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Abstract	23 

Aerosols cool the Earth’s climate indirectly by increasing low cloud brightness and their 24 
coverage (Cf), constituting the aerosol indirect forcing (AIF). The forcing partially offsets the 25 
greenhouse warming and positively correlates with the climate sensitivity. However, it 26 
remains highly uncertain. Here we show direct observational evidence for strong forcing from 27 
Cf adjustment to increased aerosols and weak forcing from cloud liquid water path 28 
adjustment. We estimate that the Cf adjustment drives between 52% and 300% of additional 29 
forcing to the Twomey effect over the ocean and a total AIF of -1.1 ± 0.8 Wm-2. The Cf 30 
adjustment follows a power law as function of background cloud droplet number 31 
concentration, Nd. It thus depends on time and location and is stronger when Nd is low. Cf 32 
only increases substantially when background clouds start to drizzle, suggesting a role for 33 
aerosol-precipitation interactions. Our findings highlight the Cf adjustment as the key process 34 
for reducing the uncertainty of AIF and thus future climate projections.  35 

	36 
	37 
MAIN	TEXT	38 
	39 

1. Introduction	40 
 41 
Tiny airborne particles – aerosols – can affect the energy balance of the Earth’s climate by 42 
modifying cloud brightness and coverage(1, 2). The resulting energy balance perturbation 43 
constitutes a radiative forcing, known as the aerosol indirect forcing. It partially offsets the 44 
positive forcing due to greenhouse gases. Given the observed global temperature increase and 45 
positive forcing from greenhouse gases, strong negative aerosol indirect forcing implies a high 46 
climate sensitivity because the observed warming would have been a result of a small net 47 
positive forcing(3). The total aerosol indirect forcing is estimated to be between -1.7 and -0.3 48 
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Wm-2 based on observations and represents the largest source of uncertainty in our forcing 49 
estimates(3). The uncertainty range – 1.4Wm-2 – is about half of the historic forcing from 50 
greenhouse gases and leads to considerable uncertainty in climate sensitivity estimated using 51 
historic data, which has important implications for climate adaptation and mitigation plans(4). 52 
 53 
Marine low clouds are the largest contributor to reflecting solar radiation back to space and 54 
aerosol effects on them contribute substantially to the total aerosol indirect forcing. The 55 
fraction of reflected solar radiation is largely determined by three cloud parameters of marine 56 
low clouds: liquid water path (LWP), cloud droplet number concentration (Nd), and cloud 57 
coverage (Cf). Aerosols can modify all three through changing Nd. Increasing aerosol 58 
concentration leads to higher Nd and smaller cloud droplet effective size (Re), which makes 59 
marine low clouds brighter if LWP and Cf remain constant, the so-called Twomey effect(1). 60 
The Twomey effect is widely supported by observational evidence. But LWP and Cf do adjust 61 
to changes in Nd and Re. The decreased Re from increasing Nd can delay and suppress 62 
precipitation formation by suppressing the droplet collision-coalescence process. Suppressed 63 
precipitation in turn can increase LWP and Cf by reducing the cloud water sink and help 64 
clouds to live longer(2). However, other physical processes can work against this chain 65 
reaction(5, 6). For example, smaller and more numerous droplets can introduce stronger 66 
evaporation when mixed with dry environmental air, thus increasing the cloud water sink to 67 
the ambient air and decreasing LWP and Cf(5). Such processes form complex feedback loops 68 
in the cloud system that give rise to the final LWP and Cf adjustments. A key unknown is how 69 
much additional forcing is introduced by these adjustments in addition to the Twomey effect.  70 
 71 
Global satellite observations can provide empirical estimates on these adjustments(3, 7). 72 
There is growing evidence that the LWP adjustment can be bidirectional and depends on the 73 
background conditions(8–10). Existing evidence for Cf adjustment is more limited and less 74 
well-quantified, which manifests in a wide uncertainty range in the forcing due to Cf 75 
adjustment(3, 7), despite clear evidence of Cf increase in response to ship-emitted aerosols in 76 
case studies(11, 12).  Some studies use correlation and covariance between satellite observed 77 
LWP and Cf and aerosol loading, but their results can be affected by retrieval biases of 78 
aerosols and clouds, aerosol swelling with humidity, unresolved vertical profiles of aerosols 79 
and clouds(13), removal by precipitation, among other possible confounding correlations(3). 80 
Other studies instead analyze the covariance using derived Nd, instead of aerosol loading, to 81 
alleviate aerosol retrieval bias complications and still find contrasting responses of LWP to Nd 82 
and increasing Cf to Nd(14–16).  But retrieval artifacts and potential confounding correlations 83 
still exist. For example, derived Nd is biased low for broken and low-Cf clouds and the 84 
positive correlation between Nd and Cf can at least partially be attributed to this bias(3, 17). 85 
Such relationships remain correlational and do not constitute causality, which introduces 86 
uncertainty in attributing and quantifying the forcing due to the LWP and Cf adjustments.    87 

	88 
Here we directly measure the cloud LWP and Cf adjustments attributable to aerosol influences 89 
by contrasting polluted clouds in ship-tracks with nearby background clouds, overcoming the 90 
limitation of correlation studies. Our main goal is to quantify the ratio of contributions of the 91 
LWP and Cf adjustments to the total aerosol indirect forcing compared to that of the Twomey 92 
effect (e.g., 10). We use ship-tracks as our ‘opportunistic experiments’ (10, 18), where the 93 
LWP and Cf adjustments can be attributed to ship-emitted aerosols, to avoid the covariance 94 
between LWP and Cf and Nd that are driven by meteorology and other confounding 95 
factors(18) (Figure 1). Previous analyses of ship-tracks and similar opportunistic experiments 96 
suggest variable LWP adjustments to aerosols(10, 19–21). Toll et al.(10) show a slight LWP 97 
increase in ship-tracks on average and the magnitude partially results from the balance 98 
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between entrainment drying and moistening by precipitation suppression. The Cf adjustment, 99 
though clearly observed and modeled(22–24) in case studies, has not been systematically 100 
quantified using ship-track observations and remains highly uncertain(3, 7). We assemble a 101 
large collection of ship-track samples and analyze the LWP and Cf adjustments with them to 102 
address the knowledge gap.  103 

	104 
2. Results		105 
2.1 Ship-track sampling and mean cloud response 106 
 107 
We previously developed an algorithms to automatically detect ship-tracks globally in the 108 
Aqua Moderate Resolution Imaging Spectrometer (MODIS) data and produce ship-track 109 
masks that include pixels polluted by ship-emitted aerosols(25, 26) (Figure 1 and Figures 110 
S1&2 in Method). Here we use ship-tracks derived from the algorithm. A separate analysis 111 
algorithm finds surrounding background cloud pixels with a width of 20 MODIS pixels, 112 
equivalent to around 20km (see Method). We contrast the properties of polluted and 113 
background low clouds using MODIS retrievals within individual 128pixel x 128pixel blocks 114 
(see Method section for details). We choose the size of 128pixel x 128pixel in order to have 115 
sufficient pixel counts in a block to obtain accurate estimate of cloud fractions in both ship-116 
track and control clouds. In total, we find 295,036 blocks with ship-tracks in 18 years of Aqua 117 
MODIS record (Figure 2 and Method). Our total number of ship-track pixels is equivalent to 118 
around 12 million ship-track segments as defined in Toll et al.(10) assuming an average ship-119 
track width of 10pixels, representing an increase of several orders of magnitudes in the 120 
number of samples. Our samples include ship-tracks of many different sizes and thus ages.  121 
 122 
The ship-track samples cover wide range of meteorology and background cloud conditions 123 
over the global ocean (Figure S3). Nearly all ship-tracks occur in a relatively stable 124 
environment with the estimated inversion strength(27) greater than 0 K. Cloud top height of 125 
our samples has a wide range between a few hundred meters and a couple of kilometers with a 126 
peak at around 800m. Above cloud top relative humidity ranges between 10% to 90% and its 127 
distribution has two local maxima at 10% and 90%. Background Nd ranges from a few 128 
droplets cm-3 to a few hundred cm-3 with a strong peak at the low end. We include most ship-129 
track samples in our analysis, recognizing that ship-track detectability has a wide range(23) 130 
and implicit sampling bias can be introduced by imposing filters (see discussion in Method 131 
section and Figures S4&5). Indeed, notable changes in probability distribution functions 132 
(PDFs) of background cloud properties occur when samples are filtered using different criteria 133 
(Figure S4). On average, we measure a reduction of 2.9 µm in Re, and increases of 5.8 g/m2, 134 
and 9 % in LWP and Cf in polluted clouds within ship-tracks compared to the background 135 
clouds (Figure 3). The standard deviations of such changes are 2 µm, 44 g/m2, and 19%, 136 
respectively. They are much larger than the mean change for the LWP and Cf, highlighting 137 
strong variability in the adjustments of these variables. 138 
 139 
2.2 Cf and LWP adjustments and the role of background conditions 140 
 141 
The Cf adjustment to additional aerosols is a positive and non-linear function of background 142 
Nd or Re (Figure 4). The mean absolute Cf increase in all ship-track samples is 9%. We note 143 
that the mean value is a simple average and does not account for occurrence frequency of 144 
background cloud conditions, which is addressed when we later calculate radiative effect from 145 
Cf adjustment. Our method allows for bidirectional Cf adjustments, but only in a small 146 
percentage of cases, Cf adjustment is negative (Figure 3). Small average Cf increases (1~2%) 147 
are observed in clouds where mean Re is smaller than 14 µm, or mean Nd greater than 60 cm-3. 148 
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Once background clouds are cleaner than the threshold, i.e., Nd less than 60 cm-3 or mean Re 149 
greater than around 14 µm, the sensitivity of Cf to Nd, 𝑑𝐶𝑓/𝑑𝑁!, increases substantially with 150 
decreasing background Nd, or increasing Re. Our results agree with similar Nd threshold 151 
behavior previously reported using different approaches and data (21). The 14µm threshold is 152 
physically meaningful since low clouds start to produce substantial drizzle that depletes cloud 153 
water once Re exceeds the 14 µm threshold (28). Further increase in Re and thus precipitation 154 
rate can quickly deplete cloud water and reduce Cf. Our measurements indicate that the Cf 155 
increase due to aerosols only becomes substantial under such background cloud conditions, 156 
likely through precipitation suppression, which supports the conceptual mechanism proposed 157 
by Albrecht (2).  158 
 159 
Moreover, Cf increase due to aerosols is a super-linear function of Re or Nd and proportional 160 
to 𝑒".$%×'! or Nd-1.5 indicating that the rate of Cf increase accelerates with cleaner background 161 
clouds with larger Re. Quantitatively, the measured rate of Cf increase is at a rate of 1.2% per 162 
1 cm-3 when the background Nd is at 9 cm-3, which is very close to the simulated value of 163 
1.4% per 1 cm-3 at the same background Nd in Possner et al.(23) using a large-eddy simulation 164 
model with detailed physics. At background Nd of 20 cm-3, the rate decreases to 0.45% per 1 165 
cm-3. The tight exponential fit, 𝑑𝐶𝑓/𝑑𝑁! ∝ 𝑒".$%×'! 	|	𝑅( > 14µ𝑚, suggests that addition of 166 
aerosols can reverse the runaway depletion of cloud water and decrease of Cf by precipitation. 167 
Addition of aerosols in an aerosol-limited regime can strongly increase Cf, which qualitatively 168 
supports observations and modeling results of ship-emitted aerosols reversing low Cf scenes 169 
to nearly overcast ones (11, 12, 22, 23). Our analyses show that the effects of aerosol-cloud-170 
precipitation interactions on Cf are nonlinear and depend on background conditions(29, 30). 171 
This measurement-based relationship provides valuable quantitative constraints on the Cf 172 
adjustments to aerosols under different background conditions. 173 
 174 
The Cf adjustment also has clear dependence on the background Cf. On average, 𝑑𝐶𝑓/𝑑𝑁! 	is 175 
negatively correlated with the background Cf. The sensitivity is at zero when background Cf 176 
is around 1 and peaks at about 3% per 1 cm-3 when the background Cf is about 0.2. Cf of 0.2 177 
is notably lower than the mean Cf for open cellular clouds, at around 0.5 (31), and close to 178 
that of marine low clouds with heavy drizzle (32). The combination of low Cf and heavy 179 
drizzle points to an aerosol-limited cloud regime primed for high 𝑑𝐶𝑓/𝑑𝑁! 	, which agrees 180 
with the relationship between 𝑑𝐶𝑓/𝑑𝑁! 	 and Re and observations of ship-tracks appearing 181 
overcast within a low Cf and precipitating environment(12, 18, 20) (e.g., Figure 1). 182 
 183 
The average LWP adjustment, 𝑑𝐿𝑊𝑃, is 5.83 gm-2 with a large standard deviation of 31 gm-2. 184 
The fairly small 𝑑𝐿𝑊𝑃 results from substantial dLWP in both positive and negative directions 185 
in individual ship-track samples, reaffirming results from previous studies(10, 19–21, 33). 186 
48% of the ship-track samples have negative dLWP even though 𝑑𝐿𝑊𝑃 is close to zero and 187 
positive. The relative sensitivity of LWP to Nd, 𝑑𝑙𝑛𝐿𝑊𝑃/𝑑𝑙𝑛𝑁!, is found to be a function of 188 
the background Nd (or 𝑅() and above cloud relative humidity(10, 24).  𝑑𝑙𝑛𝐿𝑊𝑃/𝑑𝑙𝑛𝑁! starts 189 
to be positive when above cloud relative humidity is greater than 85%, and 𝑁! is less than 45 190 
cm-3 (Figure 5). The dependence of LWP adjustment on above cloud relative humidity 191 
supports the idea that the balance between the effects of entrainment drying and moistening 192 
by precipitation suppression(5, 10) partially determines the LWP adjustment. Its Nd 193 
dependence may reflect the aerosol effect on precipitation. The 45 cm-3 threshold suggests that 194 
once appreciable precipitation develops, aerosols tend to suppress the cloud water depletion 195 
by precipitation and increase LWP and Cf. When precipitation is not strong enough, the effect 196 
of drizzle suppression by aerosols on LWP can be counterbalanced by increased entrainment 197 
drying if the above cloud relative humidity is low(34). However, more factors may be at play 198 
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in the LWP adjustment than just the balance between precipitation suppression and 199 
entrainment drying such as cloud top height, boundary stability, and sea surface temperature 200 
(10).  201 
 202 
Unlike LWP, the sensitivity of Cf to aerosols has weak dependence on the above cloud 203 
relative humidity (Figure 4). The mean 𝑑𝐶𝑓/𝑑𝑁! 	is around 0.1% per cm-3 when averaged 204 
under most relative humidity values and its uncertainty range relative to the mean is 205 
considerably larger than that using background Nd or Re as the explanatory variable. This 206 
suggests that above cloud relative humidity plays a minor role in determining Cf adjustment 207 
and supports the primary role of aerosol-cloud-precipitation interactions in driving Cf 208 
adjustment.  209 
 210 
2.3 Forcing due to Cf and LWP adjustments 211 
 212 
Our analysis shows that aerosols in ship-tracks make clouds brighter mainly through the 213 
Twomey effect with a minor contribution from the LWP adjustment because 𝑑𝐿𝑊𝑃 is only 214 
5.83 g/m2. But the range of LWP adjustments is wide and depends on background 215 
meteorology and cloud conditions, leading to a range of possible responses, from strong 216 
cancelation of the Twomey effect due to LWP reduction to strong enhancement by LWP 217 
increases. More importantly, ship-emitted aerosols also make the whole scene brighter by 218 
increasing Cf in addition to increasing existing clouds’ brightness. The Cf adjustment is 219 
substantial (e.g. Figure 3) since an absolute increase of 3.5~5% in low Cf would be enough to 220 
counterbalance the positive forcing of CO2 doubling (35, 36), which suggests the Cf 221 
adjustment at local regions can be substantial. The Cf adjustment also depends sensitively on 222 
the background Re or Nd, and Cf. 223 
 224 
We quantify the relative contribution of the LWP and Cf adjustments to the total aerosol 225 
indirect forcing to that of the Twomey effect over global ocean. We apply the dependence of 226 
the 𝑑𝐶𝑓/𝑑𝑁! 	and 𝑑𝑙𝑛𝐿𝑊𝑃/𝑑𝑙𝑛𝑁! on the background Nd as measured in ship-tracks to global 227 
observations. The Nd change is produced by global chemical transport model simulations(10). 228 
We also consider the effects of cloud albedo, low cloud fraction, cloud overlap between high 229 
and low clouds, Cf change, and solar flux (see Method section for details). Our calculations 230 
show that the LWP adjustment effect is only adding 1% of radiative cooling to the Twomey 231 
effect when averaged over global oceans. The estimated forcing from the Twomey effect is -232 
0.75 Wm-2 which is close to the consensus (3). The forcing from the LWP adjustment 233 
represents an additional contribution of 1% on top of the Twomey effect, and is estimated to 234 
be −0.0083 ± 	0.012	Wm-2 (Figure 6 & Table S1).  235 
 236 
The effect of Cf adjustment, however, contributes an additional 52% cooling relative to the 237 
Twomey effect. The estimated radiative forcing from the Cf adjustment is −0.39 ± 0.01	Wm-238 
2. Our estimate would suggest the total aerosol indirect forcing to be -1.1±0.8 Wm-2 given the 239 
current best estimate of the Twomey effect is -0.7±0.5 Wm-2 (3, 7). The absolute magnitudes 240 
of the forcing due to the two adjustments are subject to retrieval uncertainties in cloud 241 
variables and the estimated ∆N! as discussed in detail in our Method section. Their relative 242 
contributions to the Twomey effect however are less sensitive to such uncertainties (see 243 
Method and (10).  244 

	245 
3. Discussion		246 
 247 
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Our analysis of ship-tracks finds negligible global impact from the LWP adjustment, which 248 
supports the idea that the LWP adjustment is often overestimated, i.e., leading to excessively 249 
cooling effect, in current global climate models (GCMs)(10). However, it is quantitatively 250 
different from the strong warming effect reported in Toll et al.(10) that uses similar approach. 251 
The discrepancy can be explained by the different data filters applied on their ship-track 252 
samples. We can reproduce their 𝑑𝑙𝑛𝐿𝑊𝑃/𝑑𝑙𝑛𝑁! 	dependence on Re if we apply the same 253 
filters, i.e., only keeping samples whose ∆Re	 > 2µm and ∆N!/𝑁! > 1. But such filters 254 
remove 72% of the samples and result in a notable shift of sampled background cloud 255 
properties toward those with higher Re and LWP (See Method and Figure S4), which drives 256 
the LWP adjustment to be more negative (Figure S5). Indeed, ∆Re	 and ∆N!/𝑁! 	in ship-257 
tracks depend on the background cloud conditions(37) and can have a wide range, with 258 
∆Re	peaking between 0 and 1µm(20, 38). Taken to the extreme, ship-emitted aerosols can 259 
affect clouds and radiation budget without detectable ship-tracks(23, 39). We believe that a 260 
less restrictive filter helps to obtain a more complete sampling of cloud conditions. Recent 261 
analysis indicates that LWP adjustment may produce strongly negative forcing in the so-262 
called invisible ship-tracks(40). 263 
 264 
The Cf adjustment is nonlinear and a function of multiple variables. We illustrate the 265 
sensitivity of the forcing from Cf adjustment to the choice of explanatory variables. Instead of 266 
a single explanatory variable, Nd, we calculate the dependence of the Cf adjustment as a 267 
function of two independent variables. The radiative forcing due to the Cf adjustment can be 268 
212% of the Twomey effect, or -1.58 Wm-2, if we use Nd and background SST as explanatory 269 
variables (see Figure S6 and Table S2). The estimates from using different combination of 270 
explanatory variables are summarized in Table S2 and they range from 51% to 396% of the 271 
Twomey effect with a mean of 180% and standard error of 53%. Since the multivariate 272 
approach should capture the nonlinearity more completely, our calculations suggest the true 273 
effect of Cf adjustment may be underestimated using a single explanatory variable, which 274 
provides a lower bound (Table S2).  275 
 276 
The non-linear dependence of 𝑑𝐶𝑓/𝑑𝑁! on Nd implies the effect of Cf adjustment is time-277 
varying driven by the changing background Nd due to time-varying anthropogenic emissions. 278 
The Cf adjustment was the strongest when Nd was the lowest at preindustrial conditions(29, 279 
41). It would be stronger than its present value in regions downwind of major anthropogenic 280 
pollution sources like Northern Pacific and Atlantic Oceans where Nd has substantially 281 
increased by human activity. As a consequence, the preindustrial level of Nd can meaningfully 282 
affect both the time evolution and absolute magnitude of radiative forcing due to the Cf 283 
adjustment. It is therefore important to accurately estimate the preindustrial Nd because 284 
uncertainties in preindustrial Nd can translate into large uncertainties in Cf adjustment induced 285 
forcing due to large 𝑑𝐶𝑓/𝑑𝑁! at low Nd, similar to the sensitivity of the Twomey effect to 286 
preindustrial Nd(42). For example, the forcing due to the Cf adjustment can increase by 10% if 287 
we uniformly decrease the background Nd by just 5 cm-3. Finally, when estimating ∆N! 288 
between preindustrial and present day, it is important to consider the effects of aerosol 289 
speciation on Nd (43). 290 
 291 
A few issues remain unaddressed in our study. We do not explicitly consider the time 292 
dependence of Cf and LWP adjustments to aerosols(24, 44, 45) because our analyses are 293 
based on instantaneous data  although part of the time-dependent adjustments are implicitly 294 
included because our dataset includes ship-tracks of various ages (24). We follow previous 295 
studies (7, 10, 18) and extrapolate results from ship-tracks to global ocean, which introduces 296 
uncertainty in our estimate of forcing. For example, LWP adjustment may introduce stronger 297 
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cooling inside the trade cumulus regime than inside the stratocumulus regime that is the 298 
dominant regime sampled here (40). Extrapolating Cf effect derived mainly from the 299 
stratocumulus regime to the trade cumulus regime may introduce uncertainty since case 300 
studies using large-eddy simulations and observational analyses suggest Cf can either 301 
decrease or increase in this regime (6, 15, 30). The potential choices of explanatory variables 302 
can also be expanded to include the underlying cloud morphology type and other cloud 303 
controlling factors. Several assumptions and approximations are also made in our calculations 304 
(see SOM). Our results are based on detectable ship-tracks, and we assume that given the 305 
same background clouds, they would have the same sensitivity to added aerosols and that 306 
sensitivity can be captured by detected ship-tracks. There are situations where clouds that are 307 
affected by ship-emitted aerosols, but do not produce detectable ship-tracks. It could be due to 308 
a combination of weak aerosol perturbation, already heavily polluted background clouds, 309 
unfavorable cloud types (25,40), and/or unknown processes. Future studies are needed to 310 
comprehensively address these issues to further improve our understanding. 311 

 312 
In summary, the magnitude of the radiative cooling effect of the Cf adjustment can be on par 313 
with the Twomey effect(16, 30, 46). Our results, based on an unprecedented number of ship-314 
track samples, suggest that it can range between 51% and 396% of the Twomey effect with a 315 
mean of 180%, which is in agreement with previous estimates with a range between 130% 316 
and 200% (7) using correlational analyses. GCMs also simulate Cf increase, primarily due to 317 
aerosols suppressing precipitation and increasing Cf (41). Process-level large-eddy 318 
simulations show notable Cf increase under clean conditions for stratocumulus clouds(22, 23) 319 
while others show a slight decrease under different conditions, e.g. in the trade cumulus 320 
regime(6). Our analysis strongly supports a large cooling effect from the Cf adjustment under 321 
a variety of meteorological and cloud conditions that consistently show Cf increase with 322 
aerosols. The strong effect from Cf adjustment also points to clean and low Cf clouds as the 323 
most effective targets for climate intervention studies(47, 48). The observation-based 324 
relationships between the Cf sensitivity to aerosols and background Nd and Re provides a 325 
quantitative constraint and benchmark to improve aerosol-cloud parameterizations in GCMs, 326 
which may help to reduce the uncertainty in aerosol indirect forcing and increase the 327 
confidence in climate projections of the future.  328 

 329 



  Research																																																																				Manuscript	Template																																																																									Page	8	of	24	
	

 330 
Figure 1 example images of ship-tracks and detected ship-track masks: MODIS Aqua 331 
images of 2.1 µm reflectance overlaid with detected ship-track mask in pink (a) and true color 332 
(b) at 21:25 UTC, June 29, 2005, and the same at 22:25 UTC, July 12, 2010 (c) and (d).  333 
 334 

 335 
Figure 2 Frequency of ship-track containing blocks. The Northern Pacific has the most 336 
samples. Considerable number of samples also come from the southeast Pacific, the southeast 337 
Atlantic, the northern Atlantic, and to the south of Australia.  338 
 339 
 340 
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 341 
Figure 3 distributions of bulk cloud adjustments: PDFs of ∆𝑅( , ∆𝐿𝑊𝑃, 𝑎𝑛𝑑	∆Cf for 342 
individual 128pixelx128pixel MODIS blocks that contain ship-tracks (see Method). The mean 343 
values are indicated by the dashed vertical lines and the +/- one standard deviation range is in 344 
gray shading.  345 
 346 

 347 

 348 
Figure 4 dependence of coverage adjustment on background conditions: 𝑑𝐶𝑓/𝑑𝑁! for 349 
each bin of the background cloud Nd, Re, and RH above the cloud, where 𝐶𝑓	represents low 350 
cloud fraction. The blue and green dashed lines are functional fit to the data. The vertical 351 
dashed lines are for constant Nd and Re at 60 cm-3 and 14 µm, respectively. Each solid, 352 
colored line has an x-axis with the same color and associated uncertainty range is plotted as 353 
shades around the solid line. The range represents the 5% to 95% range.  354 
 355 
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 356 
Figure 5 dependence of LWP adjustment on background conditions: the dependence of 357 
𝑑𝑙𝑛𝐿𝑊𝑃/𝑑𝑙𝑛𝑁! on above cloud top relative humidity, background Re and Nd. Plot setup is 358 
similar to Figure 4.  359 
 360 
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 361 
Figure 6 estimated forcings from different adjustments: The calculated aerosol indirect 362 
forcing contributions from the Twomey effect (a), the LWP adjustment (b), and the Cf 363 
adjustment (c).  364 
 365 

	366 
	367 

4. Materials	and	Methods	368 
	369 

Method: 370 
As an overview, we derive LWP and Cf adjustments based on observations and analysis of 371 
ship-tracks. The key quantity to estimate is the ratio between forcings due to Cf and LWP 372 
adjustments and that of the Twomey effect with mostly observed variables. The ratio is 373 
fundamentally controlled by the sensitivity of Cf and LWP to Nd as shown by formulations 374 
discussed in detail in the following. While the absolute magnitudes of the Twomey effect, and 375 
the Cf and LWP adjustments are sensitive to assumptions made and estimated 𝛥𝑁! as well as 376 
retrieval uncertainties, the ratio is much less susceptible (10). We have detailed discussions 377 
for the assumptions and potential sources of uncertainty in terms of the absolute magnitude in 378 
the following. 379 
 380 
a. Analyzing cloud response in ship-tracks 381 
 382 
For each detected ship-track, we automatically find background pixels in its surrounding. The 383 
width of these surrounding pixels is set to 20 pixels on both sides as shown in Figures S1 and 384 
S2. We do not include the one pixel just next to the edge of ship-track pixels to reduce the 385 
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uncertainty around the edge and minimize the impact of potential aerosol-induced circulation 386 
changes in some ship-track cases that can create a positive Cf change bias (45). We then break 387 
each granule into blocks of size 128pixel x 128pixel. Within each block, we calculate mean 388 
values of cloud variables such as droplet effective radius (Re), cloud optical depth (COT), 389 
liquid water path (LWP) and cloud droplet number concentration (Nd) for the background and 390 
ship-track pixels. We consider the effect of cloud overlap when calculating Cf. We use the 391 
random overlap assumption: Cf = (Cftotal-Cfhigh)/(1- Cfhigh), where Cf, Cftotal and Cfhigh are low 392 
cloud fraction, total cloud fraction and high cloud fraction, respectively. The Cf calculation is 393 
carried out separately for pixels within ship-track and surrounding masks as illustrated by 394 
examples in Figure S2. The difference between cloud properties inside background and ship-395 
track masks is taken as the cloud response to ship-emitted aerosols. It is worth noting that our 396 
method allows for Cf adjustment in both positive and negative directions. 397 
 398 
Pixels for which the cloud phase determined by infrared observations was identified as ice or 399 
mixed-phase, and those with ice cloud retrievals are excluded.  Only pixels with a single 400 
layer, according to MODIS cloud product multi-layer flag, and a low-level cloud (cloud top 401 
pressure > 650 hPa) were included. We also exclude the small ship-tracks that have less than 402 
400 pixels because their size is too small to obtain accurate cloud fraction. The track segments 403 
were included in the analyses only when the Re difference between ship-track and background 404 
clouds was less than -0.5 μm and the relative changes of Nd, larger than 20%.  We choose to 405 
filter the data this way because of small uncertainty range of Re retrievals and larger 406 
uncertainty in Nd. For Re, the relative uncertainty for liquid clouds range between 1.5% to 407 
around 10% (17) while it is 78% for Nd at the pixel level. Since each ship-track sample 408 
typically contains hundreds of pixels and ensemble mean can reduce the magnitude of 409 
uncertainty, we select the threshold to be 0.5µm and 20% for Re and Nd, respectively. This 410 
choice has minimal impact on the probability distributions of cloud properties when 411 
comparing the filtered clouds and all samples (e.g., Figure S4). Further decreasing of their 412 
thresholds makes the calculation of the adjustments, which are derivatives, prone to 413 
uncertainties in these two variables. In total, there are 295,036 such ship-track blocks that 414 
satisfy our conditions. If we follow the criteria 𝛥𝑅( > 2.0µm  used in Toll et al.(10), the 415 
number of samples decreases to 164,626. If additional condition of 𝛥𝑁!/𝑁! > 1 is 416 
applied(10), the number of samples decreases to 83,155, representing a more than 72% 417 
decrease. It is also worth noting that in this study, we do not use any proxy such as aerosol 418 
optical depth or aerosol index for Nd since we can confidently attribute the changes of Nd 419 
between ship-track and background clouds to aerosols.  420 

 421 
  422 
We group blocks based on their background Nd, or other variable of choice, into to a number 423 
of bins. For each bin, we calculate mean cloud responses and their 95% uncertainty ranges 424 
based on samples that fall within this bin. The dependence of cloud responses to background 425 
cloud variables can thus be obtained using this approach. The approach can be extended to 2-426 
D bins based on two explanatory variables, e.g., Nd and Cf, and we can obtain a 2-D cloud 427 
response function. Once the relationships and their uncertainty ranges are derived, we assume 428 
similar relationships apply in regions that do not have high numbers of ship-track samples, i.e. 429 
we assume the same physics apply(10).  430 
 431 
b. Calculating Aerosol Indirect Forcing  432 
 433 
Without considering aerosol effects on cloud fractions, cloud albedo sensitivity to aerosols can 434 
be taken as the sum of the Twomey effect and aerosol induced LWP adjustments(10):  435 
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𝑆 = !)"
!*#

=	 )"(,-)")
/*#

× (1 + 0
$
!12	456	
!12	*#

)       (1) 436 

where S is the susceptibility of cloud albedo (Ac) to droplet number concentration 𝑁!(10).  437 
 438 
If we only consider the Twomey effect and LWP adjustment, we have 439 
𝛥𝑆𝑊78) = −	𝑆𝑊!9:2:(11;2< × 𝐶𝑓	 × S × 𝛥𝑁!                           (2) 440 
 441 
Aerosol indirect forcing is therefore: 442 

𝛥𝑆𝑊78) = −	𝑆𝑊!9:2:(11;2< × 𝐶𝑓	 × 𝐴= × (1 − 𝐴=) × (
,
/
+ 0

>
!12456	
!12	*#

) × 𝛥𝑙𝑛𝑁!    (3). 443 

 444 
𝑆𝑊!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. 𝐶𝑓 is low cloud fraction. We use the 446 
MODIS L3 product to derive it. 𝐴=  is the cloud albedo, it can be calculated from the CERES 447 
all-sky albedo (𝐴?11@AB), clear-sky albedo (𝐴=1(?C@AB) and total cloud fraction (𝐶𝑓D9D?1) using 448 
the equation  𝐴= = (𝐴?11@AB − (1 − 𝐶𝑓D9D?1) 	× 𝐴=1(?C@AB)/𝐶𝑓D9D?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 𝑆𝑊!9:2:(11;2<, 𝐶𝑓, and 𝐴=, 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 (dln𝐿𝑊𝑃) and the relative differences in Nd (𝑑𝑙𝑛𝑁!) 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	
!12	*#

 by their control cloud 𝑁!, and calculated mean values of  !12456	
!12	*#

 459 

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

 on 𝑁! is used as our function to calculate 460 

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

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

 on 𝑁! , we 462 

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

.  𝛥𝑙𝑛𝑁! and 𝛥𝑁! 	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 𝑁!. 468 
 469 
To consider the effect of Cf adjustment due to aerosols, we consider the sensitivity of scene 470 
albedo (A) to Nd. 𝐴	 = 	𝐴?=	𝐶𝑓D9D?1 + 𝐴@(1 − 𝐶𝑓D9D?1) (51). We have: 471 

𝑆∗ = !)
!*#

= !()$"	FG&'&$(H))(,-FG&'&$())
!*#

≈ 𝐶𝑓 × 𝑆 + T1 − 𝐶𝑓I;<IU ×
!FG
!*#

× (𝐴?= − 𝐴@) (5) 472 

where A is the scene albedo, i.e., including both cloudy, Aac, and clear, As, parts; 𝐶𝑓D9D?1 and 473 
𝐶𝑓 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 − 𝐶𝑓I;<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 𝐶𝑓 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 𝑁!. We then average values of  481 
!FG
!*#

 for each control 𝑁! bin and obtain the 1-D dependence of !FG
!*#

 on 𝑁!. On lat-lon grid, !FG
!*#

 482 

is obtained based on its 𝑁!  according to the !FG
!*#

 vs 𝑁!  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 𝑁! - 𝐶𝑓 , 𝑁! - 𝐸𝐼𝑆, 𝑎𝑛𝑑	𝑁! − 𝑆𝑆𝑇. We then obtain the two-dimensional dependence of 487 
!FG
!*#

 on 𝑁!  and 𝐶𝑓, or other paired variables. Using this 2-D dependence of  !FG
!*#

, we derive 488 

global gridded !FG
!*#

 , and calculate 𝑆∗ and changes of TOA SW flux due to cloud coverage effect 489 

using the equation:  490 
 𝛥𝑆𝑊78) = −	𝑆𝑊!9:2:(11;2< × 𝑆∗ × 𝛥𝑁!                                       (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 𝑜𝑓	individual ship-track sample are averaged based on 498 
the explanatory variable or pair of explanatory variables such as control cloud Nd, 𝑁! and SST, 499 

and 𝑁! and EIS. We thus obtain the 2-D dependence of !FG
!*#

 on 𝑁! and Cf, 𝑁! and SST, and 𝑁! 500 

and EIS, respectively. Using these 2-D !FG
!*#

 dependences as the lookup table, we derived global 501 

gridded !FG
!*#

 , and then calculated 𝑆∗ 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 𝑁! 507 

to uncertainty in forcing estimates. For each 𝑁!, 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 𝑁! and Cf, 516 
𝑁!  and SST, and 𝑁!  and EIS is presented in Table S2. For reference, we also include the 517 
number when using only 𝑁! . 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 
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and SST, and Nd and EIS, respectively. We also test with using three explanatory variables. The 522 
ratios are 384% and 97% when Nd, Cf, and RH, and Nd, EIS, and RH are used, respectively. In 523 
all, the range spans between 51% to 396% and the mean of ratios is 180% with a standard error 524 
of 53%.  525 
 526 

 527 
We note a few assumptions and approximations adopted in our method of estimating the 528 
absolute aerosol indirect forcing detailed above. It is worth noting again that the ratio between 529 
effects of LWP and Cf adjustments and the Twomey effect is less susceptible to such 530 
assumptions. For example, the change in Nd can be substantial such that the condition 𝑑𝑙𝑛𝑁! ≪531 
1	 is not satisfied and an integration is required to more accurately calculate the forcing . 532 
Similarly, an integration should be applied to the LWP and Cf adjustment calculations. We 533 
adopted the approximation because we do not know the exact functional form of the LWP and 534 
Cf adjustments and we want to compare the relative importance of the Twomey and the 535 
adjustment effects7, 10; We used SWdownwelling at the surface from CERES in equation (2) instead 536 
of SWdownwelling at the cloud top, which underestimates the total forcing since SWdownwelling at the 537 
cloud top is larger. At the same time, we do not account for the transmittance from cloud top to 538 
the top of the atmosphere, which overestimates the forcing. This assumption is made because 539 
of the lack of observations for these quantities; finally, the LWP and Cf adjustments can be 540 
sensitive to more variables that are considered here. We adopted such approximations and 541 
assumptions due to the limit of observables (e.g., the SWdownwelling) and amount of available data 542 

(e.g., sensitivity of !FG
!*#

 and  !12456	
!12	*#

 to multiple variables). Also, we assume the derived !FG
!*#

 and  543 
!12456	
!12	*#

 and their dependence on background variables apply to regions that have less ship-track 544 

samples.  Here our goal is to provide a first estimate of the ratio based on best available 545 
observations and practices in the literature while being aware of such assumptions and 546 
approximations(7, 10). Also, potential semi-direct effects due to absorbing aerosols from ship-547 
emissions are not explicitly addressed in this study since we do not have enough observational 548 
information to separate it out. 549 
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	Supplementary	Materials	752 
	753 

Table S1: [60o S ~ 60o N] Global Ocean Mean Forcing (W/m2) 

Method LWP Effect  Cf Effect 

mean -8.3x10-3 -0.38 
95% interval [-2.1x10-2, 4x10-3] [-0.4, -0.37] 
99% interval [-2.5x10-2, 8.4x10-3] [-0.4, -0.36] 

	754 
	755 

Table S2: Forcing Using Different Explanatory Variables 
(W/m2) 

Explanatory variable(s) Cf Effect/Twomey 

Nd only 52% 
Nd and Cf 396% 
Nd and RH 51% 
Nd and SST 212% 
Nd and EIS 75% 

Nd, Cf, and RH 384% 
Nd, EIS, and RH 97% 

 756 
 757 

 

Figure S1: Detected ship-track pixels and their background pixels for an Aqua granule 
taken at 21:40 UTC on July 17, 2018. The width of the background (blue color in the 
figure) is 20 pixels.   

 758 
 759 
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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 
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Figure S3 The frequency distribution of the background cloud properties: cloud top height 762 
(CTH), LWP, effective radius (Re), and Nd and background meteorological factors: sea surface 763 
temperature (SST), estimated inversion strength (EIS), RH and AOD, for all ship-tracks 764 
samples. 765 
 766 
 767 

 768 
Figure S4 the impact of data filtering on sample distribution: PDFs of CER, LWP, and Nd 769 
for all samples, filter used by Toll et al.(10), and filter used here. Substantial shifts can be 770 

noticed for each cloud variable using the dCER > 2µm filter, which results in different !12456	
!12	*#

 771 

functions as shown in Figure S5.  772 
 773 

 774 
Figure S5 LWP adjustment using different data filters: the dependence of on dlnLWP/dlnNd 775 
on background Nd and Re, under different filters. Similar to Figures 4&5, the shades represent 776 
5-95% range. With more restrictive filtering, the uncertainty range becomes slightly larger.  777 
 778 
 779 
 780 
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 781 
Figure S6 Cf adjustment forcing using Nd-Cf as explanatory variables: The calculated 782 
aerosol indirect forcing contributions from the Cf adjustment, using background Nd and Cf as 783 
explanatory variables. 784 
 785 

 786 
Figure S7 Sensitivity tests with 20% uncertainty in the estimated 𝜟𝒍𝒏𝑵𝒅: We adopt the 787 
data from Toll et al. (10) to get 𝛥𝑙𝑛𝑁! and currently have no estimate on its uncertainty range. 788 
Here we change the 𝛥𝑙𝑛𝑁! by 20% to illustrate the sensitivity of the absolute magnitude of 789 
the Twomey effect to a 20% uncertainty. The global mean values are -0.6 and -0.89 Wm-2 for 790 
the upper and lower panels, respectively. Both is within the current estimate of the Twomey 791 
effect (3).  792 

	793 
 794 
	795 


