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Abstract The International Maritime Organization (IMO) introduced new regulations on the sulfur content
of shipping emissions in 2020 (IM0O2020). Estimates of the climatic impact of this global reduction in
anthropogenic sulfate aerosols vary widely. Here, we contribute to narrowing this uncertainty with two sets of
climate model simulations using UKESM 1. Using fixed sea-surface temperature atmosphere-only simulations,
we estimate an IMO2020 global effective radiative forcing of 0.139 + 0.019 Wm™2 and show that most of this
forcing is due to aerosol-induced changes to cloud properties. Using coupled ocean-atmosphere simulations, we
note significant changes in cloud top droplet number concentration and size across regions with high shipping
traffic density, and—in the North Atlantic and North Pacific—these microphysical changes translate to a
decrease in cloud albedo. We show that IMO2020 increases global annual surface temperature on average by
0.046 = 0.010°C across 2020-2029; approximately 2-3 years of global warming. Furthermore, our model
simulations show that IMO2020 helps to explain the exceptional warming in 2023, but other factors are needed
to fully account for it. The year 2023 also had an exceptionally large decrease in reflected shortwave radiation at
the top-of-atmosphere. Our results show that IMO2020 made that more likely, yet the observations are within
the variability of simulations without the reduction in shipping emissions. To better understand the climatic
impacts of IMO2020, a model intercomparison project would be valuable whilst the community waits for a
more complete observational record.

Plain Language Summary In 2020, the International Maritime Organization introduced new
regulations decreasing the sulfur content of shipping emissions (IM02020). Since sulfur is a pollutant, it is
expected that IMO2020 will improve air quality and health outcomes. These emissions, however, also lead to
the formation of tiny particles in the air which brighten clouds, resulting in more sunlight reflected to space
which helps cool the planet. Hence, by reducing sulfur emissions, IMO2020 will lead to planetary warming, yet
the magnitude of this effect is hotly debated. In this work, we use a state-of-the-art Earth system model to assess
the warming impact of IMO2020. We find that IMO2020 increases the global average temperature by around
0.05°C; the equivalent to 2—3 years of global warming. Thus, IMO2020 helps to explain the exceptional warmth
observed in 2023, yet other factors are needed to fully account for it. The year 2023 also had a record decrease in
reflected sunlight contributing to the record temperatures, and our results show that IMO2020 made that more
likely. Finally, we emphasize that IMO2020 has simply brought forward the warming from reductions in
pollutants that are factored in favorable future climate scenarios.

1. Introduction

For decades, emissions from international shipping have released many pollutants, including sulfur dioxide
(SO,), which—once oxidized—forms sulfate aerosol (SOi‘) in the atmosphere (Eyring et al., 2010). With
around 13% of global anthropogenic SO, emissions released along the world's shipping lanes (Faber
et al., 2021; Smith et al., 2015), the detrimental effects relating to air quality (e.g., Contini & Merico, 2021;
Mueller et al.,, 2023) and ocean acidification (e.g., Hassellov et al., 2013; Jdgerbrand et al., 2019) are
experienced globally. Mitigating these adverse impacts falls under the remit of the International Maritime
Organization (IMO). A recent IMO regulation—“IM02020”—lowered the global maximum limit on the
sulfur mass content in ship exhaust gases from 3.5% to 0.5% (IMO, 2019). Enforced on 1 January 2020,
IM02020 has ushered in shipping's low-sulfur era prompting fuel and structural changes to vessels and their
operations (e.g., Chu Van et al., 2019; Kuittinen et al., 2021; Solakivi et al., 2019) that is estimated to have
reduced annual shipping SO, emissions by 8.5 Mt of SO, (Sofiev et al., 2018); approximately 10% of annual
global anthropogenic SO, emissions in 2019 (Forster et al., 2024; O’Rourke et al., 2021). Studies have
projected that IMO2020 will result in improvements in air quality, and decreases in mortality and morbidity
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rates (Partanen et al., 2013; Sofiev et al., 2018). However, shifting to low-sulfur fuel and reducing atmo-
spheric SO;~ concentrations also has climatic consequences due to the influence of aerosols on the Earth's
energy imbalance (e.g., Bellouin et al., 2020, and others).

Aerosols affect the Earth's energy budget via direct and indirect mechanisms. The former corresponds to the
scattering and absorption of solar and terrestrial radiation by the aerosol itself (e.g., Myhre et al., 2013, and
others), whereas the latter involves the modification of cloud properties via the role of aerosols as cloud
condensation nuclei (CCN). For liquid clouds, as aerosol concentration increases, so does the number of CCN
which increases the cloud droplet number concentration (N,) (Twomey, 1974). If the liquid water content of a
cloud remains constant, the increased N, reduces the cloud droplet size (the effective radius, r,) increasing cloud
albedo (A_,), thus inducing a cooling (Twomey, 1977). This chain of events is widely termed “the first indirect
effect” or “Twomey effect.” With smaller cloud droplets, the efficiency of collision-coalescence processes de-
creases which suppresses precipitation. Hence, aerosol-influenced clouds may have longer lifetimes and/or
greater coverage (Albrecht, 1989), as well as increased cloud depth (Pincus & Baker, 1994), all of which further
enhance A, ergo the aerosol-induced cooling. These subsequent adjustments are collectively known as “the
second indirect effect.” Further cloud adjustments to the aerosol perturbation are thought to arise from entrain-
ment processes and can act to reduce the magnitude of cooling (e.g., Ackerman et al., 2004; Bretherton
et al., 2007; Small et al., 2009). Collectively, all these cloud modification processes are referred to as aerosol-
cloud interactions (ACls), and, due to the gradual reduction in anthropogenic aerosol emissions in recent de-
cades, ACI cooling has diminished (Hodnebrog et al., 2024; Quaas et al., 2022). It is unsurprising then that
IM02020—a sharp reduction in aerosol—is often mentioned in discussions of a recent acceleration in the rate of
warming, particularly in connection with the record breaking surface temperatures of 2023 (Hansen et al., 2023;
Schmidt, 2024).

IMO2020 has had observable impacts on ship tracks. Watson-Parris et al. (2022) and Yuan et al. (2022) use
independent machine-learning models to show that the transition to low-sulfur fuel has substantially reduced
visible ship tracks. Moreover, Diamond (2023) analyses observed changes in cloud properties within a south-
eastern Atlantic Ocean shipping corridor following IM0O2020, noting decreases in r, and A, and estimates an
instantaneous radiative forcing (IRF) of @(1 Wm™2) within the study area which, when extrapolated globally, is
(0.1 Wm™2). This global observational estimate agrees with previous modeling studies that evaluate the radi-
ative forcing of IMO2020 by comparing simulations of a globally enforced 0.5% sulfur limit with control sim-
ulations (Lauer et al., 2009; Partanen et al., 2013; Sofiev et al., 2018; Yuan et al., 2023). However, these studies all
use models nudged using meteorological re-analysis data with fixed sea-surface temperatures (SSTs) and sea ice.
Subsequently, the IMO2020 temperature response can only be estimated using simple climate models tuned to
emulate historical behavior. To provide a more robust quantitative analysis, it is necessary to employ coupled
atmosphere-ocean climate models which are able to resolve climate feedbacks interactively, as was done in
(Quaglia & Visioni, 2024; Yoshioka et al., 2024). A summary of the forcing estimates of SO, emissions from
shipping is given in Table A1, though caution should be used when comparing these values as they use different
assumptions and experimental designs.

Our work aims to further our understanding on the climatic impact of IMO2020 by using both fixed SST
atmosphere-only and coupled atmosphere-ocean simulations from the state-of-the-art Earth system model,
UKESMLI. Section 2 provides an overview of UKESM1 and a description of the experimental design. Section 3
presents the fixed SST atmosphere-only simulations, providing estimates of the IMO2020 radiative forcing, along
with quantifying the contributions from the aerosol direct and indirect mechanisms. Section 4 shows the coupled
atmosphere-ocean experiment results where we evaluate the IMO2020 influence on cloud micro- and macro-
physical properties, along with assessing the surface temperature and top-of-atmosphere (ToA) radiation re-
sponses and how they relate to the observed record 2023 temperature anomalies. Finally, we summarize our
results and conclude in Section 5.

2. Methodology

Here we provide a brief description of the ACI relevant components of UKESM1 and our experimental design,
including our modeled estimate of the reduction on SO, shipping emissions caused by IM02020.
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2.1. UKESM1

UKESM1 (Sellar et al., 2019) uses the global coupled climate model HadGEM3-GC3.1 (Kuhlbrodt et al., 2018;
Williams et al., 2018) as its physical core with the coupling of additional Earth system components including:
atmospheric composition from the stratosphere-troposphere version of the UK Chemistry and Aerosol (UKCA)
model (Archibald et al., 2020), ocean biogeochemistry from the Model of Ecosystem Dynamics, nutrient Uti-
lisation, Sequestration and Acidification (MEDUSA, Yool et al., 2013), and terrestrial biogeochemistry from the
Joint UK Land Environment Simulator (JULES, Best et al., 2011). UKESM1 treats aerosol number concentrations
prognostically using the two-moment Global Model of Aerosol Processes (GLOMAP) modal aerosol micro-
physics scheme (Mann et al., 2010, 2012) for all aerosol species except for dust which uses the CLASSIC dust
scheme (Woodward, 2001). For large-scale clouds (i.e., not convective), the activation of aerosols to cloud
droplets is governed by the UKCA-Activate scheme (West et al., 2014) which incorporates the parameterization
of Abdul-Razzak and Ghan (2000). Large-scale cloud precipitation formation is based on the one-moment scheme
of Wilson and Ballard (1999) with autoconversion and accretion following the parameterization of Khairoutdinov
and Kogan (2000). Large-scale cloud fraction, and cloud water vapor and liquid content are treated prognostically
by the PC2 scheme (Wilson et al., 2008) with updates from Morcrette (2012). Convective cloud parameterizations
are separate and do not account for aerosol or N, meaning a convective component of aerosol forcing is absent
from UKESM1. For further details on aerosols and clouds in UKESM1, see Mulcahy et al. (2020).

Both natural and anthropogenic SO, emissions are taken from the Coupled Model Intercomparison Project Phase
6 (CMIP6) inventory (Feng et al., 2020). In UKESM1, all anthropogenic SO, emissions are prescribed as a
combined sum of the individual sources (e.g., shipping, energy, waste) with 2.5% emitted as primary SO;~. These
emissions are released within the first vertical level only at a height of 20 m above the surface. We run UKESM1
at a horizontal latitude-longitude resolution of 1.25° x 1.875° with 85 vertical levels that use terrain-following
hybrid height coordinates and are capped at 85 km above sea level. In the ocean, a horizontal resolution of 1°
and 75 vertical levels is used.

2.2. Experimental Design

Our study centers on two anthropogenic SO, emission profiles; a control profile identical to that constructed for
the UKESM1 “middle-of-the-road” Shared Socioeconomic Pathway 2-4.5 (SSP2-4.5) scenario (O’Neill
etal., 2016), and an IMO2020 profile in which the control profile emissions are reduced over ocean cells by 85.7%
(percentage change of the new global limit on sulfur mass content relative to its predecessor). An exception is
made for those ocean cells that reside within the IMO sulfur emission control areas as these regions are already
subject to more stringent sulfur content limits and so unaffected by IM0O2020. This method to replicate post-
IM02020 anthropogenic SO, emissions assumes that shipping is the only source over ocean, neglecting minor
contributions from offshore platforms (~1%—2%). The average annual reduction in the mass of anthropogenic
SO, emissions in IMO2020 versus SSP2-4.5 from 2020 to 2029 inclusive is shown in Figure la. The spatial
pattern of the reduction aligns with the major international shipping lanes. The largest reductions are in areas
surrounding three of the world's busiest shipping routes—the Panama Canal, the Suez Canal and the Malacca
Strait—with reductions exceeding 1.5 Kt of SO, for some grid cells. Outside these narrow passages, widespread
reductions are found across the North Atlantic and North Pacific, experiencing mean annual reductions of 0.8 and
0.5 Mt of SO, respectively. South China Sea also experiences notable reductions in anthropogenic SO, emissions.
Reductions are far lower in the Southern Hemisphere aside from a few well traveled routes. A time series of the
global annual mass of shipping SO, emissions is depicted in Figure 1b showing an average annual decline of
9.9 Mt of SO, due to IMO2020 from Jan 2020 onwards; slightly higher than the predicted 8.5 Mt of SO, in Sofiev
et al. (2018). This is likely due to differing underlying baseline emissions and assumed reductions, as well as our
inadvertent reduction of other anthropogenic SO, sources (e.g., offshore platforms, coastal areas partially
occupying ocean grid elements) due to how UKESMI1 prescribes these emissions as a combined sum. Never-
theless, this reasonable agreement, and the spatial correlation with international shipping lanes, gives credence to
our IMO2020 emission profile.

We compare the control surface SO, emission scenario to its IMO2020 counterpart using both fixed SST
atmosphere-only experiments and coupled atmosphere-ocean experiments. The fixed SST atmosphere-only
simulations are run for 10 years and use the observed SST and sea ice from 2005 to 2015, with land surface
temperatures free to respond (e.g., Forster et al., 2016; Pincus et al., 2016). The control simulation set is

JORDAN AND HENRY

3of 14

3SUB0 |7 SUOWILIOD AI1I81D) 3ot |dde ay3 Aq pausenob afe Saie YO ‘9N JO Sani oy ArIq 1T auluQ 4311\ UO (SUOIHIPUOD-PUR-SWBYWOD A8 1M AReIq 1 BU 1 |UO//SANY) SUOIPUOD pUe SWB | 83Ul 89S *[202/60/52] U0 ARiqiTauliuQ A3]IM 908819 aueIy0) A TT0S00431202/620T 0T/I0p/wod As| M AriqputiuosgndnBe//sdny wouy pepeoumoq ‘8 ‘v20g ‘2/2v82ee



. Yed J |
M\I Earth's Future 10.1029/2024EF00501 1
AND SPACE SCIENCES
(a) Annual reduction in shipping SO, emissions Kt of SO, (b)

s == 0 T T T T T T T T T

e = P =m— - - = IM02020 ]

g - P — 55P2:-4.5 ]

(s} r ]

S 90 | —

& C ]

- v - .

30 -1072 '€ g5 B ]

oQ Tt ]

° Nm L |

v O'% 80 [ -

N f ]

30°S 1o E’E 75 = =

o - ]

Q. r ]

< 70 = =]

) - .

§ y ‘ ) -10° 65 = .

120° W 60° W 0° 60°E 120°E 180° 2015 2020 2025 2030

Figure 1. (a) Average annual reduction in the mass of anthropogenic SO, emissions due to the modeled impact of IMO2020 on SO, shipping emissions using UKESM1.
Averages use annual values between 2020 and 2029 inclusive. We use the International Hydrographic Organization (IHO) North Atlantic and North Pacific boundaries
in this study (red dashed lines) (Flanders Marine Institute, 2018). Note, sulfur emission control areas show no reduction (see text). (b) Global annual mass of shipping
SO, emissions within the IMO2020 and control scenarios.

comprised of 10 ensemble members which have the surface SO, emissions set to that of SSP2-4.5 from 2020 to
2029 inclusive (solid line in Figure 1b), whilst the parallel perturbed set has the IMO2020 reduction in surface
SO, emissions (dashed line in Figure 1b). This results in 100 years of simulation for both sets. Similarly, for the
coupled atmosphere-ocean experiment, we perform two sets of parallel simulations using 16 SSP2-4.5 ensemble
members from 2015 to 2029 inclusive. One set is prescribed with SSP2-4.5 surface SO, emissions, and another
with the modified IMO2020 surface SO, emissions. For our analysis, only output from 2020 onwards is
considered. Subsequently, from the 16 sets of paired simulations, we have 160 model years to identify a climate
signal from IM0O2020. The decision to consider only the impact on the decade immediately after IMO2020
follows the logic that the IMO2020 prompted reductions in SO, emissions will be inconsequential post-2030 as—
at least in the favorable future climate scenarios—similar reductions will have been factored in by then; IM02020
simply brought them forward.

3. Radiative Forcing Impact

We calculate the IMO2020 effective radiative forcing (ERF) from the difference in the net (shortwave, SW and
longwave, LW) ToA radiative flux between our pairs of parallel fixed SST atmosphere-only simulations
following the recommendations of Forster et al. (2016). Figure 2 depicts the average net ERF of the IMO2020
impact on SO, emissions, along with a decomposition of this ERF using the methodology of Ghan (2013). These
individual components (which sum up to the total ERF) are the aerosol IRF, the change in cloud radiative effect
(ACRE), and flux changes driven by clear-sky, non-aerosol (clear-clean) Radiative Adjustments (RA). A “local”
null hypothesis is assessed at each grid element using the Wilcoxon signed-rank test. The overall expected
proportion of “false positives” resulting from the amalgamation of these local null hypothesis tests is controlled at
5% using the False Discovery Method (FDR, Wilks, 2006, 2016). Stippling indicates the grid elements with null
hypothesis rejections post-FDR adjustment. Summarizing values are provided in Table 1.

The overall impact of the SO, emissions reduction on global aerosol ERF is a warming of 0.139 + 0.019 Wm ™2,
The standard error of the model ensemble is used to estimate the uncertainty here and throughout this study.
Generally, the positive ERF values coincide with areas of high shipping traffic, ergo large reductions in shipping
emissions (e.g., North Atlantic, North-East Pacific, and Southeast Asia). Global aerosol IRF is
0.069 + 0.003 Wm™2 and ACRE is 0.096 + 0.014 Wm™2 which—as they act as proxies for the aerosol direct and
indirect effects—suggest that, at the global scale, aerosol induced changes to cloud properties is the main
mechanism behind the IMO2020 positive forcing; a result somewhat expected as the majority of the aerosol
reduction will likely be underneath heavy, pre-existing cloud cover limiting ToA radiative flux changes from the
aerosol direct effect. This aerosol-indirect effect dominance is evident regionally, such as in the North Atlantic
and North Pacific, where ACRE is approximately 95% and 94% of the magnitude of the ERF here respectively.
Although, in other regions the change in direct absorption and scattering of aerosol dominates the ACI forcing.
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Figure 2. (a) IMO2020 net (shortwave, SW and longwave, LW) aerosol effective radiative forcing using UKESM. Included are the contributions from: (b) the aerosol
instantaneous radiative forcing, (c) the change in cloud radiative effect (ACRE), and (d) flux changes driven by clear-sky, non-aerosol (clear-clean) radiative
adjustments. Values are averages across all years within the 10 fixed sea-surface temperature atmosphere-only paired simulations. Stippling highlights grid elements
with null hypothesis rejections based on applying the False Discovery Method (FDR) at a 5% control level (see text). Global and regional values are provided in Table 1.

For example, aerosol IRF outweighs ACRE across the western coast of South America, the Caribbean Sea, the
Red Sea, the North Indian Ocean, and parts of South East Asia. Globally, the clear-clean RA effect is a minor,
though not negligible, negative forcing, with the strongest local changes found mainly within areas of North
America and the Russian Far East that typically experience snow and ice cover. This indicates a likelihood that
differences in snow cover strongly contribute to this term over the northern continents. Elsewhere, changes in
atmospheric water vapor and temperature may dominate this clear-clean radiative component.

4. Coupled Atmosphere-Ocean Experiment

To assess the surface temperature and further understand the ToA radiation responses to IMO2020, we analyze
two 16-member coupled atmosphere-ocean ensembles with and without the IMO2020 reduction in SO,
emissions.

Table 1

IMO2020 Net (Shortwave, SW and Longwave, SW) Aerosol Effective Radiative Forcing, Aerosol Instantaneous Radiative
Forcing, Change in Cloud Radiative Effect (ACRE), and Flux Changes Driven by Clear-Sky, Non-Aerosol (Clear-Clean)
Radiative Adjustments Estimated Using UKESM1

ERF Aerosol IRF ACRE Clear-clean RA
Region (Wm™2) (Wm™?) (Wm™2) (Wm™2)
Global 0.139 £+ 0.019 0.069 = 0.003 0.096 = 0.014 —0.026 + 0.013
N. Hemisphere 0.20 £ 0.03 0.094 = 0.005 0.155 = 0.018 —0.05 £ 0.02
S. Hemisphere 0.08 + 0.03 0.045 + 0.002 0.04 + 0.02 0.00 + 0.02
N. Atlantic 0.32 + 0.05 0.040 = 0.019 0.30 = 0.06 —0.02 £ 0.03
N. Pacific 0.14 + 0.05 0.059 * 0.005 0.013 + 0.05 —0.05 £ 0.03

Note. Values are averages across the 10 fixed-SST atmosphere-only ensemble members with the standard error used to
quantify the uncertainty.
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Figure 3. Anomalies in (a) aerosol optical depth at 550 nm, cloud top (b) droplet number concentration (N,) and (c) droplet effect radius (r,), (d) cloud albedo (A_,,),
(e) all-sky liquid water path, (f) cloud fraction (CLT), and (g) cloud optical depth (z,,,;) due to IMO2020 using UKESM1. Values are averages from 2020 to 2029

inclusive across the 16 ensemble members.

Stippling highlights grid elements with null hypothesis rejections based on applying the False Discovery Method (FDR) at a

5% control level (see text). Global and regional values are provided in Table 2.

4.1. Aerosol-Induced Cloud Adjustments

The ensemble-mean annual anomalies of aerosol optical depth (AOD) at 550 nm, cloud top N, and r,, and
A, due to reduced SO, emissions following IMO2020 are shown in Figure 3a-3d, with summary values
provided in Table 2. As before, stippling indicates grid elements with rejected null hypotheses after applying
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Table 2
Anomalies in Aerosol and Cloud Properties Due to IMO2020 Using UKESM 1

AOD N, I, A LWP CLT T

Region (1073 (cm™>) (um) (1073 (gm™?) (1073 (10723
Global —0.369 + 0.018 —2.83 + 0.06 0.0464 + 0.0015 —0.57 + 0.08 —0.06 + 0.03 —0.6 0.2 —34+03
N. Hemisphere —0.54 + 0.03 —3.99 + 0.08 0.0622 + 0.0019 —0.78 + 0.15 —0.02 + 0.04 —05+04 —43+05
S. Hemisphere —0.203 + 0.015 —1.67 £ 0.07 0.031 + 0.002 —0.35 + 0.09 —0.09 + 0.06 —0.7+04 —25+04
N. Atlantic —0.40 + 0.07 —43+02 0.090 + 0.005 -18+03 —0.33 + 0.11 0.1+0.8 87+ 14
N. Pacific —0.32 + 0.03 —2.03 +0.17 0.046 + 0.004 —0.91 +0.18 —0.03 + 0.13 —0.9+038 —54+09

Note. Values are averages from 2020 to 2029 inclusive across the 16 coupled atmosphere-ocean ensemble members with the standard error used to quantify the

uncertainty.

the FDR method at 5%. We simulate a global decrease in AOD of —0.369 + 0.018 x 1072, approximately 3%
of the 2020-2029 control average, which is a likely consequence of a reduction in aerosol concentrations,
specifically SO;~ (not shown here). The largest reductions are centered around three of the world's busiest
shipping routes—the Panama Canal, the Suez Canal, and the Malacca Strait—where reductions exceed 0.015.
Outside of these narrow shipping passages, we note extensive reductions in AOD across the oceans of the
Northern Hemisphere and areas off the coast of South America. Interestingly, despite very limited shipping
traffic, Antarctica displays a significant AOD response. However, as sea-salt and dimethyl sulfide (DMS)
aerosol are dependent on wind speed in UKESM], it's likely these significant changes arise due to differences
in wind speed between our paired simulations in a pristine environment as opposed to a direct consequence of
IM0O2020.

Decreasing aerosol concentration is expected to lead to decreases in the number of available CCN and,
subsequently, N, Here we find that IMO2020 leads to a global decrease in cloud top N, of
—2.83 + 0.06 cm™, with a spatial pattern visibly similar to that of AOD. Of note is the decrease of
—43 + 0.2 cm™> modeled in the North Atlantic, roughly a 5% reduction relative to a world without
IM02020. In terms of cloud top r,, our simulations estimate a global increase of 0.0464 + 0.0015 pm, with a
spatial pattern comparable to that of AOD and N, These increases are predominantly across the Northern
Hemisphere oceans and select areas within 0-30°S. The spatially correlated changes in AOD, N, and r,
follow the spatial pattern of the shipping emission reductions, though with less definition likely due to the
dispersion of SO, and the subsequent SOZZ, suggesting that IMO2020 regulations are causing aerosol-induced
cloud changes to droplet concentration and size. However, only in the North Atlantic and North Pacific do
these mircophysical changes align with a significant decrease in A, thus exhibiting a complete Twomey
effect “chain”—albeit reversed as here aerosol is removed rather than added. Further macrophysical cloud
properties, namely liquid water path, cloud fraction (CLT), and cloud optical depth (z,,), are listed in Table 2,
and all decrease at the global scale in agreement with the theorised second aerosol indirect effects via pre-
cipitation suppression. However, as evident in Figures 3e-3g, the signal-to-noise ratio is too low and a larger
ensemble is required to robustly connect these possible changes to IM02020.

4.2. Surface Temperature Response

The ensemble-mean annual near-surface (1.5 m) air temperature (T,;) anomaly across the current decade due
to IMO2020 restrictions on shipping emissions is shown in Figure 4a. As with previous spatial figures,
stippling indicates grid elements with rejected null hypotheses after applying the FDR method at 5%. Our
simulations suggests a 2020-2029 mean global annual warming of 0.046 + 0.010 °C which is mainly caused
by large, positive regional responses. For instance, noticeable warming occurs in the North Atlantic, North
and South-East Pacific, and the Caribbean Sea—areas with both significant warming ERF and cloud albedo
increases. We note a hemispheric contrast of 0.067 £ 0.017 °C, with 0.079 £ 0.013 °C warming in the
Northern hemisphere and 0.012 + 0.011 °C warming in the Southern hemisphere. Interestingly, although the
North Indian ocean and West coast of South America exhibit a significant positive forcing due to large
aerosol IRF, they do not display a response in T . Figures 4b—4f presents a comparison of global and regional
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Figure 4. (a) Ensemble-mean annual near-surface temperature (T ;) anomaly due to IMO2020 using UKESMI1. Values are averages of 20202029 inclusive across the
16 ensemble members. Stippling highlights grid elements with null hypothesis rejections based on applying the False Discovery Method (FDR) at a 5% control level (see
text). Global and regional values are provided in Table 3 (b—f) Global and regional observed 2023 T, anomalies relative to a 2012-2019 baseline from

NOAAGIobalTemp version 6, GISTEMP version 4, HadCRUTS, and ERAS, alongside the associated monthly variability in the 2020-2029 ensemble-mean T

as

response due to IMO2020. Error bars and dashed lines depict the standard error and positive standard deviations (+1 and +2 o) of the modeled IMO2020 monthly values

observed 2023 T,, anomalies relative to a 2012-2019 baseline from NOAAGIlobalTemp version 6 (Huang
et al.,, 2020), GISTEMP version 4 (Lenssen et al., 2019), HadCRUTS5 (Morice et al., 2021), and ERAS
(Hersbach et al., 2020) data sets, alongside the associated 2020-2029 ensemble-mean T,, response to
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Figure 5. Global-mean upwelling shortwave (SW) radiation at the top-of-
atmosphere (ToA) from the “Clouds and the Earth's Radiant Energy System”
project (CERES) observations (blue), and the SSP2-4.5 (black), and

IMO02020 (red) ensembles. The thick lines show the ensemble-mean, while
the dashed lines show the ensemble minimum and maximum for each month.

IMO0O2020 with one and two positive standard deviations of the monthly
anomalies depicted. Both globally and regionally, IMO2020 helps to
explain the exceptional warmth in 2023, although the proportion of this
warming that the shipping regulations can account for is uncertain due to
the high natural variability in our model ensemble. For example, the vast
majority of North Atlantic and North Pacific warming is explained by
IMO2020 in the model realizations with the stronger responses, yet the
mean response suggests only a minor contribution. However, even in these
strong response model realizations, globally other factors alongside
IMO02020 are needed to fully account for the observed T, from July—
December 2023.

4.3. Top-of-Atmosphere Shortwave Response

The ToA upwelling SW radiation is shown in Figure 5. The observations are
from the “Clouds and the Earth's Radiant Energy System” project (CERES,
Loeb et al., 2018), and show a decline in upwelling ToA SW radiation.
Hodnebrog et al. (2024) (their Figure 2b) attribute more than half of this SW
trend in 2001-2019 to the ERF from a decline in anthropogenic aerosol
emissions. Figure 5 also shows the SSP2-4.5 ensemble-mean in upwelling
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Table 3 ToA SW radiation (black) as well as the IMO2020 ensemble-mean (red). The
Anomalies in Top-of-Atmosphere (ToA) Radiative Fluxes (Shortwave, SW dashed lines show the ensemble minimum and maximum for each month. The
and Net) and Near-Surface Temperature (T,,) Due to IMO2020 Using global and regional values of the change in ToA SW and net radiation are
UKESM1 summarized in Table 3. The year 2023 saw a large decline in upwelling ToA
ToA SW ToA Net T, SW radiation, which may help to explain the unprecedented temperature
Region (Wm™?) (Wm™2) (°C) increase of that year. These results show that this decline is within the vari-
Global 0.25 + 0.02 0.13 + 0.03 0.046 + 0.010 ability of the SSP2—4.5.ensemble (i.e., without shlpplng emission reductions),
) but was made more likely by the IMO2020 regulations. Furthermore, the
N. Hemisphere 0.35 £ 0.04 0.19 = 0.04 0.079 £ 0.013 ST, . . . .
) variability in upwelling ToA SW radiation, assessed here as being the dif-
5 I iy i Do T D 2= itE DALY ge il ference between the monthly minimum and maximum, is noticeably larger in
N. Atlantic 0.40 + 0.08 0.24 + 0.07 0.064 £ 0.018  the IMO2020 simulations than in the reference SSP2-4.5 simulations. We
N. Pacific 0.28 + 0.10 0.13 + 0.10 0.049 + 0.019 speculate that this may be due to a higher sensitivity to the variability in

Note. Values are averages of 2020-2029 inclusive across the 16 coupled

natural aerosol emissions over oceans in the absence of anthropogenic aerosol

atmosphere-ocean ensemble members with the standard error used to  emissions. For example, Figure 6 in Jin et al. (2018) show that the CRE of

quantify the uncertainty.

shipping emissions is a factor of 2 larger when the oceanic phytoplankton-
derived DMS emissions are set to half of their reference value
(“DMSLow”) (Figure 4).

5. Discussion and Conclusions

Prompting a rise in cleaner marine fuels at the turn of the decade, IMO2020 has caused an abrupt reduction
in anthropogenic SO, emissions. Here we use UKESM1 simulations to show that this regulation has
inadvertently produced small, yet discernible, climatic impacts, particularly across regions with high shipping
traffic. We estimate a radiative forcing change of 0.139 + 0.019 Wm™2 due to this decline in shipping
emissions which is in agreement with recent studies (Diamond, 2023; Skeie et al., 2024; Yoshioka
et al., 2024; Yuan et al., 2024). We disentangle this forcing into its individual components, finding that the
predominant factor is the aerosol-induced changes in the cloud radiative effect rather than changes to the
direct scattering and absorption of the aerosol itself, particularly across the Northern Hemisphere oceans. By
assessing the cloud micro- and macrophysical properties, we find that the Twomey effect is likely the driver
of this cloud forcing in these regions, with little contribution from further second aerosol-indirect effects.
These instance of localized forcings align well with strong T, responses, which contribute to our overall
IM02020 modeled global annual mean warming of 0.046 = 0.010°C; approximately 2-3 years of global
warming (Forster et al., 2024).

In relation to the record warming observed in 2023—whilst it is within the variability of our model
ensemble that IMO2020 could account for the majority of the North Atlantic and North Pacific warming—at
the global scale we suggest IMO2020 provides only a minor contribution given that even the highest re-
sponses from our model ensemble would not be able to fully account for the 2023 temperatures. This poses
the question as to what has caused the warming. Some propose the Hunga Tonga-Hunga Ha'apai eruption in
the South Pacific as a contributor, citing studies suggesting the mass injection of water into the stratosphere
has caused warming at the surface (Jenkins et al., 2023; Millan et al., 2022; Sellitto et al., 2022), yet this net
warming is contested by others due to the cooling effect from the increased formation of SOi_ due to this
additional water vapor (Schoeberl et al., 2023). However, even combining the upper estimate of +0.035°C
from Jenkins et al. (2023), with our IMO2020 warming does not replicate the 2023 magnitudes. It is also
worth noting that 2023 was characterized by a record low amount of reflected solar radiation. In this work,
we show that this decline is within the variability of the simulations without the reduction in shipping
emissions, but was made more likely by the IMO2020 regulations. Furthermore, the variability in reflected
solar radiation is noticeably larger in the IMO2020 simulations compared to the reference simulations, which
we speculate is due to a higher sensitivity to the variability in natural aerosol emissions over oceans in the
absence of shipping emissions.

Whilst our modeled warming caused by IM0O2020 may appear small in comparison with 2023, it will be
persistent across the current decade and so should be viewed as an additional warming to long-term climate
change targets such as the 1.5°C goal of the Paris Agreement. For example, Forster et al. (2024) states that
2014-2023 was 1.19°C relative to the pre-industrial, thus adding our 2020-2029 IM02020 ensemble-mean
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warming to this would leave 0.26°C before this notable target is surpassed. In addition, we can estimate the
cumulative expected warming to have occurred following a given number of years since the IM0O2020
introduction. Due to the small signal associated with the modeled IMO2020 impact, we use a recent
UKESM1 marine cloud brightening (MCB) experiment with larger aerosol perturbations to do so, assuming
the temperature response across the same timescale (i.e., a decade) is the same for marine clouds that are
brightened with sea-salt rather than SOi‘ (see Supplementary Information). These estimates suggest that at
the end of 2023, 0.040°C of warming will have occurred due to IMO2020, representing 58.0% of the total
warming expected by the end of the decade (0.069°C), or 87.0% of the ensemble-mean annual warming
across 2020-2029. To verify this estimate would require increasing our model ensemble in order to isolate
the temperature response of IMO2020 years-by-year. Nevertheless, the possibility that over half the
IM02020 warming expected this decade has already been realised increases pressure on our remaining
carbon budget.

It must be acknowledged that this study solely relies on model simulations to assess IMO2020 and so our
analysis is subject to certain assumptions and limitations. For example, our experimental set-up assumes
shipping emissions are released 20 m above mean sea level, whilst real-world values are more likely 40—
50 m (Gan et al., 2023), and lacks explicit representations of the resulting plume rise. Subsequently, as SO,
removal via dry deposition is more efficient closer to the surface in UKESM1 (Mulcahy et al., 2020), our
SO, burden is likely underestimated which, in turn, may mean our cooling effect and temperature response
are also. Similarly, studies have proposed that the aerosol-induced cloud cover response is too weak in
general circulation models (Chen et al., 2022, 2024), which again implies that the IMO2020 warming es-
timate here is too conservative. On the other hand, UKESM1 is unable to explicitly simulate ship tracks and
this inability has been suggested to cause up to a ~ 50% overestimation in the cloud radiative effect of low-
level marine clouds (Possner et al., 2016) which, coupled with the reported high climate sensitivity of
UKESM1 (Andrews et al., 2019), suggests that the IMO2020 warming is less than the amount proposed
here. Other model limitations include a low signal-to-noise ratio, the absence of aerosol or N, in the
UKESMI1 convective cloud scheme meaning a convective forcing component is missing, uncertainty in the
real-world reduction to SO, from shipping emissions (we assume ships pre-IM0O2020 were using fuels at the
legal maximum limit of 3.5% sulfur), and neglecting any reduction in other pollutants present in shipping
exhaust fumes (nitrogen oxides, black carbon, particulate matter etc.). Naturally, using observations removes
these limitations, yet a longer observational record than the current one would be needed to fully isolate the
IMO2020 signal from natural variability and other confounding influences (e.g., COVID-19). Until such
time, the community will continue to rely on modeling studies and so should potentially look toward a
model intercomparison project to mitigate this uncertainty.

IMO02020 is likely already impacting our climate, and will continue to do so this decade, via direct and
indirect aerosol processes. The recent extremes are perhaps too large to solely attribute to IMO2020, yet the
warming impact of IMO2020 is appreciable enough to warrant inclusion in updates to long-term climate
targets and remaining carbon budgets. The newly enforced SO, emissions restrictions are perhaps the first
large-scale geoengineering experiment—albeit inadvertent and “reversed”—and may play a pivotal role in
the study of MCB as a climate intervention technique (e.g., Feingold et al., 2024; Haywood et al., 2023;
Yuan et al., 2024).

Appendix A: Shipping SO, Radiative Forcing Estimates

Estimates of the radiative forcing from shipping emissions of SO, in the literature are provided in Table A1. These
estimates are derived from varying methodologies and assumptions, so caution should be exercised when drawing
comparisons.
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Table A1
Estimates of the Radiative Forcing From Shipping Emissions of SO, in the Literature. These Estimates are Made Using Very
Different Methods and Assumptions, so Caution Should Be Used When Comparing Them
Forcing estimate
Reference Model (Wm™) Perturbation
Jordan and Henry UKESM1 0.139 85.7% reduction
Quaglia and Visioni (2024) CESM2 0.14 90% reduction
Skeie et al. (2024) CESM2 0.085 80% reduction
Skeie et al. (2024) ModelE_MATRIX 0.065 80% reduction
Skeie et al. (2024) ModelE_OMA 0.08 80% reduction
Skeie et al. (2024) NORESM2 0.065 80% reduction
Skeie et al. (2024) OsloCTM3 0.07 80% reduction
Yuan et al. (2024) GEOS-GOCART 0.2 85% reduction
Yoshioka et al. (2024) HadGEM-GC3.1 0.13 80% reduction
Diamond (2023) Kriging method 0(0.1) Satellite retrievals
Yuan et al. (2022) Machine learning model 0.02-0.27 Satellite retrievals
Bilsback et al. (2020) GEOS-Chem 0.027 85% reduction
Jin et al. (2018) CESM1.2.2 0.153-0.255 All shipping emissions
Sofiev et al. (2018) FMI SILAM 0.071 75% reduction
Partanen et al. (2013) ECHAMS.5 0.33 85% reduction
Peters et al. (2013) ECHAM-HAM 0.1-0.46 All shipping emissions
Righi et al. (2011) EMAC-MADE 0.28-0.40 All shipping emissions
Lauer et al. (2009) ECHAMS/MESSy1-MADE 0.3-0.313 81.5% reduction
Schreier et al. (2007) Visual analysis 0.004-0.006 Satellite retrievals
Capaldo et al. (1999) GFDL chemical transport model 0.11 All shipping emissions
Data Availability Statement
The UKESM1 simulation data used in this study are available at Zenodo via https://doi.org/10.5281/zenodo.
11504280 (Jordan, 2024). All observational data sets used in this study are publicly available. NOA AGlobalTemp
data are available via https://www.ncei.noaa.gov/products/land-based-station/noaa-global-temp (Huang
et al., 2020). GISTEMP data are available via https://data.giss.nasa.gov/gistemp/ (Lenssen et al., 2019). Had-
CRUTS data are available via https://www.metoffice.gov.uk/hadobs/hadcrut5/ (Morice et al., 2021). ERAS data
are available via https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5 (Hersbach et al., 2020).
CERES data are available via https://ceres.larc.nasa.gov/data/ (Loeb et al., 2018). The marine boundaries used in
this study are produced by the Flanders Marine Institute and available via https://doi.org/10.14284/323 (Flanders
Marine Institute, 2018). The code used to produce the results presented in this study is available at Zenodo via
https://zenodo.org/doi/10.5281/zenodo.13150210 (Jordan & Henry, 2024).
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