
   
 

   
 

We appreciate the useful comments by the two reviewers. Below follows our responses 
to the comments by the reviewers and a description of how the manuscript has been 
modified. The original reviewer’s comments are in blue and our response in black. 

 

Anonymous Referee #1 

Using global climate model simulations, this study estimates the effective radiative 
forcing of changes in SO2 due to the IMO 2020 sulfur regulation, which limits the sulfur 
content in international shipping fuel from 3.5% to 0.5% by mass. The results show the 
magnitude of the ERF due to 2020 sulfur regulation is 0.073 W m−2, which is within the 
range of 0.03 to 0.33 W m−2 in the literature. This study advances our understanding of 
the ERF magnitude of international shipping induced SO2 changes before and after 
2020. Overall, it is a high-quality manuscript with clear representation, robust analysis, 
and interesting results. I have one major comments for the authors to be addressed: 

 In the Discussion and conclusion section, the role of DMS in estimation of shipping 
induced ERF is discussed. I am wondering if the DMS emissions in each model 
simulations could be derived and compared. The differences of DMS among these 
model simulations could help explain the spread of the estimated shipping ERF among 
the ensemble members. I expect to see smaller magnitudes of the ERF in simulations 
with larger DMS emissions. 

We have added an additional table in the manuscript with DMS emissions for the 
individual model ensembles. The DMS emissions range from 27 to 60 Tg DMS yr-1. We 
have also done radiative transfer calculations on a set of simulations for the IMO 
regulations using OsloCTM3 model with lower DMS emissions. The RFaci in this set of 
simulations increased by 23%. In the discussion section, where the role of DMS on the 
ERF is discussed, these results are incorporated. In the new table, also the burden 
change (absolute and relative) for the emission perturbations is included. This 
highlights also other differences in the sulphur cycle in the models than DMS 
emissions. 

The modified paragraph in the discussion and conclusion section: 

“In marine areas, dimethyl sulphide (DMS) is an important sulphur component, and the 
models included in this study span a large range of natural DMS emissions from 27 to 60 
Tg DMS yr-1 (Table 2). Jin et al. (2018) highlighted the significance of the natural DMS 
concentration for aerosol-cloud interactions due to shipping emissions. When DMS 
emissions in their simulations were reduced, the cloud radiative effect of the shipping 
emission reduction increased. Satellite measurements of DMS from the airborne NASA 
Atmospheric Tomography (ATom) mission indicate that the DMS emissions in global 
models may be overestimated (Bian et al., 2024). A set of simulations with DMS 



   
 

   
 

emissions in the OsloCTM3 reduced to 30 Tg DMS yr-1, results in similar decrease in 
sulphate burden (in absolute values) for the 80% emission reduction from the shipping 
sector while the RFaci increased by 23%. The OsloCTM3 is the model with the largest 
DMS emissions, but it is also the model with the largest absolute change in sulphate 
burden among the models included in this study (Table 2). Therefore, a better 
representation of the sulphur cycle in marine areas is needed to further our 
understanding of the impact of SO2 emission on climate.» 

Minor comments: 

1. Near Line 20: delete “fuel” in “fuel (IMO, 2018)”. 

Done. 

2. Line 20: please cite reference about the 77% reduction. How was this number 
calculated? 

We have replaced the IMO website reference by a reference to the underlying report 
where this number is calculated from the effect of implementing or not implementing 
this IMO2020 regulation in 2020.  

Corbett, J. J., et al. (2016). Health Impacts Associated with Delay of MARPOL Global 
Sulphur Standards. 
https://wwwcdn.imo.org/localresources/en/MediaCentre/HotTopics/Documents/Finlan
d%20study%20on%20health%20benefits.pdf FMI. 

 

3. Line 47: The forcing should be 0.18 W m−2 in Jin et al (2018). 

In Jin et al they write “Reducing sulfur contents from 3.5 % to 0.5 % could reduce both 
DRE (from −51.4 to −3.9 mW m−2) and CRE (from −0.179 to −0.001 W m−2)” 0.18 is only 
the effect of CRE. If you add the effect of DRE −47.5 mW m-2 = −0.0475 W m-2 you will get 
0.23 W m-2. 

4. Figure 2: Many dots are broken. I guess the broken dots have the same meaning 
with the remaining full dots. If so, please correct the broken dots. Otherwise, 
please explicitly indicate the meaning of the broken dots. 

The broken dots were due to the resolution of the grid and the size of the dots. We have 
replaced the dots by hatching represented by lines and hope this helps.  
 

5. Currently, only two figures in the main text and many figures are organized in the 
supplementary materials, which makes the audience to refer to the 
supplementary figures frequently. I suggest the authors move some of the suppl. 
figures to the main text. 



   
 

   
 

We have moved Figure S2 from the supplement to the main text. In addition, we have 
combined the ensemble mean for the individual models (rightmost column in Figure S4) 
with the multi-model mean (Figure 2).  

 

Anonymous Referee #2 

This is a multi-model estimate of how the 2020 IMO ship fuel regulation has affected 
global climate. While the motivation for reduced sulfur fuel content is air quality, the 
regulation has become an important indicator of human impacts on global climate via 
aerosols. A constraint on the full impact also helps understand the causes of recent 
interannual temperature shifts. There have been several evaluations of this ship fuel 
change but I have seen no multi-model attempts like this and feel the study is fitting for 
ACP. I do however feel the authors aren’t strongly leveraging the benefits of a multi-
model approach. I would like to ask the authors if they can provide more assessment of 
what processes are driving the forcing and its intermodel spread, and for clarification on 
the quite narrow uncertainty range they estimate. 

As outlined in the responses to the specific comments below we have extended our 
results section and clarified the estimated range, that was not the full uncertainty range 
but only the spread in the model means.   

 

Major comments 

It would be nice if there were deeper context on the model results, as the Results 
section is quite thin so I feel the study isn’t leveraging the breadth of model output the 
authors have available. For instance I wonder if the authors can provide any information 
on what processes drive the forcing in the assessed models? E.g. division between ACI 
and ARI and between RF and ERF. For instance, most models have estimates of cloud 
radiative effects, which could be used to decompose the contribution of cloud forcing 
changes, even if ‘cloud masking’ of non-cloud changes makes this a rough estimate. 
Second, the GISS model is often run with the Ghan ‘clean’ (aerosol free) double-
radiation call, so if this was done for the simulations here the aerosol direct effect and a 
more representative cloud radiative forcing can be separated out from the output of 
what is here treated as two models. Much of the advantage of a multi-model study is 
that it can be set up to enable process-based comparisons among the models. So I’d 
encourage the authors to add any indication whether the ERF and its spread are 
dominated by any particular term, or otherwise to add more of a process-based story to 
this evaluation. 

To add a more process-based story, we have added an additional table to the 
manuscript for the representation of the sulphur cycle in the model. We find the DMS 



   
 

   
 

emissions in the models to differ (see comments to Reviewer #1) and also the sulphate 
burden change from the same emission perturbation to be different. This highlight the 
divergence in the model results in the representation of the sulphate cycle.  

In the results section we have added: 

“The 80% reduction in SO2 emissions from the shipping sector is driving these forcing 
responses. The SO2 emissions chemically react in the atmosphere and convert to 
sulphate particles that alter the radiation field directly or indirectly via clouds in the 
atmosphere before the particles are eventually removed through scavenging. Table 2 
summarizes the SO4 burden change due to the emission reduction in the shipping 
sector from the individual ensemble members in each model. The SO4 burden change 
ranges from -0.018 to -0.07 Tg (-1.5 to -2.7%) for the same emission perturbation of 8.7 
Tg SO2 yr-1 indicating that differences in the representation of the sulphur cycle 
contribute to the model spread in the forcing.” 

It is challenging to decompose the ERF calculated in models, and the GISS model was 
unfortunately not run with the double-radiation call. As the GISS models and OsloCTM3 
do not include the cloud adjustments, we have highlighted this in the discussion and 
results sections and presented results of RF and ERF separately. The results from the 
models calculating RF and those calculating ERF are similar. 

In the results section we have added: 

“For OsloCTM3, ModelE_MATRIX and ModelE_OMA the cloud adjustments to the 
shipping emission perturbations are not included (see Method) and what we report for 
these models is the RF. Their mean RF ranges from 0.066 to 0.086 W m-2, similar to the 
range for NorESM2 and CESM2 of 0.057 to 0.089 W m-2, which includes the cloud 
adjustments. This might indicate that cloud adjustments play a limited role in this 
forcing in CESM2 and NorESM2. “ 

And in the discussion and conclusion section: 

“The models included in this study have a variable degree of microphysical cloud 
adjustments. OsloCTM3, ModelE_GISS and ModelE_MATRIX do not include changes in 
liquid water path and cloud cover and hence RF is reported. The models reporting RF 
and the models reporting ERF show a similar spread, indicating a limited role of cloud 
adjustments in the two other models.” 

The stated ERF range of 0.06-0.09 Wm-2 is quite narrow and at odds with the “large 
uncertainties” assertion in the manuscript’s last sentence. So I wonder if this is an 
accurate portrayal of the uncertainty. For one, each of the models in Fig. 1 has a larger 
uncertainty than the multi-model uncertainty, which gives the sense there is more 
uncertainty than depicted here. I wonder if the authors can instead give an uncertainty 
range that combines the evaluated factors?  



   
 

   
 

Regarding the narrow range of the multi-model results, the range presented in the 
abstract is the model mean range. Clearly the uncertainty is larger than what the spread 
in the model means represents. However, it is difficult to assess the full range of the 
uncertainty in the ERF due to the IMO regulation of 2020 (including uncertainty in 
emissions, sulphur cycle, forcing and cloud adjustments). Therefore, we do not attempt 
to come up with an uncertainty range on our estimates but we have added a sentence to 
the abstract highlighting the large uncertainties discussed in the paper.  

“The full uncertainty in the ERF due to the new regulation is not quantified but will very 
likely be high considering the contribution of uncertainties in shipping SO2 emissions, 
the sulphur cycle, the modelling of cloud adjustments and the impact of interannual 
variability on the method of calculating radiative forcing.” 

In the abstract we have also tried to make this clearer by adding the word individual: 

“The individual model means range from 0.06 to 0.09 W m-2 corresponding to the ERF 
due to the increase in CO2…” 

We have also added a clarification at the end of the first paragraph in the discussion 
section: 

“The uncertainty calculated based on the interannual variability in the individual 
ensemble members is larger than the spread in the model mean estimates (Fig. 1). This 
highlights the importance of simulations with sufficient length for the ERF calculations. 
In addition to uncertainties related to interannual variability in the simulations, there are 
additional uncertainties as discussed below.” 

 

Also, I wonder if the authors can comment on features of the models that make their 
ERFs similar. For instance, if the ACI RF (first indirect effect) were the leading factor, 
could it be that the models have similar CCN parameterizations? The Abdul-Razzak and 
Ghan parameterization is ubiquitous, which might explain some of the intermodel 
similarity. 

In the model description, we have added descriptions of the CCN parameterization in 
the models. CESM2, ModelE_MATRIX and NorESM2 are all based on the Abdul-Razzak 
and Ghan parameterization. 

CESM2: “cloud droplet activation parameterization is based on Abdul-Razzak and Ghan 
(2000)» 

ModelE: “In MATRIX, the cloud droplet activation parameterization is based on Abdul-
Razzak and Ghan (2000), while in OMA, the aerosol conversion into cloud condensation 
nuclei  is empirical, following the method outlined by Menon and Rotstayn (2006).” 



   
 

   
 

NorESM2: “As in both CESM2 and MATRIX, the cloud droplet activation parameterisation 
in CAM6-Nor is based on Abdul-Razzak and Ghan (2000) (see also Kirkevåg et al., 
2013).” 

In the discussion section we have added the following sentence:  

“Note also that there are similarities in the cloud droplet activation parameterization in 
the models (see Method), that may reduce the model spread.” 

Could the authors please add context on how their results are different or improved 
from other recent studies on the climatic impact of the ship fuel regulation?  

In the first paragraph in the discussion and conclusion section, we have highlighted that 
previous single model studies have used different assumptions of the emission 
reductions due to shipping, while in this study we use multiple models with similar set-
up of the perturbation. We have also highlighted the importance of long enough 
simulations for quantifying the forcing. 

Added text: “The uncertainty calculated based on the interannual variability in the 
individual ensemble members are larger than the spread in the model mean estimates 
(Fig. 1). This highlights the importance of simulations with sufficient length for the ERF 
calculations. In addition to uncertainties related to interannual variability in the 
simulations, there are additional uncertainties as discussed below”   

 

Currently much of the Discussion section summarizes past studies, and feels more 
suited to the Introduction. I’d like to see more context on how the current study 
advances the field. 

We have added more content based on the results of this paper to the discussion 
section. Both in the paragraph regarding DMS emissions (see response to Reviewer #1) 
and ERF vs. RF as described above. 

  

Specific comments 

Lines 25-6: I’d like the ERF and RF (defined in Line 140 but first used in 72) to be 
explained in the Introduction, especially since “effective radiative forcing” is 
prominently in the title. Can the authors please briefly describe the terms in each, and 
which are expected to be relevant? For instance, is it expected for the semi-direct effect 
(the ERF ARI – RF ARI) to be a contributor, or is sulfate not sufficiently absorbing? 

Following the definition of ERF, ERFari and ERFaci, we have added the following 
sections defining RF and describing the different terms: 



   
 

   
 

“The ERF metric includes the radiative effects of atmospheric adjustments to the initial 
forcing that are not mediated by surface temperature change. Such so-called 'rapid 
adjustments' include changes in stratospheric temperature, tropospheric temperature, 
water vapour, surface albedo and clouds (Smith et al., 2018;Boucher et al., 
2013;Sherwood et al., 2015). Changes in cloud liquid water path and cloud cover 
comprise the main cloud adjustments, and are associated with large uncertainties 
(Bellouin et al., 2020). When all tropospheric adjustments are excluded, (i.e., only 
stratospheric temperatures adjust), the forcing is termed radiative forcing (RF). This can 
be divided into RF of aerosol-radiation-interaction (RFari), which represents the 
interaction of aerosol particles themselves with the radiation field, and RF of aerosol-
cloud-interaction (RFaci), which accounts for how aerosol particles change the 
reflectivity of clouds by altering the cloud droplet number concentration. The 
adjustments following aerosol-radiation-interaction for a sulphate perturbation are 
negligible as sulphate aerosols are non-absorbing (Stjern et al., 2023).” 

The semi-direct effect is not expected to contribute as sulphate is not absorbing. In the 
next section, based on IPCC AR6 we have stated that ERFaci is the dominant 
contributor to aerosol ERF due to anthropogenic SO2 emissions. However, in the added 
section (see above), we have highlighted the large uncertainties in the adjustment 
terms. 

Line 29: The cited “total aerosol ERF” as stated in the reference refers to the change 
“over the industrial era (1750–2014)”. Since this doesn’t significantly include natural 
aerosol, the description would be clearer by specifying this as a “total anthropogenic 
aerosol ERF” or similar. Natural aerosols can also be assessed to have an ERF. 

We have added “over the industrial era (1750–2014)” to the sentence to clarify. The total 
aerosol ERF includes for instant forcing due to biomass burning emissions, that can 
both be of natural and anthropogenic origin. 

Line 34: “Assuming” makes it sound like the 80% reduction was a completely arbitrary 
choice. Maybe “approximating” is better, or this can be reworded another way? 

Rewritten as: “Approximating the reduction of SO2 emissions in 2020 from the shipping 
sector to 80%,” 

Lines 43-51: Because there is already a range of forcing estimates for the same case, 
can the authors please briefly say in the Introduction how the present study is an 
improvement or at least a worthwhile addition to this literature? 

Previous studies have used different setups to calculate the forcing estimates, different 
baseline emissions, different size of emission reduction. Here we use the same setup 
for all models which is an advantage. We have added in the first paragraph of the 
Discussion and conclusion section that previous studies have used different 



   
 

   
 

assumptions regarding emissions reductions, which is also highlighted in the 
introduction. In the last sentence in the Introduction we have added that the emission 
perturbation is from the same baseline.  

Methods, generally: Can the authors please add a bit of info on whether the aerosol 
radiative effects and/or CCN activation schemes are different between the models in 
any way that matters? Conversely, if these models are highly similar, the intermodel 
range might not represent an accurate representation of current process uncertainties. 

We have added additional information on the CCN activation schemes in the model 
section (see response above). 

We have also (as mentioned above) clarified that the intermodel range do not represent 
current process uncertainties. The uncertainty is larger. 

Line 63: When the authors say they “perform two atmosphere-only simulations”, for 
most models they seem to actually mean four, given the two ensemble members. 
Maybe change to “two types of atmosphere-only” simulations or clarify this another 
way? 

Added suggested change. 

Line 72: RF is used here but has not yet been defined. 

Definition moved to the introduction.  

Lines 72-4: Can the authors please briefly explain in the text why they have chosen to 
use a CTM? Is there an added benefit over the GCMs, which presumably could be 
nudged in a way that mimics the CTM’s being driven by meteorology? Or it’s 
predominantly just to have one more model? 

Using a CTM avoids noise from internal variability and the RF can be calculated based 
on a single year of simulation, as the meteorology is exactly the same in the control and 
perturbed run. In a multi model study it is also an advantage to have several models.  

In the model description we have added a sentence regarding the CTM: “Results from a 
CTM are not influenced by noise and therefore simulation length of one year is 
sufficient.” 

Table 1 caption: Can the authors please say in the manuscript why the CTM is only one 
year? Is this because the CTM is constrained by meteorological inputs and hence less 
susceptible to noise? I think this would look better in the text rather than the caption, 
but leave it to the authors to decide. 

We keep the text in the Table 1 caption but added a sentence to the Method section (see 
response above). 



   
 

   
 

Lines 85-6: The same info on the climatology seems to be repeated for each model, as it 
appears in Lines 99-100 and Lines 109-110. I’d encourage the authors to avoid repeats 
by describing common setup information at the start of the Methods rather than in each 
model description. 

We have moved these to a common description at the start of the Method section. 

“We run two ensemble members for each global climate model, which differ in terms of 
the climatology of sea-surface temperature and sea-ice concentrations that are used in 
the simulations (ensemble member 1 uses 2000 climatology and ensemble member 2 
uses 2010 climatology).” 

Lines 92-7: The ModelE citations are confusing. Since the version used is E2.1, can the 
authors please cite Bauer et al 2020 more centrally and omit references to older model 
versions not used here, which are cited in the Bauer paper anyhow? 

We have removed the old references to Bauer et al 2008, Koch et al 2006 and Nazarenko 
et al., 2017, and refered to Bauer et al 2020 as it is sufficient.  

Line 98: Can the authors please explain why/how they expect the two ModelE versions 
to perform differently? Does this mostly stem from differences in sulfate size from its 
fixed value in OMA (which ideally would be stated) and the interactive value in MATRIX? 

Yes, with a predicted aerosol size distribution (MATRIX), compared to prescribed 
constant aerosol size distribution (OMA), aerosol-cloud-radiation interactions are 
different.  

Line 97: Do the authors expect the lifetime effect (which should be briefly described) 
would contribute much? There’s a brief reference near the end of the manuscript but I 
feel this should be indicated sooner. 

In the new section in the introduction, we have introduced the cloud adjustment terms 
(see response above).  

In the results section we have added a new paragraph where we compare the results 
with the models including the cloud adjustments and the models without (see response 
to Major comment above).  In the discussion section, we have added more content to 
the section on the cloud liquid path related to our results (see response to Major 
comment above), and included a new sentence referring to another study at the end: 

“The recent study by Yuan et al. (2024) found the cloud fraction adjustments to 
contribute by 60% to their forcing estimate of 0.2 W m-2 (for the global ocean) combining 
satellite data and global modelling, while liquid water path adjustments were negligible 
on the global scale. “ 

The liquid water path adjustment seems to play a smaller role from comparing the 
models including and excluding these adjustments. Also, the studies mentioned in this 



   
 

   
 

paragraph indicate a smaller role of the liquid water path adjustments, however there 
cloud fraction adjustments are uncertain. 

 

 

Line 118: Is the OsloCTM3 aerosol module one-moment or two? 

It is a one-moment aerosol module for sulphate. 

Fig. 1: Does it really make sense for the range from multiple models to be smaller than 
the range from any single model? I would expect there to be compounding 
uncertainties. 

As indicated in the figure legend, what is shown is the model mean range, which is not 
the uncertainty range. As stated above, we have added an additional sentence regarding 
uncertainties to the abstract and the first section of the discussion and conclusion. 
Hope this is clearer now. 

Lines 142: Can the authors estimate RF ARI and RF ACI in any other models for 
comparison to these OsloCTM3 values? Or generally make any apples-to-apples 
comparisons between the models for anything other than the full simulated effect? 

Regarding radiation, it is difficult to properly compare any other effect than the full 
simulated effect. But we have added results on changes in the sulphur cycle, where the 
results show different sulphate perturbations for the same emission perturbation.  

Fig. 2: Given there are only two figures in the manuscript, it would make sense to at 
least make this a compound figure with one of the Supplementary figures, if there isn’t 
anything more directly relevant to show here. 

We have merged the model mean (rightmost column in Fig S4) with Fig 2. We have also 
moved Fig S2 from the supplement to the main text. In addition, we have added a table 
to the main text regarding the changes in sulphate. 

Line 168: Please give a brief rationale of why this study, which generally agrees with the 
others, is different or original from the previous attempts. 

We have indicated that previous studies assume different emission reductions, as also 
highlighted in the introduction. Here we use multiple models with the same emission 
background and the same emission perturbation. We also highlight here the importance 
of long simulations, and uncertainties related to internal variability in the simulations.   

Lines 180-185: I find this paragraph confusing to read. This makes it sound like DMS is 
being released from ships, but these references are about naturally emitted DMS, right? 
I’d like to see this more clearly delineated. 



   
 

   
 

Added «natural” to make this clearer. 

Line 195: “modelled emissions” of what? 

“modelled shipping emissions”  

Lines 195-6: “showed that the cloud droplet numbers respond linearly” to “showed that 
cloud droplet number responds linearly” 

We have removed this sentence to focus more on the adjustment in this paragraph. 

Line 200: I think the “liquid water path adjustments” is the second indirect effect that is 
indirectly hinted at when Line 97 mentions the GISS model has only a “first indirect 
effect” (Line 97), but I’d like to see this effect briefly explained early in the article and 
then described consistently. 

In the introduction, the adjustments are now clearly defined (see response above). We 
have also more clearly stated in the method and results sections that the GISS models 
and OsloCTM3 do not include the liquid water path adjustments and thus calculate RF 
and not ERF (see response above). We have tried to be more consistent and avoid the 
term first indirect effect. We have rewritten in the ModelE description: 

 “MATRIX and OMA only include the effect of aerosol on the cloud droplet 
concentrations  (Bauer et al., 2020), and hence not changes in the cloud liquid water 
path.”  

At the end of the method section, we have also added: “Although cloud adjustments are 
not included in all models, we present the results collectively as ERF.” 

 

Line 202: Is the cloud fraction impact separate or heavily linked to the liquid water path 
adjustment? Clouds with less cloud fraction tend to have less liquid water path if not 
normalizing by the fraction. I see this is following the language of observational studies, 
but find it a bit confusing. 

These processes are not fully understood. We have added “in observational based 
studies” here.  

Line 208-9: The stated “large uncertainties” are what I’d expect but this article’s main 
conclusion is a 0.06-0.09 Wm-2 uncertainty range, which is quite small. Please 
reconcile. 

We do not state that 0.06-0.09 is the uncertainty range. It is the range of the model 
means, and clearly more narrow than the full uncertainty range. We have added a 
sentence to the abstract and first part of the Discussion and conclusion section 
clarifying this (see response above).  



   
 

   
 

Typographic or minor errors 

Line 63: “is used to” to “are used to” 

Done. 

Line 186: “include” to “includes” 

Done. 

Line 195: “reanalysis wind” to “reanalysis winds” 

Done. 

Table 1: “#Ensemble members” could at least be “# of ensemble members”. 

Done. 
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