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Introduction: Aerosol Indirect Forcing

IPCC AR6

The uncertainty range of AIF in AR6 is 
1.4Wm-2 , about half of all greenhouse gas 
forcing so far, which has implications for a 
host of study areas.
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Introduction:  Sources of Uncertainty

R: cloudy scene albedo
Nd: cloud droplet number concentration
L: liquid water path
C: cloud fraction
Sx: Partial derivatives of R to Nd under different constraints

v
𝒅𝑪

𝒅𝒍𝒏𝑵𝒅
 and 𝒅𝑳

𝒅𝒍𝒏𝑵𝒅
 are nonlinear functions of background and environmental conditions. 

e.g., Albrecht, 1989; Ackerman et al., 2004; Wang et al., 2011; Possner et al., 
2018; Toll et al., 2019; Christensen et al., 2022

v We aim to characterize these functions with actual observations.
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Introduction: Ship-tracks

From Conover, 1966
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Fig. 4. The droplet size distribution in the first
ship track (S) and on either side (L, R) of this
track. Note the absence of a strong drizzle mode
in the ship track cloud compared to the adjacent
region R.
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Fig. 3. Aircraft transects of the two ship tracks
showing changes in (A) the total concentration of
droplets, (B) the liquid-water content, (C) the
total concentration of cloud interstitial particles,
and (D and E) radiative properties.

tracks. The differences in the total concen-
trations of droplets and particles between
the first and second ship tracks suggest that
the first track was younger than the second
track. The higher total concentrations of
particles and the lower concentrations of
doud droplets in the first track suggest that
there was a temporal conversion of Aitken
nuclei to CCN to droplets. Such a conver-
sion provides an explanation for the longev-
ity of ship tracks. The tracks will tend to
persist until the total particles and trace
gases are significantly depleted.
A puzzling feature ofour aircraft observa-

tions is that the liquid-water content is
higher in the ship track (Fig. 3B) than in the
surrounding cloud. This observation
prompted speculation that the release of
heat and moisture from ships might produce
dynamical effects on clouds that increase
their liquid-water content (17). However, in
a subsequent analysis, Albrecht showed that
the liquid-water content of marine stratocu-
mulus clouds was substantially less than the
adiabatic value while similarly appearing
douds that developed in admixtures of ma-
rine and polluted continental air had, in
general, dose to adiabatic liquid-water con-

tents (18). The comparatively higher droplet
concentrations in the clouds affected by
continental air evidently caused this differ-
ence. High droplet concentrations and
hence small mean radii suppress the growth
of large droplets by collision (through a
collision efficiency threshold); in turn, the
development of drizzle is suppressed. Thus,
"dean" marine stratocumulus clouds are
more likely to lose liquid water through
precipitation. Clearly, a similar phenome-
non could account for the higher liquid-
water contents in the ship tracks.
To test this hypothesis, we averaged the

droplet-size distribution across the first ship
track and compared it with equal distances
ofcloud on either side ofthe ship track (Fig.
4). The concentration of droplets of diame-
ter >200 ,m (the usually accepted mini-
mum size for drizzle) in the ship track was
only about one-tenth of that in the sur-
rounding cloud. The largest droplet found
in the ship track was 800 ,um, whereas some
drops in the cloud unaffected by the ship
track were 1200 p.m in diameter. We con-
dude that the liquid water content in the
ship tracks was higher because the higher
droplet concentration and the smaller aver-
age droplet sizes restricted loss of liquid
water by precipitation.
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Ship tracks are great experiments for 
aerosol-cloud interactions. (see 
Christensen, et al., 2022 for a review)

Radke et al, 1989

Wang et al., 2011
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Automatic analysis : Background VS ship-track 
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Figure S2: Examples of how to calculate cloud responses using ship-track and surrounding 
pixel masks. Pixels within ship-track and surrounding masks (a and b, respectively) and 
the full cloud scene (c). We calculate Cf for data within ship-track and surrounding masks. 
A pixel does not have to be cloudy to be included in ship-track or surrounding masks. 
 

 760 

 761 

Yuan et al., 2019; Yuan et al., 2022; Yuan et al., 2023
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Results: Sample ship-tracks under diverse conditions

Large variance of LWP adjustments with both signs possible.

Yuan et al., 2022, Sci. Adv.

Sampling these experiments under a variety of conditions gives us 
representative cloud adjustments.
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dlnLWP/dlnNd systematically depends on 
background Reff, Nd, and above cloud top RH. 
Similar to Toll et al. (2019) and refs. in 
Bellouin et al. (2020). 

Such behaviors are often explained by the 
competing effects of entrainment drying and 
aerosol-precipitation interactions.

There are regional differences.

LWP adjustments: role of humidity and background clouds

Yuan et al., 2023, Sci. Adv.
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CF adjustment: role of background clouds

CF strongly increases inside ship-tracks once 
clouds are clean and likely precipitating and 
the sensitivity is an exponential function of 
background Re. Minimum CF change under 
relatively polluted background clouds (e.g. 
Reff < 14 µm or Nd > 60 cm-3). 

Yuan et al., 2023, Sci. Adv.

Background cloud and drizzle properties 
are important for this adjustment.

Quantitative agreement with modeling 
studies, e.g., Wang et al., 2011; Possner et 
al., 2018
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Observation-based estimate: method
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where S is the susceptibility of cloud albedo (Ac) to droplet number concentration *!(10).  437 
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H5!9:2:(11;2< is shortwave flux at the clouds. It can be conservatively estimated using the 445 
CERES clear sky surface downwelling shortwave flux. '( is low cloud fraction. We use the 446 
MODIS L3 product to derive it. O=  is the cloud albedo, it can be calculated from the CERES 447 
all-sky albedo (O?11@AB), clear-sky albedo (O=1(?C@AB) and total cloud fraction ('(D9D?1) using 448 
the equation  O= = (O?11@AB − (1 − '(D9D?1) 	× O=1(?C@AB)/'(D9D?1  (4) 449 
 450 
The CERES and MODIS data we used are 2003-2020 monthly mean 1ox1o global data of the 451 
CERES EBAF-TOA(49) and the MYD08_M3(50) products, respectively.  We calculated the 452 
2003-2020 climatological-mean H5!9:2:(11;2<, '(, and O=, and interpolated them to 2ox2o 453 
horizontal resolution.   454 
 455 
From the analysis of cloud response in ship-tracks, we first calculated the relative differences 456 
in LWP (dln456) and the relative differences in Nd (&78*!) between ship-track blocks and 457 

their control counterparts, and thereby derived their ratios !12456	
!12	*#

	for all ship-track samples.  458 

We then sorted these !12456	
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 by their control cloud *!, and calculated mean values of  !12456	
!12	*#

 459 

for each control *! bin. The dependence of !12456	
!12	*#

 on *! is used as our function to calculate 460 

the LWP adjustment.  For global 2ox2o grids, we first calculated 2003-2020 climatological-461 

mean *! from the MYD08_M3 data. Based on the 1-D dependence of !12456	
!12	*#

 on *! , we 462 

derive the global gridded LWP adjustment sensitivity, !12456	
!12	*#

.  G78*! and G*! 	is calculated 463 

in the same way as Toll et al.(10) It is based on model simulated AOD difference between 464 
preindustrial and present and empirical relationship between AOD and Nd. To make our 465 
results and those from Toll et al. comparable we adopt the same method. For details, please 466 
refer to their paper. With all these variables ready, we calculate the global gridded values of 467 
aerosol indirect forcing due to the LWP adjustment to *!. 468 
 469 
To consider the effect of Cf adjustment due to aerosols, we consider the sensitivity of scene 470 
albedo (A) to Nd. O	 = 	O?=	'(D9D?1 + O@(1 − '(D9D?1) (51). We have: 471 

H∗ = !)
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where A is the scene albedo, i.e., including both cloudy, Aac, and clear, As, parts; '(D9D?1 and 473 
'( are all cloud and low cloud fraction obtained from the MYD08_M3 data; As is the surface 474 
albedo, derived from the CERES EBAF-TOA data(49); 1 − '(I;<I is used to take into account 475 

of effect of overlap on Cf adjustment. We assume minimum aerosol effects on high clouds.  !FG!*#
 476 

is calculated using our ship-track samples, similar to the LWP adjustment. We account for the 477 
cloud overlap between high and low clouds when calculating '( for both background and ship-478 
track clouds to reflect its true values.  Here we use the random overlap assumption, but tests 479 
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with other overalp assumptions show minimum impact. We first calculate !FG!*#
 for each ship-480 

track sample and sort them by their corresponding control cloud *!. We then average values of  481 
!FG
!*#

 for each control *! bin and obtain the 1-D dependence of !FG!*#
 on *!. On lat-lon grid, !FG!*#

 482 

is obtained based on its *!  according to the !FG!*#
 vs *!  relationship, similar to the LWP 483 

adjustment (10). 484 
 485 

In addition, we calculate !FG!*#
 and average them as a function of a pair of explanatory variables 486 

such as *! - '( , *! - VWH, D8&	*! − HHX. We then obtain the two-dimensional dependence of 487 
!FG
!*#

 on *!  and '(, or other paired variables. Using this 2-D dependence of  !FG!*#
, we derive 488 

global gridded !FG!*#
 , and calculate H∗ and changes of TOA SW flux due to cloud coverage effect 489 

using the equation:  490 
 GH578) = −	H5!9:2:(11;2< × H∗ × G*!                                       (6). 491 

 492 
To study the influences of meteorological conditions on the Cf adjustments to aerosols, we 493 
collocate the MERRA2 2-dimensional hourly (inst1_2d_asm_Nx) data and 3-dimensional 3-494 
hourly (inst3_3d_asm_Np) reanalysis data(52) with our ship-track and control clouds. We 495 
calculate mean values of the collocated MERRA2 relative humidity (RH), sea surface 496 
temperature (SST) and estimated inversion strength (EIS) for every ship-track block and 497 
background clouds.  The Cf adjustments Y(	individual ship-track sample are averaged based on 498 
the explanatory variable or pair of explanatory variables such as control cloud Nd, *! and SST, 499 

and *! and EIS. We thus obtain the 2-D dependence of !FG!*#
 on *! and Cf, *! and SST, and *! 500 

and EIS, respectively. Using these 2-D !FG!*#
 dependences as the lookup table, we derived global 501 

gridded !FG!*#
 , and then calculated H∗ and cloud coverage effects on the TOA SW flux. We also 502 

tried to derive 3-D dependence of !FG!*#
 on Nd, EIS, and RH, and Nd, Cf, and RH. Similarly, we 503 

calculate the !12456	
!12	*#

 and its dependence on background RH, EIS, and SST using the MERRA-504 

2 data.  505 
 506 

We propagate the uncertainties of our estimates of !FG!*#
 and !12456	

!12	*#
	and their dependence on *! 507 

to uncertainty in forcing estimates. For each *!, we find the 95% or 99% confidence intervals 508 

for the mean values of !FG!*#
 and !12456	

!12	*#
. We then apply the upper and lower limits of the Cf and 509 

LWP sensitivity to each grid point and obtain the upper and lower bound for indirect forcing 510 
due to Cf and LWP adjustments. The results are presented in Table S1. The forcing due to the 511 
LWP adjustment has a relatively larger range than that of the Cf adjustment.  512 
 513 

 514 
 515 

The total forcing calculated using different sets of explanatory variables including *! and Cf, 516 
*!  and SST, and *!  and EIS is presented in Table S2. For reference, we also include the 517 
number when using only *! . Adding above cloud relative humidity does not appreciably 518 
change the forcing, which agrees with our finding that the Cf adjustment is not sensitive to 519 
above cloud RH. The largest forcing is obtained with the Nd and Cf combination and it 520 
represents more than 396% of the Twomey effect. The ratios are 212% and 75% when using Nd 521 

Consider all three effects: LWP and CF adjustment as well as the 
Twomey 

Δ𝑁!  is from Toll et al., 2019 Yuan et al., 2023; Yuan et al., 2024
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Aerosol indirect forcing: CF-adjustment makes a difference

CF adjustment amounts to at least 59% of 
the Twomey effect, could be larger.

Effect of LWP adjustment is close to zero 
when averaged over global ocean.

The CF-effect may be a key driver for the 
uncertainty in total indirect forcing in low 
clouds.

Our estimate of AIF: -1.1+/- 0.8Wm-2

Yuan et al., 2023, Sci. Adv.
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IMO 2020 Fuel Regulations: 𝐢𝐦𝐩𝐚𝐜𝐭	𝐨𝐧	𝐬𝐡𝐢𝐩 − 𝐭𝐫𝐚𝐜𝐤𝐬	

Yuan et al., 2022, Sci. Adv.

Climatology

2020
In 2020, International Maritime 
Organization reduce the emission of 
sulfur from the shipping industry by 
more than 80% 

Effectively, ship emissions have been 
doing an inadvertent geoengineering 
experiment for decades. Our estimate 
of its radiative forcing is uncertain, 
from <1mWm-2 to 0.6Wm-2.
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IMO 2020 Fuel Regulation: 𝚫𝑵𝒅	𝒂𝒏𝒅	𝚫𝑨𝑶𝑫

Yuan et al., 2024, Comm. E&E

Simulated 𝚫𝑵𝒅 	 IMO2020-induced 𝚫𝑵𝒅 	relative to total PI-PD
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IMO 2020 Fuel Regulation: Forcing and impacts

Total forcing is around +0.2 +/-0.11 Wm-2, 
which is a conservative estimate because 
we ignored a few factors that can make 
the forcing stronger.

large sample of ship-tracks21 that depend on the background cloud Nd, sea surface temperature 1 
(SST), estimated inversion strength, and background low cloud fraction (see Methods). Figure 2 2 
shows the pattern of annual mean of forcing resulting from Nd decrease due to IMO2020 3 
averaged over different LWP and cloud fraction adjustment functional forms. The total forcing is 4 
+0.2 ± 0.11Wm-2 averaged over the global ocean with the Twomey effect contributing 40%, the 5 
LWP adjustment being near neutral, and the cloud fraction adjustment contributing 60%. The 6 
positive radiative forcing has strong regional variations. The North Atlantic experiences the 7 
strongest radiative forcing peaking around 1.4Wm-2 and whose basin-wide mean is around 8 
0.56Wm-2. Weaker but still notable radiative forcing is seen in the North Pacific and the South 9 
Atlantic. This ordering is consistent with the amount of ship traffic and low cloud fraction in 10 
these regions. Our estimate of radiative forcing from IMO2020 is well within the range of 11 
estimates of the total forcing from shipping emissions in the literature 22–25. We also compare our 12 
estimate with that from a recent observational study in the core shipping lane in the South 13 
Atlantic that used a different approach19. The two completely independent approaches yield very 14 
similar radiative forcing in the core shipping lane (supporting online material, SOM), which 15 
serves as a cross-validation. Similar global forcing, i.e., on the order of  0.1Wm-2, is reported by 16 
multiple modeling groups26.  17 

 18 
Figure 2: Calculated IMO2020 forcing maps from different components. The spatial 19 
patterns of three components of forcing from cloud adjustments: a) the Twomey effect, b) 20 
LWP adjustment, and c) cloud fraction adjustment.   21 

Forcing over the North 
Atlantic is the strongest.

Yuan et al., 2024, Comm. E&E

 
Figure S4: Total aerosol indirect forcing in the Southeast Atlantic region due to IMO2020. 
In the core shipping lane, where the maximum warming is estimated, the peak value is 
around 0.5 Wm-2 in excellent agreement with Diamond (2023)19 in the same area. The core 
shipping lane refers to the northern peak in this plot because it contains the strongest ship-
emission 19. 
 

Compares well with 
Diamond (2023)

IMO 2020 is effectively a termination shock 
for a long running inadvertent geoengineering 
experiment that is the global shipping 
emission.

Agrees well with other studies: Gettelman et 
al., 2024; Jordan and Henry, 2024; Skeie et 
al., 2024; Quaglia and Visioni, 2024; Schmidt, 
2024; Hansen et al., 2023; Goessling et al., 
2024
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IMO 2020 Fuel Regulation: Forcing and impacts

The rate of increase in CERES measured TOA net 
radiation has an uptick starting from 2020 and the 
magnitude is consistent with our forcing estimate as 
well as others (e.g., Gettelman et al., 2024; Visioni et al., 
2024)  

CERES measured 
TOA net radiation

Yuan et al., 2024, Comm. E&E

NH and SH TOA 
net shortwave 

NH-SH contrast 
in TOA net SW

The IMO2020 increases the absorbed SW radiation 
more in the NH than SH.

The heterogeneity of forcing from marine cloud brightening 
warrants much further study due their consequences on 
regional climate and precipitation patterns (e.g., Jones et 
al., 2009; Hill and Ming, 2012; Ricke et al., 2023; Haywood 
et al., 2023).   
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Virtual ship-tracks: issues to be solved

Manshausen et al., 2022

manuscript submitted to Geophysical Research Letters

Figure 2. A & C) MODIS 2.1µm reflectance images containing multiple ship-tracks; B & D)

virtual ship-tracks in color with fixed width and detected tracks in black-filled masks. We high-

light a few pairs of tracks that have noticeable positional errors with orange and white arrows in

track mask figures. They are paired based on our best judgment given the data. Positional errors

vary in magnitudes, ranging from around 10pixels to dozens of pixels. e.g., lower right corner in

D.

3.2 Impact of mismatch and fixed track width on ACIs137

The positional error introduced by simulation of ship-tracks can a↵ect aerosol-cloud138

interactions analyses that use these samples. virtual samples that contain positional er-139

rors would mix background clean cloud pixels into the polluted (Figure 1). Similarly, if140

the positional errors are not large enough to create su�cient separation between true141

track positions and virtual ones, the polluted pixels would be taken as the background142

clean clouds. Indeed, in extreme cases, the cloud responses could be the exact opposite143

of the actual values.144

Most of the time, the positional error mixes background pixels into the polluted145

and part of the polluted with the background, which always reduces the contrast in cloud146

properties between the background and the polluted and makes the analyzed ACI sig-147

nal weaker than its actual value. The most straightforward example is the di↵erence in148

cloud droplet number concentration �Nd.
�Nd
Nd

reported in the virtual track analysis (Manshausen149

et al., 2022) peaks at about 4-5% while in-situ and analysis of detected tracks often in-150

dicate values an order of magnitude larger (Durkee et al., 2000; Christensen & Stephens,151

2011; Yuan et al., 2023; Gryspeerdt et al., 2020; Rahu et al., 2022). The order of mag-152

nitude di↵erence suggests strong dilution of signal, partially due to the positional errors153

and partially due to potentially weaker emissions. It is di�cult to systematically quan-154

tify the impact of positional errors on ACI signal because when a mismatch occurs, there155

are often multiple virtual tracks that can be a match candidate to the detected one. It156

is hard to automatically select the exact virtual track to pair with the detected one.157

Nevertheless, we illustrate the impact of the positional error on ACI analysis through158

manually analyze the �Nd, �Reff , and �LWP for the detected and virtual ship-tracks159

in Figure 2D. The results are shown in Table 1. Both �Nd and �Reff are systemati-160
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Table 1. Cloud responses derived from actual and virtual track pairs

�Nd (cm�3) �LWP (gm�2) �Reff (µm)

Track pair Detected virtual Detected virtual Detected virtual
1 +24.7 +9.2 +1.03 -3.9 -1.5 +0.05
2 +17.3 +4.2 +0.27 +0.26 -0.5 -0.09
3 +36.7 +5.9 +0.39 -5.24 -0.9 -0.4

cally underestimated by a large amount. Even the sign of �Reff can be flipped from161

negative to positive for track 2. The same happens for �LWP . The underestimation162

of �Nd is systematic as discussed above and its magnitude is large, which would bias163

cloud adjustment strongly since �Nd is the denominator. All these factors can introduce164

substantial biases to the ACI analysis of virtual ship-tracks when there is positional er-165

ror.166

Figure 3. Probability distribution functions of �Nd, �Cf , and �LWP for detected and cor-

responding virtual tracks. The di↵erence is driven by the fixed width assumption.

We can quantitatively assess the impact of assumed ship-track width on the ACI167

signal. Using detected ship-track samples, we compare ACI signals from actual ship-tracks168

and tracks that mimic the virtual tracks. The virtual tracks created from detected ones169

have no positional errors since their center lines are exactly the same as the detected tracks.170

The only di↵erence is their width. Figure 3 show distributions of �Nd, �Reff , and �LWP171

for both samples. The cloud responses in �Nd and �Reff are systematically weaker in172

the synthetic samples. The mean �Nd and �Reff decrease from -64 cm�3 to -58 cm�3and173

from -2.9 µm to -2.5µm, respectively. Or, a decrease of around 10% and 14% in the mag-174

nitude of �Nd and �Reff . Because �LWP can be either positive or negative, it actu-175

ally increased from 4.9 gm�2 to 5.8 gm�2.176

The cause of systematic weakening of �Nd and �Reff can be easily understood.177

Actual ship-tracks are similar to a plume from a point source, narrow at the head and178

wider with increasing distance from the head. Assuming a fixed width that is close to179

the mean width always mixes background pixels as polluted ones close to the head. The180

opposite happen for pixels that are farther away from the head. The mixing reduces the181

true contrast and thus ACI signals.182

The impact on cloud adjustments, dlnLWP
dlnNd

and dlnCf
dlnNd

, is shown in Figure 4. We183

use the same analysis procedure to derive them based on detected and synthetic tracks.184

Under clean conditions, i.e., larger Reff ,
dlnCf
dlnNd

is underestimated while it is slightly over-185

estimated when Reff is smaller than around 20µm. dlnLWP
dlnNd

is consistently more neg-186

ative for synthetic tracks. We apply these adjustment functions to estimate global aerosol187

indirect forcing in the same way as Yuan et al. (2023)(Yuan et al., 2023). The forcing188
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• Fixed width assumption introduces more than 10% 
error in cloud adjustments

• Positional errors introduce much larger errors in 
cloud adjustments.

Virtual ship-tracks expands the scale and coverage of 
ship-track analyses. 
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Conclusions

Aerosol indirect forcing: uncertain in the past, improving now, and 
still important in the future

• Ship tracks are great experiments

• Total AIF is estimated to be -1.1Wm-2 with CF adjustment critically 
important while total effect of LWP adjustment is small

• Global shipping produces meaningful forcing and IMO2020 
contributed to recent warming.

• To-do: explore unknowns e.g., temporal variations, scale, Δ𝑁!   
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