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

MAIN TEXT
1. Introduction

Tiny airborne particles — acrosols — can affect the energy balance of the Earth’s climate by
modifying cloud brightness and coverage(/, 2). The resulting energy balance perturbation
constitutes a radiative forcing, known as the aerosol indirect forcing. It partially offsets the
positive forcing due to greenhouse gases. Given the observed global temperature increase and
positive forcing from greenhouse gases, strong negative aerosol indirect forcing implies a high
climate sensitivity because the observed warming would have been a result of a small net
positive forcing(3). The total aerosol indirect forcing is estimated to be between -1.7 and -0.3
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Wm based on observations and represents the largest source of uncertainty in our forcing
estimates(3). The uncertainty range — 1.4Wm — is about half of the historic forcing from
greenhouse gases and leads to considerable uncertainty in climate sensitivity estimated using
historic data, which has important implications for climate adaptation and mitigation plans(4).

Marine low clouds are the largest contributor to reflecting solar radiation back to space and
aerosol effects on them contribute substantially to the total aerosol indirect forcing. The
fraction of reflected solar radiation is largely determined by three cloud parameters of marine
low clouds: liquid water path (LWP), cloud droplet number concentration (Ng), and cloud
coverage (Cf). Aerosols can modify all three through changing Ng4. Increasing aerosol
concentration leads to higher Ng and smaller cloud droplet effective size (Rc), which makes
marine low clouds brighter if LWP and Cf remain constant, the so-called Twomey effect(/).
The Twomey effect is widely supported by observational evidence. But LWP and Cf do adjust
to changes in Ng and Re. The decreased R. from increasing Ng¢ can delay and suppress
precipitation formation by suppressing the droplet collision-coalescence process. Suppressed
precipitation in turn can increase LWP and Cf by reducing the cloud water sink and help
clouds to live longer(2). However, other physical processes can work against this chain
reaction(J, 6). For example, smaller and more numerous droplets can introduce stronger
evaporation when mixed with dry environmental air, thus increasing the cloud water sink to
the ambient air and decreasing LWP and Cf(5). Such processes form complex feedback loops
in the cloud system that give rise to the final LWP and Cf adjustments. A key unknown is how
much additional forcing is introduced by these adjustments in addition to the Twomey effect.

Global satellite observations can provide empirical estimates on these adjustments(3, 7).
There is growing evidence that the LWP adjustment can be bidirectional and depends on the
background conditions(8—10). Existing evidence for Cf adjustment is more limited and less
well-quantified, which manifests in a wide uncertainty range in the forcing due to Cf
adjustment(3, 7), despite clear evidence of Cf increase in response to ship-emitted aerosols in
case studies(//, 12). Some studies use correlation and covariance between satellite observed
LWP and Cf and aerosol loading, but their results can be affected by retrieval biases of
aerosols and clouds, aerosol swelling with humidity, unresolved vertical profiles of aerosols
and clouds(/3), removal by precipitation, among other possible confounding correlations(3).
Other studies instead analyze the covariance using derived Ny, instead of aerosol loading, to
alleviate aerosol retrieval bias complications and still find contrasting responses of LWP to Ny
and increasing Cf to Nq(/4—16). But retrieval artifacts and potential confounding correlations
still exist. For example, derived Ny is biased low for broken and low-Cf clouds and the
positive correlation between Ng and Cf can at least partially be attributed to this bias(3, 17).
Such relationships remain correlational and do not constitute causality, which introduces
uncertainty in attributing and quantifying the forcing due to the LWP and Cf adjustments.

Here we directly measure the cloud LWP and Cf adjustments attributable to aerosol influences
by contrasting polluted clouds in ship-tracks with nearby background clouds, overcoming the
limitation of correlation studies. Our main goal is to quantify the ratio of contributions of the
LWP and Cf adjustments to the total aerosol indirect forcing compared to that of the Twomey
effect (e.g., 10). We use ship-tracks as our ‘opportunistic experiments’ (/0, /8), where the
LWP and Cf adjustments can be attributed to ship-emitted aerosols, to avoid the covariance
between LWP and Cf and Ny that are driven by meteorology and other confounding
factors(/8) (Figure 1). Previous analyses of ship-tracks and similar opportunistic experiments
suggest variable LWP adjustments to aerosols(/0, 19-21). Toll et al.(/0) show a slight LWP
increase in ship-tracks on average and the magnitude partially results from the balance

Research Manuscript Template Page 2 of 24



99
00
01
02
03
04
05

06
07
08
09
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48

between entrainment drying and moistening by precipitation suppression. The Cf adjustment,
though clearly observed and modeled(22—24) in case studies, has not been systematically
quantified using ship-track observations and remains highly uncertain(3, 7). We assemble a
large collection of ship-track samples and analyze the LWP and Cf adjustments with them to
address the knowledge gap.

2. Results
2.1 Ship-track sampling and mean cloud response

We previously developed an algorithms to automatically detect ship-tracks globally in the
Aqua Moderate Resolution Imaging Spectrometer (MODIS) data and produce ship-track
masks that include pixels polluted by ship-emitted aerosols(25, 26) (Figure 1 and Figures
S1&2 in Method). Here we use ship-tracks derived from the algorithm. A separate analysis
algorithm finds surrounding background cloud pixels with a width of 20 MODIS pixels,
equivalent to around 20km (see Method). We contrast the properties of polluted and
background low clouds using MODIS retrievals within individual 128pixel x 128pixel blocks
(see Method section for details). We choose the size of 128pixel x 128pixel in order to have
sufficient pixel counts in a block to obtain accurate estimate of cloud fractions in both ship-
track and control clouds. In total, we find 295,036 blocks with ship-tracks in 18 years of Aqua
MODIS record (Figure 2 and Method). Our total number of ship-track pixels is equivalent to
around 12 million ship-track segments as defined in Toll et al.(/0) assuming an average ship-
track width of 10pixels, representing an increase of several orders of magnitudes in the
number of samples. Our samples include ship-tracks of many different sizes and thus ages.

The ship-track samples cover wide range of meteorology and background cloud conditions
over the global ocean (Figure S3). Nearly all ship-tracks occur in a relatively stable
environment with the estimated inversion strength(27) greater than 0 K. Cloud top height of
our samples has a wide range between a few hundred meters and a couple of kilometers with a
peak at around 800m. Above cloud top relative humidity ranges between 10% to 90% and its
distribution has two local maxima at 10% and 90%. Background Ny ranges from a few
droplets cm™ to a few hundred cm™ with a strong peak at the low end. We include most ship-
track samples in our analysis, recognizing that ship-track detectability has a wide range(23)
and implicit sampling bias can be introduced by imposing filters (see discussion in Method
section and Figures S4&S5). Indeed, notable changes in probability distribution functions
(PDFs) of background cloud properties occur when samples are filtered using different criteria
(Figure S4). On average, we measure a reduction of 2.9 pm in Re and increases of 5.8 g/m?,
and 9 % in LWP and Cf in polluted clouds within ship-tracks compared to the background
clouds (Figure 3). The standard deviations of such changes are 2 pm, 44 g/m?, and 19%,
respectively. They are much larger than the mean change for the LWP and Cf, highlighting
strong variability in the adjustments of these variables.

2.2 Cf and LWP adjustments and the role of background conditions

The Cf adjustment to additional aerosols is a positive and non-linear function of background
Ng or Re (Figure 4). The mean absolute Cf increase in all ship-track samples is 9%. We note
that the mean value is a simple average and does not account for occurrence frequency of
background cloud conditions, which is addressed when we later calculate radiative effect from
Cf adjustment. Our method allows for bidirectional Cf adjustments, but only in a small
percentage of cases, Cf adjustment is negative (Figure 3). Small average Cf increases (1~2%)
are observed in clouds where mean Re is smaller than 14 pm, or mean Ny greater than 60 cm™.
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Once background clouds are cleaner than the threshold, i.e., Nq less than 60 cm™ or mean Re
greater than around 14 pm, the sensitivity of Cfto Nq, dCf /d Ny, increases substantially with
decreasing background Ny, or increasing Re. Our results agree with similar Ng threshold
behavior previously reported using different approaches and data (27). The 14um threshold is
physically meaningful since low clouds start to produce substantial drizzle that depletes cloud
water once Re exceeds the 14 pm threshold (28). Further increase in Re and thus precipitation
rate can quickly deplete cloud water and reduce Cf. Our measurements indicate that the Cf
increase due to aerosols only becomes substantial under such background cloud conditions,
likely through precipitation suppression, which supports the conceptual mechanism proposed
by Albrecht (2).

Moreover, Cf increase due to aerosols is a super-linear function of Re or Ng and proportional
to e%29%Re or Ng'!* indicating that the rate of Cf increase accelerates with cleaner background
clouds with larger Re. Quantitatively, the measured rate of Cf increase is at a rate of 1.2% per
1 cm™ when the background Ny is at 9 cm™, which is very close to the simulated value of
1.4% per 1 cm at the same background Ny in Possner et al.(23) using a large-eddy simulation
model with detailed physics. At background Ny of 20 cm, the rate decreases to 0.45% per 1
cm. The tight exponential fit, dCf /dN,; «x e%29*Re | R, > 14pum, suggests that addition of
aerosols can reverse the runaway depletion of cloud water and decrease of Cf by precipitation.
Addition of aerosols in an aerosol-limited regime can strongly increase Cf, which qualitatively
supports observations and modeling results of ship-emitted aerosols reversing low Cf scenes
to nearly overcast ones (117, 12, 22, 23). Our analyses show that the effects of aerosol-cloud-
precipitation interactions on Cf are nonlinear and depend on background conditions(29, 30).
This measurement-based relationship provides valuable quantitative constraints on the Cf
adjustments to aerosols under different background conditions.

The Cf adjustment also has clear dependence on the background Cf. On average, dCf /dN, is
negatively correlated with the background Cf. The sensitivity is at zero when background Cf
is around 1 and peaks at about 3% per 1 cm™ when the background Cf is about 0.2. Cf of 0.2
is notably lower than the mean Cf for open cellular clouds, at around 0.5 (37), and close to
that of marine low clouds with heavy drizzle (32). The combination of low Cf and heavy
drizzle points to an aerosol-limited cloud regime primed for high dCf /dN, , which agrees
with the relationship between dCf /dN,; and R. and observations of ship-tracks appearing
overcast within a low Cf and precipitating environment(/2, /8, 20) (e.g., Figure 1).

The average LWP adjustment, dLWP, is 5.83 gm™ with a large standard deviation of 31 gm,

The fairly small dLWP results from substantial dLWP in both positive and negative directions
in individual ship-track samples, reaffirming results from previous studies(/0, 19-21, 33).

48% of the ship-track samples have negative dLWP even though dLWP is close to zero and
positive. The relative sensitivity of LWP to Nqg, dinLWP /dInN, is found to be a function of
the background Ny (or R, ) and above cloud relative humidity(/0, 24). diInLWP /dInN, starts
to be positive when above cloud relative humidity is greater than 85%, and Nj; is less than 45
cm (Figure 5). The dependence of LWP adjustment on above cloud relative humidity
supports the idea that the balance between the effects of entrainment drying and moistening
by precipitation suppression(, /0) partially determines the LWP adjustment. Its Ng
dependence may reflect the aerosol effect on precipitation. The 45 cm™ threshold suggests that
once appreciable precipitation develops, aerosols tend to suppress the cloud water depletion
by precipitation and increase LWP and Cf. When precipitation is not strong enough, the effect
of drizzle suppression by aerosols on LWP can be counterbalanced by increased entrainment
drying if the above cloud relative humidity is low(34). However, more factors may be at play
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in the LWP adjustment than just the balance between precipitation suppression and
entrainment drying such as cloud top height, boundary stability, and sea surface temperature
(10).

Unlike LWP, the sensitivity of Cf to aerosols has weak dependence on the above cloud
relative humidity (Figure 4). The mean dCf/dN, is around 0.1% per cm™ when averaged
under most relative humidity values and its uncertainty range relative to the mean is
considerably larger than that using background Ng or R. as the explanatory variable. This
suggests that above cloud relative humidity plays a minor role in determining Cf adjustment
and supports the primary role of aerosol-cloud-precipitation interactions in driving Cf
adjustment.

2.3 Forcing due to Cf and LWP adjustments

Our analysis shows that aerosols in ship-tracks make clouds brighter mainly through the

Twomey effect with a minor contribution from the LWP adjustment because dLWP is only
5.83 g/m>. But the range of LWP adjustments is wide and depends on background
meteorology and cloud conditions, leading to a range of possible responses, from strong
cancelation of the Twomey effect due to LWP reduction to strong enhancement by LWP
increases. More importantly, ship-emitted aerosols also make the whole scene brighter by
increasing Cf in addition to increasing existing clouds’ brightness. The Cf adjustment is
substantial (e.g. Figure 3) since an absolute increase of 3.5~5% in low Cf would be enough to
counterbalance the positive forcing of CO> doubling (35, 36), which suggests the Cf
adjustment at local regions can be substantial. The Cf adjustment also depends sensitively on
the background Re or Ng, and Cf.

We quantify the relative contribution of the LWP and Cf adjustments to the total aerosol
indirect forcing to that of the Twomey effect over global ocean. We apply the dependence of
the dCf /dN4 and dinLWP /dInN,; on the background Ng as measured in ship-tracks to global
observations. The Nq change is produced by global chemical transport model simulations(/0).
We also consider the effects of cloud albedo, low cloud fraction, cloud overlap between high
and low clouds, Cf change, and solar flux (see Method section for details). Our calculations
show that the LWP adjustment effect is only adding 1% of radiative cooling to the Twomey
effect when averaged over global oceans. The estimated forcing from the Twomey effect is -
0.75 Wm which is close to the consensus (3). The forcing from the LWP adjustment
represents an additional contribution of 1% on top of the Twomey effect, and is estimated to
be —0.0083 + 0.012 Wm™ (Figure 6 & Table S1).

The effect of Cf adjustment, however, contributes an additional 52% cooling relative to the
Twomey effect. The estimated radiative forcing from the Cf adjustment is —0.39 + 0.01 Wm~
2, Our estimate would suggest the total aerosol indirect forcing to be -1.1+£0.8 Wm™ given the
current best estimate of the Twomey effect is -0.7+0.5 Wm™ (3, 7). The absolute magnitudes
of the forcing due to the two adjustments are subject to retrieval uncertainties in cloud
variables and the estimated AN, as discussed in detail in our Method section. Their relative
contributions to the Twomey effect however are less sensitive to such uncertainties (see
Method and (10).

3. Discussion

Research Manuscript Template Page 5 of 24



48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97

Our analysis of ship-tracks finds negligible global impact from the LWP adjustment, which
supports the idea that the LWP adjustment is often overestimated, i.e., leading to excessively
cooling effect, in current global climate models (GCMs)(/0). However, it is quantitatively
different from the strong warming effect reported in Toll et al.(/0) that uses similar approach.
The discrepancy can be explained by the different data filters applied on their ship-track
samples. We can reproduce their diInLWP /dinN,; dependence on R if we apply the same
filters, i.e., only keeping samples whose ARe > 2um and AN, /N, > 1. But such filters
remove 72% of the samples and result in a notable shift of sampled background cloud
properties toward those with higher Rc and LWP (See Method and Figure S4), which drives
the LWP adjustment to be more negative (Figure S5). Indeed, ARe and AN, /N, in ship-
tracks depend on the background cloud conditions(37) and can have a wide range, with

ARe peaking between 0 and 1um(20, 38). Taken to the extreme, ship-emitted aerosols can
affect clouds and radiation budget without detectable ship-tracks(23, 39). We believe that a
less restrictive filter helps to obtain a more complete sampling of cloud conditions. Recent
analysis indicates that LWP adjustment may produce strongly negative forcing in the so-
called invisible ship-tracks(40).

The Cf adjustment is nonlinear and a function of multiple variables. We illustrate the
sensitivity of the forcing from Cf adjustment to the choice of explanatory variables. Instead of
a single explanatory variable, N4, we calculate the dependence of the Cf adjustment as a
function of two independent variables. The radiative forcing due to the Cf adjustment can be
212% of the Twomey effect, or -1.58 Wm, if we use Nq and background SST as explanatory
variables (see Figure S6 and Table S2). The estimates from using different combination of
explanatory variables are summarized in Table S2 and they range from 51% to 396% of the
Twomey effect with a mean of 180% and standard error of 53%. Since the multivariate
approach should capture the nonlinearity more completely, our calculations suggest the true
effect of Cf adjustment may be underestimated using a single explanatory variable, which
provides a lower bound (Table S2).

The non-linear dependence of dCf /dN, on N4 implies the effect of Cf adjustment is time-
varying driven by the changing background N4 due to time-varying anthropogenic emissions.
The Cf adjustment was the strongest when Ny was the lowest at preindustrial conditions(29,
41). It would be stronger than its present value in regions downwind of major anthropogenic
pollution sources like Northern Pacific and Atlantic Oceans where Ny has substantially
increased by human activity. As a consequence, the preindustrial level of N¢ can meaningfully
affect both the time evolution and absolute magnitude of radiative forcing due to the Cf
adjustment. It is therefore important to accurately estimate the preindustrial Nq because
uncertainties in preindustrial Nq can translate into large uncertainties in Cf adjustment induced
forcing due to large dCf /dN, at low Ny, similar to the sensitivity of the Twomey effect to
preindustrial Na(42). For example, the forcing due to the Cf adjustment can increase by 10% if
we uniformly decrease the background Ng by just 5 cm™. Finally, when estimating AN,
between preindustrial and present days, it is important to consider the effects of aerosol
speciation on Ng (43).

A few issues remain unaddressed in our study. We do not explicitly consider the time
dependence of Cf and LWP adjustments to aerosols(24, 44, 45) because our analyses are
based on instantaneous data although part of the time-dependent adjustments are implicitly
included because our dataset includes ship-tracks of various ages (24). We follow previous
studies (7, 10, 18) and extrapolate results from ship-tracks to global ocean, which introduces
uncertainty in our estimate of forcing. For example, LWP adjustment may introduce stronger
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cooling inside the trade cumulus regime than inside the stratocumulus regime that is the
dominant regime sampled here (40). Extrapolating Cf effect derived mainly from the
stratocumulus regime to the trade cumulus regime may introduce uncertainty since case
studies using large-eddy simulations and observational analyses suggest Cf can either
decrease or increase in this regime (6, /5, 30). The potential choices of explanatory variables
can also be expanded to include the underlying cloud morphology type and other cloud
controlling factors. Several assumptions and approximations are also made in our calculations
(see SOM). Our results are based on detectable ship-tracks, and we assume that given the
same background clouds, they would have the same sensitivity to added aerosols and that
sensitivity can be captured by detected ship-tracks. There are situations where clouds that are
affected by ship-emitted aerosols, but do not produce detectable ship-tracks. It could be due to
a combination of weak aerosol perturbation, already heavily polluted background clouds,
unfavorable cloud types (25,40), and/or unknown processes. Future studies are needed to
comprehensively address these issues to further improve our understanding.

In summary, the magnitude of the radiative cooling effect of the Cf adjustment can be on par
with the Twomey effect(/6, 30, 46). Our results, based on an unprecedented number of ship-
track samples, suggest that it can range between 51% and 396% of the Twomey effect with a
mean of 180%, which is in agreement with previous estimates with a range between 130%
and 200% (7) using correlational analyses. GCMs also simulate Cf increase, primarily due to
aerosols suppressing precipitation and increasing Cf (47). Process-level large-eddy
simulations show notable Cf increase under clean conditions for stratocumulus clouds(22, 23)
while others show a slight decrease under different conditions, e.g. in the trade cumulus
regime(6). Our analysis strongly supports a large cooling effect from the Cf adjustment under
a variety of meteorological and cloud conditions that consistently show Cf increase with
aerosols. The strong effect from Cf adjustment also points to clean and low Cf clouds as the
most effective targets for climate intervention studies(47, 48). The observation-based
relationships between the Cf sensitivity to aerosols and background N4 and R. provides a
quantitative constraint and benchmark to improve aerosol-cloud parameterizations in GCMs,
which may help to reduce the uncertainty in aerosol indirect forcing and increase the
confidence in climate projections of the future.
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Figure 1 example images of ship-tracks and detected ship-track mas: MODIS Aqua
images of 2.1 um reflectance overlaid with detected ship-track mask in pink (a) and true color
(b) at 21:25 UTC, June 29, 2005, and the same at 22:25 UTC, July 12, 2010 (c) and (d).
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Figure 2 Frequency of ship-track containing blocks. The Northern Pacific has the most
samples. Considerable number of samples also come from the southeast Pacific, the southeast
Atlantic, the northern Atlantic, and to the south of Australia.
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Figure 3 distributions of bulk cloud adjustments: PDFs of AR,, ALWP, and ACf for

individual 128pixelx128pixel MODIS blocks that contain ship-tracks (see Method). The mean

values are indicated by the dashed vertical lines and the +/- one standard deviation range is in

gray shading.
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Figure 4 dependence of coverage adjustment on background conditions: dCf /dN, for
each bin of the background cloud Ny, Re, and RH above the cloud, where Cf represents low
cloud fraction. The blue and green dashed lines are functional fit to the data. The vertical
dashed lines are for constant Ng and R at 60 cm™ and 14 um, respectively. Each solid,
colored line has an x-axis with the same color and associated uncertainty range is plotted as
shades around the solid line. The range represents the 5% to 95% range.
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Figure 6 estimated forcings from different adjustments: The calculated aerosol indirect
forcing contributions from the Twomey effect (a), the LWP adjustment (b), and the Cf
adjustment (c).

4. Materials and Methods

Method:

As an overview, we derive LWP and Cf adjustments based on observations and analysis of
ship-tracks. The key quantity to estimate is the ratio between forcings due to Cf and LWP
adjustments and that of the Twomey effect with mostly observed variables. The ratio is
fundamentally controlled by the sensitivity of Cf and LWP to Ng as shown by formulations
discussed in detail in the following. While the absolute magnitudes of the Twomey effect, and
the Cf and LWP adjustments are sensitive to assumptions made and estimated AN, as well as
retrieval uncertainties, the ratio is much less susceptible (/0). We have detailed discussions
for the assumptions and potential sources of uncertainty in terms of the absolute magnitude in
the following.

a. Analyzing cloud response in ship-tracks

For each detected ship-track, we automatically find background pixels in its surrounding. The
width of these surrounding pixels is set to 20 pixels on both sides as shown in Figures S1 and
S2. We do not include the one pixel just next to the edge of ship-track pixels to reduce the
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uncertainty around the edge and minimize the impact of potential aerosol-induced circulation
changes in some ship-track cases that can create a positive Cf change bias (45). We then break
each granule into blocks of size 128pixel x 128pixel. Within each block, we calculate mean
values of cloud variables such as droplet effective radius (Rc), cloud optical depth (COT),
liquid water path (LWP) and cloud droplet number concentration (Ng) for the background and
ship-track pixels. We consider the effect of cloud overlap when calculating Cf. We use the
random overlap assumption: Cf = (Cfiotal-Cthign)/(1- Cthign), where Cf, Cfiotal and Cthign are low
cloud fraction, total cloud fraction and high cloud fraction, respectively. The Cf calculation is
carried out separately for pixels within ship-track and surrounding masks as illustrated by
examples in Figure S2. The difference between cloud properties inside background and ship-
track masks is taken as the cloud response to ship-emitted aerosols. It is worth noting that our
method allows for Cf adjustment in both positive and negative directions.

Pixels for which the cloud phase determined by infrared observations was identified as ice or
mixed-phase, and those with ice cloud retrievals are excluded. Only pixels with a single
layer, according to MODIS cloud product multi-layer flag, and a low-level cloud (cloud top
pressure > 650 hPa) were included. We also exclude the small ship-tracks that have less than
400 pixels because their size is too small to obtain accurate cloud fraction. The track segments
were included in the analyses only when the Re difference between ship-track and background
clouds was less than -0.5 pm and the relative changes of Nd, larger than 20%. We choose to
filter the data this way because of small uncertainty range of Re retrievals and larger
uncertainty in Nd. For Re, the relative uncertainty for liquid clouds range between 1.5% to
around 10% (/7) while it is 78% for Nd at the pixel level. Since each ship-track sample
typically contains hundreds of pixels and ensemble mean can reduce the magnitude of
uncertainty, we select the threshold to be 0.5um and 20% for Re and Nd, respectively. This
choice has minimal impact on the probability distributions of cloud properties when
comparing the filtered clouds and all samples (e.g., Figure S4). Further decreasing of their
thresholds makes the calculation of the adjustments, which are derivatives, prone to
uncertainties in these two variables. In total, there are 295,036 such ship-track blocks that
satisfy our conditions. If we follow the criteria AR, > 2.0um used in Toll et al.(/0), the
number of samples decreases to 164,626. If additional condition of AN;/N; > 1 is
applied(/0), the number of samples decreases to 83,155, representing a more than 72%
decrease. It is also worth noting that in this study, we do not use any proxy such as aerosol
optical depth or aerosol index for Ng since we can confidently attribute the changes of Ng
between ship-track and background clouds to aerosols.

We group blocks based on their background Ny, or other variable of choice, into to a number
of bins. For each bin, we calculate mean cloud responses and their 95% uncertainty ranges
based on samples that fall within this bin. The dependence of cloud responses to background
cloud variables can thus be obtained using this approach. The approach can be extended to 2-
D bins based on two explanatory variables, e.g., Ng and Cf, and we can obtain a 2-D cloud
response function. Once the relationships and their uncertainty ranges are derived, we assume
similar relationships apply in regions that do not have high numbers of ship-track samples, i.e.
we assume the same physics apply(/0).

b. Calculating Aerosol Indirect Forcing

Without considering aerosol effects on cloud fractions, cloud albedo sensitivity to aerosols can
be taken as the sum of the Twomey effect and aerosol induced LWP adjustments(/0):
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g = dAc _ Ac(1-A) x (1 +EdlnLWP) (1)
de 3Nd 2 dlnNd

where S is the susceptibility of cloud albedo (A.) to droplet number concentration N, (70).

If we only consider the Twomey effect and LWP adjustment, we have

ASWTOA = SWdownwelling X Cf X S X ANd (2)
Aerosol indirect forcing is therefore:
1, 5dinLwp
A5Wroa = = Waownwetiing X Cf X Ac X (1= A) X G +50=) X ANy (3).

SWaownwetting 18 shortwave flux at the clouds. It can be conservatively estimated using the

CERES clear sky surface downwelling shortwave flux. Cf is low cloud fraction. We use the
MODIS L3 product to derive it. A, is the cloud albedo, it can be calculated from the CERES
all-sky albedo (Aqsky ), clear-sky albedo (Aciearsky) and total cloud fraction (Cfiptq;) using

the equation Ac = (Aallsky - (1 - Cftotal) X Aclearsky)/cftotal (4)

The CERES and MODIS data we used are 2003-2020 monthly mean 1°x1° global data of the
CERES EBAF-TOA(49) and the MYDO08_M3(50) products, respectively. We calculated the
2003-2020 climatological-mean SWyownweriing» Cf» and A, and interpolated them to 2°x2°
horizontal resolution.

From the analysis of cloud response in ship-tracks, we first calculated the relative differences
in LWP (dInLWP) and the relative differences in Nd (dInN,) between ship-track blocks and

dl :
VP for all ship-track samples.
dln Nd

their control counterparts, and thereby derived their ratios

We then sorted these

dInLWP . dInLWP
by their control cloud N, and calculated mean values of ——

dln Nd dln Nd
dInLWP
dln Nd

the LWP adjustment. For global 2°x2° grids, we first calculated 2003-2020 climatological-

mean N, from the MYDO08 M3 data. Based on the 1-D dependence of dinlWp

dln Nd
dinLwp .
""" AlnN, and AN, is calculated
dln Nd

in the same way as Toll et al.(/0) It is based on model simulated AOD difference between
preindustrial and present and empirical relationship between AOD and N4. To make our
results and those from Toll et al. comparable we adopt the same method. For details, please
refer to their paper. With all these variables ready, we calculate the global gridded values of
aerosol indirect forcing due to the LWP adjustment to Nj.

for each control N, bin. The dependence of on N is used as our function to calculate

on N;, we

derive the global gridded LWP adjustment sensitivity,

To consider the effect of Cf adjustment due to aerosols, we consider the sensitivity of scene
albedo (A)to Na. A = Age Cfrotar + As(1 — Cfiotar) (51). We have:

« _ dA _ d(Aac CfrotaitAs(1—Cftotal)) __ dcf
S = = tthd tot ~Cfo-I—(l_thigh)XmX(AaC—AS)(S)

where A is the scene albedo, i.e., including both cloudy, Aac, and clear, A, parts; Cf;o¢q; and
Cf are all cloud and low cloud fraction obtained from the MYDO08 M3 data; As is the surface
albedo, derived from the CERES EBAF-TOA data(49); 1 — Cfpign is used to take into account

dcf

of effect of overlap on Cf adjustment. We assume minimum aerosol effects on high clouds. YR
d

is calculated using our ship-track samples, similar to the LWP adjustment. We account for the
cloud overlap between high and low clouds when calculating Cf for both background and ship-
track clouds to reflect its true values. Here we use the random overlap assumption, but tests
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: . .. . dc .
with other overalp assumptions show minimum impact. We first calculate # for each ship-
d

track sample and sort them by their corresponding control cloud N;. We then average values of

2T for each control N, bin and obtain the 1-D dependence of %S on N;. On lat-lon grid, a7
de de de

is obtained based on its N; according to the —sz vs Ny relationship, similar to the LWP
d
adjustment (/0).

. dc : . .
In addition, we calculate # and average them as a function of a pair of explanatory variables
d

suchas N; - Cf , N, - EIS,and N; — SST. We then obtain the two-dimensional dependence of

% on N; and Cf, or other paired variables. Using this 2-D dependence of %, we derive
a d

global gridded % , and calculate S* and changes of TOA SW flux due to cloud coverage effect
d

using the equation:
ASWTOA = - SWdownwelling X §* X ANd (6)

To study the influences of meteorological conditions on the Cf adjustments to aerosols, we
collocate the MERRA2 2-dimensional hourly (instl 2d asm_ Nx) data and 3-dimensional 3-
hourly (inst3 3d asm_ Np) reanalysis data(52) with our ship-track and control clouds. We
calculate mean values of the collocated MERRA2 relative humidity (RH), sea surface
temperature (SST) and estimated inversion strength (EIS) for every ship-track block and
background clouds. The Cfadjustments of individual ship-track sample are averaged based on
the explanatory variable or pair of explanatory variables such as control cloud Ng, N; and SST,

and N; and EIS. We thus obtain the 2-D dependence of % on N, and Cf, N; and SST, and N,
and EIS, respectively. Using these 2-D % dependences as the lookup table, we derived global
gridded Z—If’]; , and then calculated S* and cloud coverage effects on the TOA SW flux. We also
tried to derive 3-D dependence of ;I_IZ on Ny, EIS, and RH, and Ny, Cf, and RH. Similarly, we

calculate the % and its dependence on background RH, EIS, and SST using the MERRA-
da
2 data.

_ . dc dinLwp .
We propagate the uncertainties of our estimates of # and ;7 and their dependence on N,
d da

to uncertainty in forcing estimates. For each N;, we find the 95% or 99% confidence intervals
dcf dinLwp
for the mean values of —— and .
dN d din N d
LWP sensitivity to each grid point and obtain the upper and lower bound for indirect forcing
due to Cf and LWP adjustments. The results are presented in Table S1. The forcing due to the

LWP adjustment has a relatively larger range than that of the Cf adjustment.

We then apply the upper and lower limits of the Cf and

The total forcing calculated using different sets of explanatory variables including N; and Cf,
N4 and SST, and N; and EIS is presented in Table S2. For reference, we also include the
number when using only N;. Adding above cloud relative humidity does not appreciably
change the forcing, which agrees with our finding that the Cf adjustment is not sensitive to
above cloud RH. The largest forcing is obtained with the N4 and Cf combination and it
represents more than 396% of the Twomey effect. The ratios are 212% and 75% when using Ng
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and SST, and Ng¢ and EIS, respectively. We also test with using three explanatory variables. The
ratios are 384% and 97% when Ny, Cf, and RH, and Ng, EIS, and RH are used, respectively. In
all, the range spans between 51% to 396% and the mean of ratios is 180% with a standard error
of 53%.

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

dInLwp . . . .dC
= to multiple variables). Also, we assume the derived 4T and
dinNg dNg

(e.g., sensitivity of 2J and
dNg4

dinLwp

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

and their dependence on background variables apply to regions that have less ship-track
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53
Table S1: [60° S ~ 60° N] Global Ocean Mean Forcing (W/m?)
Method LWP Effect Cf Effect
mean -8.3x10°3 -0.38
95% interval [-2.1x1072, 4x1073] [-0.4, -0.37]
99% interval [-2.5x1072, 8.4x107] [-0.4, -0.36]
54
55
Table S2: Forcing Using Different Explanatory Variables
(W/m?)
Explanatory variable(s) Cf Effect/Twomey
Na only 52%
Naand Cf 396%
Naand RH 51%
Naand SST 212%
Naand EIS 75%
N4, Cf, and RH 384%
Ng, EIS, and RH 97%
56
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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.
58
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35
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.
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Figure S3 The frequency distribution of the background cloud properties: cloud top height
(CTH), LWP, effective radius (Re), and Nq and background meteorological factors: sea surface
temperature (SST), estimated inversion strength (EIS), RH and AOD, for all ship-tracks

samples.
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Figure S4 the impact of data filtering on sample distribution: PDFs of CER, LWP, and Ng4

for all samples, filter used by Toll et al.(/0), and filter used here. Substantial shifts can be
dinLWP

noticed for each cloud variable using the dCER > 2um filter, which results in different N

d

functions as shown in Figure S5.
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Figure S5 LWP adjustment using different data filters: the dependence of on diInLWP/dInNd
on background Ng and Re, under different filters. Similar to Figures 4&5, the shades represent
5-95% range. With more restrictive filtering, the uncertainty range becomes slightly larger.
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Figure S6 Cf adjustment forcing using Ng-Cf as explanatory variables: The calculated
aerosol indirect forcing contributions from the Cf adjustment, using background Ng and Cf as
explanatory variables.

60°E 180° 60°W
Figure S7 Sensitivity tests with 20% uncertainty in the estimated AInN,;: We adopt the
data from Toll et al. (10) to get AInN,; and currently have no estimate on its uncertainty range.
Here we change the AInN; by 20% to illustrate the sensitivity of the absolute magnitude of
the Twomey effect to a 20% uncertainty. The global mean values are -0.6 and -0.89 Wm for
the upper and lower panels, respectively. Both is within the current estimate of the Twomey

effect (3).
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