027 GEOS-Chem-TOMAS NA 7.6 85 MLI1 3.1 Bimodal (10 nm and 70 nm)
Jin et al. (2018) 0.226 CESM1.22 ARG 12.0 857 MLI1~40m 2.5 100% Acc. (155 nm)
Jin et al. (2018) 0.185 CESM1.22 ARG 8.8 814 MLI1~40m 2.5 100% Acc. (155 nm)
Sofiev et al. (2018) 0.071 FMI SILAMS.5 NA 8.5 77 MLI1 04t03 NA
Partanen et al. (2013) 0.33 ECHAM-HAMMOZ ARG 11.1 88.6 ML1 2.5 100% Aitken (88 nm)
Partanen et al. (2013) 0.39 ECHAM-HAMMOZ ARG 12.5 100 MLI 2.5 100% Aitken (88 nm)
Partanen et al. (2013) 0.50 ECHAM-HAMMOZ ARG 12.5 100 MLI1 4.5 100% Aitken (88 nm)
Partanen et al. (2013) 043 ECHAM-HAMMOZ ARG 13.1 100 MLI1 2.5 100% Aitken (88 nm)
Partanen et al. (2013) 0.54 ECHAM-HAMMOZ ARG 13.1 100 MLI1 4.5 100% Aitken (88 nm)
Partanen et al. (2013) 0.53 ECHAM-HAMMOZ ARG 17.4 100 MLI 2.5 100% Aitken (88 nm)
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Reference ERF/RF Model Act. SOz red. Red. Height fso, Primary SOy size
(Wm~2) scheme (Tgyr—1) (%) (%) (modal split, Dp)
Peters et al. (2012) A 0.102 ECHAMS-HAM2 LL1997 8.0 100 60-170 m 2.5  50% Acc. (150nm), 50% Coarse (1500nm)
Peters et al. (2012) B 0.321 ECHAMS-HAM2 LL1997 8.0 100 60-170 m 4.5 100% Aitken (60 nm)
Peters et al. (2012) Asc 0.148 ECHAMS-HAM2 LL1997 13.0 100 60-170 m 2.5  50% Acc. (150nm), 50% Coarse (1500nm)
Peters et al. (2012) Bsc 0.486 ECHAMS-HAM2 LL1997 13.0 100 60-170m 45 100% Aitken (60 nm)
Righi et al. (2011) 0.28 EMAC-MADE ARG 14.0 100 ML1 2.5 80% Ait. (70 nm), 20% Acc. (260 nm)
Righi et al. (2011) 0.32 EMAC-MADE ARG 14.0 100 ML1 2.5 96% Ait. (58 nm), 4% Acc. (310nm)
Righi et al. (2011) 0.40 EMAC-MADE ARG 14.0 100 ML1 2.5 100% Aitken (30 nm)
Lauer et al. (2007) EXPA 0.61 ECHAMS/MESSy1 ARG 11.7 100 ML1 4.4 100% Aitken (30 nm)
Lauer et al. (2007) EXPC 0.46 ECHAMS/MESSyl ARG 9.4 100 MLI 2.5 100% Aitken (30 nm)
Lauer et al. (2007) EXPB 0.20 ECHAMS/MESSy1 ARG 7.8 100 MLI1 2.5 100% Aitken (30 nm)
Lauer et al. (2009) 0.59 ECHAMS/MESSy1 ARG 13.75 100 ML1 2.5 100% Aitken (30 nm)
Lauer et al. (2009) 0.307 ECHAMS/MESSy1 ARG 11.2 81.5 ML1 2.5 100% Aitken (30 nm)
Capaldo et al. (1999) 0.11 GFDL CTM NA 8.4 100 MLL1 2.5 NA
Notes for Table Al:
355 1. Where emission assumption information was not provided in the original study, model configurations were assumed to

be those from the relevant model documentation or corresponding authors were contacted.

2. The model documentation used for UKCA is listed in section 3.1 and references used for many of the other studies can
be found in 4.3. Additional references used not listed above are: Bauer et al. (2020), Kelley et al. (2020), Bauer et al.
(2008), Lee et al. (2015).

360 3. MLI refers to the lowest model level. “NA” in the primary SOy size column indicates that the model uses a bulk repre-

sentation of sulphate aerosol and size parameters do not exist.

4. Many older estimates are total shipping emission radiative forcing, reported as negative in the original papers. Here
all values have been converted to the equivalent ERF for a reduction in shipping emissions so that the sign convention
matches IMO2020 ERF estimates.

365 5. NASA GISS ModelE_OMA uses an empirical N, calculation following Menon and Rotstayn (2006). Both Mod-
elE_OMA and OsloCTM3 (Skeie et al., 2024) use bulk tracers for SO, and SOy, so sulphate size does not vary in-
teractively. GEOS-GOCART (Yuan et al., 2024) also uses a bulk sulphate representation with a single tracer, see main
text 4.3 for details.

6. Peters et al. (2012) use the Lin and Leaitch (1997) activation scheme in their configuration of ECHAMS-HAM?2. This

370 reference refers to conference proceedings (WMO Workshop on Measurement of Cloud Properties for Forecasts of
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Weather, Air Quality and Climate, Mexico City, 328-335) and does not appear to be publicly available. Later versions
of ECHAM use the ARG scheme.

7. Righi et al. (2011) additionally varied geometric standard deviations of accumulation and Aitken mode primary sulphate

emissions between experiments based on Petzold et al. (2008), whereas other studies including ours kept these fixed.
8. Bilsback et al. (2020) do not state how fso, mass is split between their two modes.

9. Sofiev et al. (2018) use the STEAM emission inventory in FMI SILAMS.5 which uses a variable primary sulphate

fraction between 0.4 and 3%.

Code and data availability

The processed model output data from our experiments and analysis scripts are available at Smith (2026). CESM2 IM02020
experiment data used is available at Gettelman (2024). Observational Top of Atmosphere Cloud Radiative Effect (CRE) data
used in this study were obtained from the Clouds and the Earth’s Radiant Energy System (CERES) Energy Balanced and Filled
(EBAF) Top-of-Atmosphere (TOA) Edition 4.2 dataset (Loeb et al., 2018).
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