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We are in a global warming emergency that is being exacerbated by a rapid decline in 

anthropogenically caused atmospheric aerosol loading (Hansen et al, 2023). 

Recently implemented (2015 and 2020) International Maritime Organization (IMO) regulations 

on bunker-fuel sulfur oxide (SOx) are an important contributor to these reduced aerosol loadings 

and high sea surface temperatures (Hansen, 2023b; Hansen et al., 2023; WMO, 2014, 2023).  

Numerous studies have suggested that these reduced aerosol loadings have and will 

significantly increase global warming (Hansen et al., 2023; Diamond, 2023; Voosen, 2023; 

Hausfather & Forester, 2023; Yuan et al. 2023, 2022; Bilsback et al., 2020; Jin et al., 2018;  Sofiev 

et al., 2018; Partanen et al., 2013; Fuglestvedt et al., 2009; Lauer et al., 2007). Higher sea surface 

temperatures have been implicated in the intensification of extreme flooding worldwide and in 

the dying of an estimated 19 percent of coral reefs globally since 2009 (Aumann & Wang, 2018; 

UNEP, 2021).  

This suggests the need to reconsider refinement of the regulations. 

Following Partenan et al (2013), it may be possible to offset the global warming harm of these 

regulations by temporarily relaxing them for “high seas” sulfur emissions (i.e., far from ports and 

population centers) while largely preserving air quality benefits in ports and coastal areas like 

current IMO “Emission Control Areas”.7 It may also be possible to increase the cooling effect of 

shipping emissions while preserving or enhancing air quality by including benign tropospheric 

aerosol precursors in existing and future non-GHG, or net-zero GHG emitting, maritime fuels 

(Baiman et al., 2023). 

We therefore ask that the International Maritime Organization and other international and 

national health and environmental organizations urgently support and sponsor research, pilot 

testing and emergency regulations, that would: 

1)      Partially relax the IMO’s maritime bunker fuel sulfur emissions regulation for “high seas” 

maritime transport outside of Emissions Control Areas in ways that - as much as possible-- 
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would increase the global cooling benefits of sulfur or similar aerosols without causing harm to 

humans or natural systems, and 

 

2)      Require that benign tropospheric aerosol precursors such as sea water (referred to as the 

“marine cloud brightening method”) or other possible tropospheric aerosols  (referred to as the 

“climate catalysts method”) that would create the global cooling benefits of sulfur aerosols 

without - as much as possible - causing harm to humans or natural systems be included in 

existing fuel, and in future non-GHG and net-zero GHG emitting fuel (Baiman et al., 2023). 
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Technical Addendum  

We are in a global warming emergency that is being exacerbated by a rapid decline in anthropogenically 

caused atmospheric aerosol loading (Hansen et al., 2023).  Recently Implemented International 

Maritime Organization (IMO) regulations on bunker-fuel sulfur content are an important contributor to 

these reduced aerosol loadings (Hansen, 2023b).. Reduced sulfur content in bunker fuels thus appears 

to be resulting in significant warming of the upper ocean (WMO, 2023). For example, while the cause of 

the recent unprecedented high sea surface temperatures was initially thought to be the current El-Nino, 

the latest observations suggest that this has been a quite weak influence (Hansen, 2023b). The primary 

cause now appears to be a reduction in cloud albedo due to a reduced atmospheric sulfate aerosol 

loading, much of this reduction resulting from reduced SO2 emissions from international shipping 

(Hansen, 2023b). The new regulations have resulted in the higher sea surface temperatures that have 

been implicated in the intensification of extreme flooding worldwide and in the dying of an estimated 19 

percent of coral reefs globally since 2009 (Aumann & Wang, 2018; UNEP, 2021). This suggests the need 

to reconsider refinement of the regulations. 

On January 1, 2020, International Maritime Organization (IMO) Marine Environment Protection 

Committee (MEPC) regulations lowering the permissible sulfur oxide (SOx) and particulate matter 

content of marine fuels from 3.5%  to 0.5% outside of Emission Control Areas (ECA) by mass became 

fully effective (IMO, 2020).8 Earlier regulations that came into effect in January 2015 limited sulfur oxide 

and particulate matter content in ECAs to  0.10% from the limit of 1.00% that had been in effect through 

2014 (IMO, 2020; 2014).9 The objective of the regulations was to reduce harmful public health impacts 

from sulfate and particulate matter pollution that often reached high levels in populated ports where 

large numbers of ships were in port or waiting to dock, constantly running their engines  (Diamond, 

2023; IMO, 2019; Partanen et al., 2013; Sofiev et al., 2018; Zhang et al., 2022). 

IMO MEPC data indicate that before 2020 the average sulfur mass content of marine fuel oils was 

~2.5%, and ~80% of the global fuel oil supply exceeded 0.5 %. Since 2020, the data indicate that the 

average sulfur mass content has declined to ~1%, and only ~20% of fuel has exceeded 0.5%, a reduction 

of  ~ 60% in average fuel sulfur content (Diamond 2023; IMO MEPC 2020 - 2023). Moreover, as a 

“carriage ban” forbids ships from carrying noncompliant fuel oil unless they have scrubbers installed, 

this is likely an understatement of effective compliance (IMO, 2018). Thus, the regulations have likely 

significantly reduced shipping-caused sulfur emissions and thus sulfate loadings in highly populated 

port-regions around the world, resulting in reduced impacts on long-term health in these regions. 

However, because these regulations have also reduced the global loading of sulfate aerosols that 

provide a cooling offset to global overheating from the increasing concentrations of carbon dioxide and 

other greenhouse gasses (GHGs), these regulations are adding to net global warming and its many 

associated health and environmental impacts. 

 
8 For ECA delineations see IMO (2020). An allowable alternative approach would require ships to install costly 

scrubbers to achieve an equivalent reduction in sulfur oxide (SOx) emissions.  
9 For a Table with a history of IMO sulfur oxide and particulate matter regulations inside and outside of ECA from 

2010 to 2020,  see IMO (2020).  
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The mechanism for the climatic effects is quite clear. Shipping effects on clouds, which were identified in 

the mid-1960s when satellite imagery captured images of “ship tracks,” have been found to increase the 

number and concentration of cloud droplets and decrease their average size. These changes tend to 

brighten clouds and make them more reflective (Conover, 1966; Twomey et al., 1968; Twomey, 1974, 

1977). In addition, cloud macrophysical adjustments (referred to as the Twomey effect) have been 

observed within ship tracks to enhance their brightening effect by suppressing precipitation, which in 

turn can lead to longer cloud lifetimes (Albrecht, 1989; Goren and Rosenfeld, 2012) or, alternatively, 

depending on the situation, to reduce their brightening effect by enhancing cloud break up or 

entrainment (Chen et al., 2012; Coakley and Walsh, 2002; Toll et al., 2019). 

Hansen et al. (2023) estimates the increased global forcing impact of the 2015 and 2020 IMO bunker 

fuel sulfur content regulations to be about 1.05 W/m2. 

Diamond (2023) estimates the effect of the 2020 regulations  to be on the order of 0.1 W/m2. Diamond’s 

paper built on earlier studies that had found that, using artificial intelligence-based satellite image 

recognition, clouds induced by ships (i.e. ship tracks) had been 10 times more numerous before 2020 

than previously estimated based on manual identification techniques, and that ship tracks had declined 

by more than 50% in the main shipping corridors after the 2020 IMO regulations came into effect 

(Voosen, 2023; Yuan et al., 2022). Another recent study, currently under review, by Yuan and co-

authors, using this data reportedly estimates a similar 0.1 W/m2 radiative forcing increase due to loss of 

maritime sulfur aerosol after 2020 (Voosen, 2023).  

Estimates from earlier studies have shown a range of influences for different (2015 or 2020) regulatory 

regimes and sulfate, or sulfate and other, marine fuel induced aerosols. Hausfather & Forester (2023) 

found 0.079 W/m2; Yuan et al. (2023) estimate 0.12 W/m2, Yuan et al. (2022) give a range of 0.02-0.27 

W/m2; Bilsback et al. (2020) estimate 0.027-0.041 W/m2; Jin et al. (2018) estimate 0.153 W/m2; Sofiev et 

al. (2018) 0.071 W/m2; Partanen et al. (2013) 0.39 W/m2; Fuglestvedt et al. (2009) 0.097 W/m2; and 

Lauer et al. (2007) 0.11-0.36 W/m2. 

Considering that recent (i.e., January 2020 - June 2023) CERES data on the total Earth Energy Imbalance,  

or total excess energy from the sun absorbed by the earth,  averages 1.36 W/m2, all of these estimates 

suggest that a significant global heating impact has resulted from the regulations, as there are no other 

indications of such a large positive forcing (Hansen et al., 2023; Hansen, 2023a, 2023b). 

Partenan et al. (2013) also compared the global cooling and health effects of the pre-2020 shipping 

emissions scenario (ship-fuel sulfur content of 2.7%) with two alternatives: (a) scenario 1 in which ship-

fuel sulfur content was 0.1% in coastal waters and 5.4% elsewhere, and (b) scenario 2 in which global 

ship-fuel sulfur content was 0.1% in coastal waters and 0.5% elsewhere (roughly corresponding to the 

current post-2020 sulfur content regime). They found that scenario 2 had more beneficial health 

impacts than the pre-2020 emission regulation scenario, reducing deaths by 96% of the 2013 total 

(48,200 deaths avoided per year), but much less cooling impact (−0.06 W m−2 vs. −0.39 W m−2), and that 

scenario 1 had a slightly stronger cooling effect from shipping than the pre-2020 shipping emissions 
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scenario (−0.43 W m−2 vs. −0.39 W m−2) while still greatly reducing premature mortality from shipping, by 

69% globally (34,900 deaths avoided per year).10,11  

Following Partenan et al (2013), it may be possible to offset the global warming harm of these 

regulations by temporarily relaxing them for “high seas” sulfur emissions (i.e., far from ports and 

population centers) while largely preserving air quality benefits in ports and coastal areas like IMO 

Emission Control Areas (ECA). It may also be possible to increase the cooling effect of shipping emissions 

while preserving or enhancing air quality by including benign tropospheric aerosol precursors in existing 

and future non-GHG, or net-zero GHG emitting, maritime fuels (Baiman et al., 2023). 

We therefore ask that the International Maritime Organization and other international and national 

health and environmental organizations urgently support and sponsor research, pilot testing and 

emergency regulations, that would: 

1)      Partially relax the IMO’s maritime bunker fuel sulfur emissions regulation for “high seas” 

non-ECA maritime transport in ways that - as much as possible-- would increase the global 

cooling benefits of sulfur or similar aerosols without causing harm to humans or natural 

systems, and 

2)      Require that benign tropospheric aerosol precursors such as sea water (referred to as the 

“marine cloud brightening method”) or other possible tropospheric aerosols  (referred to as the 

“climate catalysts method”) that would create the global cooling benefits of sulfur aerosols 

without - as much as possible - causing harm to humans or natural systems be included in 

existing fuel, and in future non-GHG and net-zero GHG emitting fuel (Baiman et al., 2023) . 

  

 
10 In comparison, a recent paper estimates existing and future deaths from global warming to be orders of 

magnitude greater: “Several studies are consistent with the “1000-ton rule,” according to which a future person is 
killed every time 1000 tons of fossil carbon are burned (order-of-magnitude estimate). If warming reaches or 
exceeds 2 °C this century, anthropogenic global warming  caused by mainly richer humans will be responsible for 
the earlier deaths of roughly 1 billion mainly poorer humans by the end of the century; such an action could be 
viewed as comparable to  “involuntary or negligent manslaughter.” (Pearce & Parncutt, 2023, Abstract).  
11 Similarly, the cost of achieving −0.39 W m−2 cooling through greenhouse gas drawdown (though necessary in the 

long run) will likely be many orders of magnitude greater than the cost of proposals 1) and 2). For example, Hansen 
et al. (2023) estimate the cost of achieving −0.03 W m−2 cooling in 2022 by capturing carbon directly from the air 
and permanently storing it to be $3.4 -7.0 trillion.  
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