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Cloudreflectivity is sensitive to atmospheric aerosol concentrations because aerosols
provide the condensation nuclei on which water condenses'. Increased aerosol
concentrations due to human activity affect droplet number concentration, liquid
water and cloud fraction?, but these changes are subject to large uncertainties®. Ship
tracks, longlines of polluted clouds that are visible in satellite images, are one of the
main tools for quantifying aerosol-cloud interactions*. However, only a small fraction
of the clouds polluted by shipping show ship tracks*®. Here we show that even

when no ship tracks are visible in satellite images, aerosol emissions change cloud
properties substantially. We develop a new method to quantify the effect of shipping
onall clouds, showing a cloud droplet number increase and a more positive liquid
water response when there are no visible tracks. We directly detect shipping-induced
cloud property changes in the trade cumulus regions of the Atlantic, which are known

to display almost no visible tracks. Our results indicate that previous studies of ship
tracks were suffering from selection biases by focusing only on visible tracks from
satelliteimagery. The strong liquid water path response we find translates to alarger
aerosol cooling effect on the climate, potentially masking a higher climate sensitivity
than observed temperature trends would otherwise suggest.

Global warming caused by greenhouse gases has been partially masked
by anthropogenic aerosols. The latest report of the Intergovernmental
Panel on Climate Change's Working Group I> estimates the combined
forcing of aerosols tobe-1.3+0.7 W m~(90% confidence range). This
cooling results partly from the reflection of solar radiation by aero-
sol particles (direct effect) and to a larger part from changes to cloud
properties (indirect effect). While the direct effect can be better con-
strained’, aerosol-cloud interactions contribute the largest uncertainty
of anthropogenic climate forcing®?.

Aerosol-cloud interactions stem from aerosols acting as cloud con-
densation nuclei (CCN), on which water condenses in supersaturated
air. Anincrease in CCN causes an increase in cloud droplet number
(Ny) ifthe totalamount of liquid water does not decrease, brightening
clouds’. But the liquid water path (LWP; a strong control on albedo)
can change in response to a change in droplet number. The reduced
size of the droplets lowers the speed at which droplets grow by col-
lision coalescence, and can suppress precipitation, increasing both
LWP and the area covered by clouds (cloud fraction, CF) in polluted
regions?. By changing the entrainment and mixing processes with the
surrounding air, increased N, can also lower LWP®'°, It has been sug-
gested from the cloud response to a volcanic eruption' that the overall
effect of aerosols on LWP is weak. Toll et al."> argue, on the basis of an
analysis of shipping and industry emission effects, that thisis because
decreases andincreasesin LWP almost balance out. They suggest that
climate models that show anincrease in LWP with aerosol concentration
suffer from poor parameterization and overestimate aerosol-cloud

cooling. As global climate models do not explicitly resolve shallow
convection, the LWP response they predict has a strong dependence
on parameterization®,

So-called opportunistic experiments, where the cause of the aerosol
perturbation is known and localized in time and space, have recently
been widely used as an approach to quantify aerosol-cloud interac-
tions*. The presence of a known emission source allows for a direct
comparison of polluted and unpolluted clouds, excluding possible
confounders.

Ship tracks, linear cloud features of increased reflectivity and cloud
cover over the global oceans, are the most prominent example of such
opportunistic experiments. They were first reported by Conover** and
areattributed to the aerosol emissions of ships, mainly sulfate precur-
sorsand black carbon®. They have been studied extensively and shown
to constrainaerosol-cloud interactions>**>'¢, Previous ship track stud-
ies have provided evidence for negative LWP responses to aerosol?”,
Ifthis negative responseis large enoughit canlead to the polluted cloud
becomingless reflective, the opposite of the expected aerosol effect™®.

However, the use of ship tracks to quantify aerosol-cloud interac-
tions may introduce selection biases, either by not allowing enough
time for LWP reductions to occur via entrainment’, or by selecting
for shallow boundary layers (<800 m). Large eddy simulations show
that, in deep boundary layers, the microphysical response to an aerosol
source is hidden by natural variability, but is detectable by averaging
along the emission trajectory?’. Comparing entire regions of high and
low shipping emissions'®? partly addresses biases, but thisapproachis
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Fig.1|Aview ofthe Chilean Sc deck from the MODIS* satellite instrument.
The colourscaleindicates cloud droplet effective radius. a,b, Grey boxes show
thelocation of emissions (a) and where they are advected to with the wind (b).
Therearevisible ship tracks in darker colours, most of which are well collocated
toadvected ship emissions. MODIS Aquaon 6 August2018.c, Thesameregion

confined to smallregions. Recent work by Gryspeerdt et al.?? uses ship
positions and emissions data to convert the distance along the ship
track to time since the emission of cloud-perturbing aerosol, showing
atime-resolved picture of aerosol-cloud interactions. However, open
questions remain about the justification for generalizing from ship
track studies to global sensitivities.

In this study, we show that relying on visible ship tracks introduces
alarge selection bias. We propose a method that takes into account
emissions that do not cause visible tracks. High-resolution ship emis-
sions are used to establish where clouds were influenced by aerosols
and to compare these locations to locations without ship emissions.
The analysis does not rely on hand-logged ship track locations, only
on shipping emission data. We thereby remove the selection bias for
visible track formation. This leads to larger positive LWP responses to
the aerosols emitted by ships.

Finding invisible ship tracks

Previous work has largely relied on the identification of ship tracks by
eye from near-infrared satellite imagery (for example, 2.10r 3.7 pum
channels) and thelogging of their positions by hand>*>*. Here, we use
datasets of ship emissions, which are advected with the wind using the
HYSPLIT model** (Methods) until the time of the overpass of the Moder-
ate Resolution Imaging Spectroradiometer (MODIS) on the satellites
Aqua and Terra. The satellite-retrieved cloud properties at these loca-
tions are the ones subject to aerosol pollution by ships. We compare
these to clouds inunpolluted locations nearby, such that the meteoro-
logical conditions are similar. If a ship track is visible, the in-track and
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but foraday without visible ship tracks, even though there are ships.

d, Advected emissionlocations and inaddition the counterfactual retrieval
boxestoeither side of them (yellow boxes). MODIS Aqua on 14 September 2019,
selected ships. Map of the retrieval location from cartopy*?.

out-of-track properties are retrieved, just like in the ship track studies
mentioned earlier that involve logging positions by hand. Crucially,
retrieval of polluted and unpolluted cloud properties also happensinthe
more common case of ship emissions that do not produce visible tracks.
Figure 1exemplifies our approach: the framed retrieval sections are
estimates of where aerosol has been carried by the wind between the
times of their emission and the satellite retrieval. Three cases can be
distinguished: (1) a ship track is visible and it lies within the retrieval
section; (2) no ship track is visible but there is a retrieval section; and
(3) aship track is visible but (partly) outside of any retrieval section.
Some of the scenes falling into cases (2) and (3) will arise because of
imperfect collocation of advected emissions with satellite retrievals.
However, case (2) scenes would arise even with perfect collocation.
Only afraction of shipping emissions actually form visible ship tracks?.
This becomes very clear on days when there are no visible ship tracks
atall, as shownin Fig.1c,d. Scenes that fall into case (3) can stem from
imperfect collocation or ships missing from the emissions dataset.

Visible versus invisible tracks
The effect of ship emissions on cloud properties can be detected even
if no tracks are visible by eye in an effective radius retrieval. To show
this, we focus on the region of the Chilean stratocumulus (Sc) decks
known to display visible ship tracks. We separate days by eye when
thereareany visible ship tracksin the region of interest, asin Fig.1a,b,
from those days when there are none, asin Fig. 1c,d.

Figure 2a,b show a comparison of cloud properties on days with
visible tracks and days with no visible tracks. Plotted are the ratios of
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Fig.2|Thereare cloud property changes even when there are no visible
tracks. a,b, Comparing N, (a) and LWP (b) in the Chilean Sc between those days
whensship tracks are visible (blue) and those when none are visible (orange)
intheregion. Plotted areratios of hourly means of in-track and out-of-track
properties, so thatavaluelarger than 0% means anenhancementin the track.
Shaded areas show standard errors of the means. LWP anomalies are given

in2 hmeansratherthanlhbecause of noisier data. Retrievals from the
MODIS-cloud product on Aqua and Terra*, all for 20142019, 25% of days

with visible tracks. Also, there are measurable responses to ship emissions

in-track over out-of-track hourly averaged N, (Fig.1a) and LWP (Fig. 1b)
retrievals. Thereis asignificant enhancementin N;even on days when
no ship tracks can be seen by eye. This surprising result could indi-
cate ‘blurred’ tracks, which cannot easily be seen by eye. These diffuse
changes could become apparent when averaging over the length of
the track® or over many tracks, as we have done here (about 600 are
needed, see section ‘Radiative forcing and detectability’). Ship tracks
may also beinvisible inthe effective radius retrieval but visiblein drop-
let number. This can occur when the droplet number increases together
with the liquid water content, as shownin figure S1of Gryspeerdt et al.”2

The time evolution of increases in N, is similar in the visible and
invisible cases, peaking at 3-4 hand persisting for up to 20 h after the
emission of aerosol. Contrary to the N, response, the LWP response
is qualitatively different between the visible and the invisible cases.
Whereas, inagreementwith results from Toll et al.”?, the response in the
visible case is weakly negative, it turns weakly positive in the invisible
case. For the resulting sensitivity of LWP to N, perturbations, defined
in equation (1), this means a negative sensitivity for visible tracks and
apositive sensitivity forinvisible tracks. The time developmentis plot-
ted in Extended Data Fig. 1. In agreement with Glassmeier et al."”’, the
magnitude of sensitivity increases. Here, however, this seems to be
dueto the decreasing N;anomaly with time rather than anincreasing
LWP anomaly.

To answer the question of why some tracks are invisible, we study
the background meteorological state. Extended Data Fig. 2 shows
meteorological conditions from ERAS reanalysis data for ‘invisible’
and ‘visible’ retrievals. Visible ship tracks occurin cloud decks that are
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everywhere.c, A plot of acomparison of in-track and out-of-track properties in
fourregions: the Chilean (Chil., light blue) and Angolan/Namibian (Ango., blue)
Sc,and the Cuaround the Azores (Azor.,navy) and Cabo Verde (C.Ver., green).
Theregionsareshownindifferent colours representing the ship track location
dataofaroundsix days. d-f, Plots showingrelative N4 (d), LWP (e) and albedo

(f) anomalies. Shaded areas show standard errors of the means. Retrievals from
the MODIS-cloud product on Aqua and Terra*, all for 2014-2019. Map of the
different regions from cartopy*.

capped by stronger inversions (as quantified by estimated inversion
strength, EIS), are shallower, lie above colder sea surfaces and higher
relative humidity conditions, and show lower background N,. These
findings are consistent with those obtained over the North Pacific by
Durkee etal.”.

Invisible ship tracks everywhere

Invisible ship tracks canalso be detected inregions that have not been
widely studied for ship tracks previously. One such areais the East
Atlanticaround Cabo Verde;in addition, we study the Northeast Atlan-
tic around the Azores. Both of these areas tend to have lower cloud
fractions and the low clouds are mostly shallow cumulus (Cu). These
two regions, and the Chilean and Namibian Sc, are shown in Fig. 2c.
All regions show similar relative Ny anomalies and time evolutions
(Fig. 2d). However, LWP responses (Fig. 2e) are markedly different.
Importantly, the region that was not previously studied, the trade Cu
region of Cabo Verde, shows the largest LWP enhancement. Inall cases,
thereislittle time development of LWP. Albedo enhancement (Fig. 2f)
follows a similar pattern as N. Strikingly, the stronger LWP response
seems to make up for the smaller N;enhancement, such that the Cabo
Verderegion, which displays almost no visible tracks®, has avery similar
albedo enhancement to the Chilean Sc. Previous studies of trade Cu
atthe shipping lane or regional scale”?** have not found statistically
significant anomalies, with the exception of N increases?.

The pattern of strong LWP responses in the trade Cu regions is con-
firmedinFig. 3. Plotted are the ratios of regional means of in-track and
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Fig.3|MoredropletsinSc, more LWPin Cu.a,b, Heatmap of relative N4

(a) and LWP anomaly (b), thatis, mean of in-track properties divided by mean
of out-of-track properties. N,responses are strongest in the Sc regions, but
LWP responsesare strongestin the trade Cu. Retrievals from MODIS-cloud
producton Aquaand Terra*, all for 2014-2019. Map from cartopy*2.

¢, The possible mechanism for amore positive LWP response in weak-inversion

out-of-track properties. The most positive response in LWP appears
in the trade wind regions on either side of the equator, whereas the
response in N, (implicitly averaged over all times since emission) is
strongest in the Sc regions of Namibia and Chile.

Higher LWP sensitivity inthe trades correlates with weak or negative
inversions and low background N,, shown in Extended Data Fig. 3. Both
help toexplainalarger LWP enhancementinthese regions: the N,~LWP
relationship is known to be non-linear, with anincrease in LWP in the
low-N, regime and a decrease in the high-N, regime?,

The LWP increase is due to suppression of precipitation, but for
LWP to increase, clouds also need to deepen, because in adiabatic
clouds LWP « AZ2, with the cloud depth AZ (refs. **°). However, cloud
deepening upwards and an associated increase in LWP is only possible
if the cloud is not topped by a strong inversion (Fig. 3¢). Extended
Data Fig. 4 shows the anomaly in cloud top temperature, which
decreases with cloud height. Regions with stronger LWP responses
seemto show cloud top increases (temperature decreases). However,
the signalis not strong enough to enable a significant time-resolved
study. At the same time, changes in adiabaticity or deepening down-
wards could alsoincrease LWP. In Extended Data Fig. 7, anomalies in
Ngyand LWP are shown as a function of stability, with the data sepa-
rated into four bins by their EIS. The more stable the environment,
the larger the Ny anomaly, with no enhancement in very unstable
conditions. The LWP response is more positive in the two middle
quartiles, whereas the enhancement is weak in stable conditions,
again with no enhancementin very unstable conditions. This could
be attributed to a non-linear effect of aerosol on LWP, but is more
likely to be linked to the fact that there is no observed effect on N,.
Lower EISis correlated with deeper boundary layers, so the increase
in LWP in low-EIS regions is contrary to results from visible track
observations by Toll et al.*» as well as climatological observations
by Possner et al.*?, who find a more negative LWP response in deeper
boundary layers.

Together, these results imply that the same unstable conditions,
which could be responsible for tracks being invisible (blurred), could
also cause the LWP response to be more positive. The large positive LWP
responses inrelatively unstable conditions can be seen as a generaliza-
tion of the findings of Christensen and Stephens': the authors observe
LWP increases and cloud deepening for ship tracks in open cell Sc,
whereas there was a small negative LWP response in closed cells. This
matches modelling results, showing that in order to maximize cloud
water, there are ‘optimal concentrations’ of aerosol, with a higher opti-
mal value (thatis, more aerosol-limited clouds) in unstable conditions®.
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regions. Previous ship track studies focused on regions with stable conditions
andrelatively high background N, (top). There, cloud depth cannotincrease
because of the strong inversion topping the cloud. Invisible tracks occur more
ofteninunstable, low background Nyclouds (bottom). When more CCN are
provided by aship, these clouds can deepen. As liquid water content (LWC)
increaseslinearly with height, LWP, its integral, increases quadratically.

Alarge eddy simulationstudy of trade Cu clouds by Seifert et al.** found
cloud deepening with increasing N, but only small LWP increases.
However, whereas Seifert et al. focus on the equilibrium states of their
simulations, Spill et al.* find amore robust positive LWP response and
cloud deepening in simulations of more realistic, transient, thermo-
dynamic conditions. Yamaguchi et al.*® also find deepening and LWP
increases intrade cumulus, but only conditionally with no-wind-shear
conditions. A similar LWP response has alsobeenreportedinthewarm
base of deep convective clouds™.

Thesefindings suggest that ship track studies that have focused exclu-
sively onthe high-N,, high-inversion-strength regions have missed the
large sensitivity of clouds to aerosols in low-N;, low-inversion-strength
regions.

Radiative forcing and detectability

Whereas LWP adjustments were previously shown to contribute asmall
but probably positive forcing®'?, our results indicate the potential for
asubstantial negative forcing. Following Bellouin et al.?, and extrapo-
lating to the rest of the globe (Methods), we estimate the forcing from
LWP adjustment (and its 90% confidence intervals) tobe —0.76 (-1.03,
-0.49) W m™. This is of opposite sign and larger magnitude than the
estimate of 0.2 + 0.2 W mgivenin the latest Intergovernmental Panel
on Climate Change report?(section 7.3.3.2.1). This substantially larger
estimateis mostly duetorelatively strong responses in LWP inunstable
atmospheric conditions, where the Nyresponse is weak, resulting ina
large sensitivity.

Our approach also demonstrates a viable technique for monitoring
experiments of marine cloud brightening (MCB), the targeted emission
ofaerosolsintooceanclouds toincrease reflectivity and thereby mask
global warming. Seidel et al.*®, and more recently Diamond et al.”, have
argued that the effect of MCB would only be detectable with remote
sensing on aregional scale after several years of emissions. However,
knowing the positions of emissions enables detection of their effects
with aslittle as one month of observations. Extended Data Fig. 5 shows
that Nyanomalies can be confidently detected with 30 days of data, or
equivalently about 600 individual ships. To confidently detect albedo
changes, four months of data are necessary. For the purpose of MCB
experiments, there is the caveat that we do not consider cloud frac-
tion changes or possible decreases in cloudiness at larger distances
from the tracks, as found by Wang et al.**. Furthermore, our albedo
measurements rely on the proxy of cloud optical thickness, similarly
to other studies of this kind">*.



Discussion and conclusion

Based on the analysis of more than two million ship paths across the
Atlantic over six years, we have been able to show that the effect of ship
emissions can be directly observed even if they do not form visible
ship tracks. These ‘invisible’ ship tracks have markedly different proper-
tiesthan visible ship tracks, in particular a positive LWP response even
in probably non-precipitating clouds. Similarly, the trade wind regions
not previously studied for ship tracks (rather than regional shipping
effects??*?’) show the strongest positive LWP response. Together,
this shows that previous studies using ship tracks as general proxy for
aerosol-cloudinteractions have been subject to a strong sampling bias.
Relying onvisually identifiable ship tracks confines the analysis to spe-
cificmeteorological conditions and small geographical regions where
visible ship tracks occur. We hypothesize that the strong inversion
foundin theseregionsin particular limits LWP enhancement because
clouds cannot deepen here. At the same time, the strong inversion
could be necessary to form tracks that are clearly visible, rather than
blurred or diffuse. This contradicts the assumption that findings from
visible tracks generalize to other conditions and regions™>*., It also
links to theimportance of accurate descriptions of shallow convection,
whichare currently not explicitly represented in global climate models.
Nevertheless, our measurements agree more closely with the models
than with previous observations. Our results imply a substantially
larger negative radiative effect (and associated cooling) from LWP
adjustments than previously reported.

Our method may suffer fromimperfect collocation of emissions and
satellite retrievals, leading to some in-track and out-of-track proper-
ties actually belonging to the other category. The origin of this is the
inherent uncertainty of the reanalysis dataused to advect the track, and
uncertainties related to trajectory modelling and the original emission
location. This effect gets stronger the more time has elapsed since
emission, as the advection of emissions becomes more uncertain with
time. However, all results are presented as departures from the ground
state. This means that in a hypothetical situation of large collocation
errors we would expect no anomalies.

Retrieval uncertainties also need to be considered: LWP retrievals
inthebroken cloud scenes of the trade wind Cu are much more uncer-
tain than in Sc decks*’. Cloud top temperature retrievals suffer from
uncertainties under strong-inversion conditions. Biomass-burning
smoke and Sahara dust can interfere with retrievals in some parts of
the Atlantic. However, in-track and background measurements will be
equally affected by retrieval errors. Therefore, we do not expect the
results to be strongly impacted.

Splitting the datain the traditional ship track regionsinto days with
visible tracks and days without highlights how taking into account only
the former can lead to a bias even within a region. This is only a first
approximation of the differences betweenindividual visible and invis-
ible tracks, and may introduce a degree of subjectivity. However, for
aconsistent estimate of sensitivities and ultimately radiative forcing,
all tracks need to be taken into account, and the distinction between
visible and invisible tracks becomesirrelevant.

Although aspects of the radiative forcing owing to aerosol-cloud
interactions remain uncertain, this work is a meaningful step towards
observational constraints across all cloud regimes. In particular, it high-
lights theimportance of usinglines of evidence that are representative
of how aerosol sensitivities change with meteorological conditions.

Online content

Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41586-022-05122-0.

20.

21.

22.

23.

24.

25.

26.

27.

28.

20.

30.

31

32.

33.

34.

35.

36.

Twomey, S. The Influence of pollution on the shortwave albedo of clouds. J. Atmos. Sci.
34,1149-1152 (1977).

Albrecht, B. Fractional cloudiness. Science 245, 1227-1230 (1989).

IPCC Climate Change 2021: The Physical Science Basis (eds Masson-Delmotte, V. et al.)
(Cambridge Univ. Press, 2021).

Christensen, M. et al. Opportunistic experiments to constrain aerosol effective radiative
forcing. Atmos. Chem. Phys. 22, 641-674 (2022).

Schreier, M. Mannstein, H. Eyring, V. & Bovensmann, H. Global ship track distribution and
radiative forcing from 1 year of AATSR data. Geophys. Res. Lett. https://doi.org/10.1029/
2007GL030664 (2007)

Durkee, P. A., Noone, K. J. & Bluth, R. T. The Monterey Area Ship Track experiment.

J. Atmos. Sci. 57, 2523-2541(2000).

Watson-Parris, D. et al. Constraining uncertainty in aerosol direct forcing. Geophys. Res.
Lett. 47,1-7 (2020).

Bellouin, N. et al. Bounding global aerosol radiative forcing of climate change. Rev.
Geophys. 58, 1-45 (2020).

Bretherton, C. S., Blossey, P. N. & Uchida, J. Cloud droplet sedimentation, entrainment
efficiency, and subtropical stratocumulus albedo. Geophys. Res. Lett. 34,1-5

(2007).

Hill, A. A., Feingold, G. & Jiang, H. The influence of entrainment and mixing assumption
on aerosol-cloud interactions in marine stratocumulus. J. Atmos. Sci. 66, 1450-1464
(2009).

Malavelle, F. F. et al. Strong constraints on aerosol-cloud interactions from volcanic
eruptions. Nature 546, 485-491(2017).

Toll, V., Christensen, M., Quaas, J. & Bellouin, N. Weak average liquid-cloudwater
response to anthropogenic aerosols. Nature 572, 51-55 (2019).

Terai, C.R., Pritchard, M. S., Blossey, P. & Bretherton, C. S. The impact of resolving
subkilometer processes on aerosol-cloud interactions of low-level clouds in global
model simulations. J. Adv. Model. Earth Syst. 12, €2020MS002274 (2020).

Conover, J. H. Anomalous cloud lines. J. Atmos. Sci. 23, 778-785 (1966).

Christensen, M. W. & Stephens, G. L. Microphysical and macrophysical responses of
marine stratocumulus polluted by underlying ships: evidence of cloud deepening.

J. Geophys. Res. Atmos. 116, D03201 (2011).

Gryspeerdt, E., Smith, T. W., O’Keeffe, E., Christensen, M. W. & Goldsworth, F. W. The
impact of ship emission controls recorded by cloud properties. Geophys. Res. Lett. 46,
12547-12555 (2019).

Coakley, J. A. & Walsh, C. D. Limits to the aerosol indirect radiative effect derived from
observations of ship tracks. J. Atmos. Sci. 59, 668-680 (2002).

Chen, Y. C. et al. Occurrence of lower cloud albedo in ship tracks. Atmos. Chem. Phys. 12,
8223-8235 (2012).

Glassmeier, F. et al. Aerosol-cloud-climate cooling overestimated by ship-track data.
Science 371, 485-489 (2021).

Possner, A., Wang, H., Wood, R., Caldeira, K. & Ackerman, T. P. The efficacy of
aerosol-cloud radiative perturbations from near-surface emissions in deep open-cell
stratocumuli. Atmos. Chem. Phys. 18, 17475-17488 (2018).

Diamond, M. S., Director, H. M., Eastman, R., Possner, A. & Wood, R. Substantial cloud
brightening from shipping in subtropical low clouds. AGU Adv. 1, e2019AVO00111
(2020).

Gryspeerdt, E., Goren, T. & Smith, T. W. Observing the timescales of aerosol-cloud
interactions in snapshot satellite images. Atm. Chem. Phys. 21, 6093-6109 (2021).
Segrin, M. S., Coakley, J. A. & Tahnk, W. R. MODIS observations of ship tracks in summertime
stratus off the West Coast of the United States. J. Atmos. Sci. 64, 4330-4345 (2007).
Stein, A. F. et al. Noaa’s hysplit atmospheric transport and dispersion modeling system.
Bull. Am. Meteorol. Soc. 96, 2059-2077 (2015).

Durkee, P. A. et al. Composite ship track characteristics. J. Atmos. Sci. 57, 2542-2553
(2000).

Peters, K., Quaas, J. & GraBl, H. A search for large-scale effects of ship emissions

on clouds and radiation in satellite data. J. Geophys. Res. Atmos. 116, D24205

(20m).

Peters, K., Quaas, J., Stier, P. & GraBl, H. Processes limiting the emergence of detectable
aerosol indirect effects on tropical warm clouds in global aerosol-climate model and
satellite data. Tellus B: Chem. Phys. Meteorol. 66, 24054 (2014).

Gryspeerdt, E. et al. Constraining the aerosol influence on cloud liquid water path. Atmos.
Chem. Phys. 19, 5331-5347 (2019).

Albrecht, B. A. et al. Surface-based remote sensing of the observed and the Adiabatic
liquid water content of stratocumulus clouds. Geophys. Res. Lett. 17, 89-92 (1990).
Painemal, D. & Zuidema, P. Assessment of MODIS cloud effective radius and optical
thickness retrievals over the Southeast Pacific with VOCALS-REX in situ measurements.
J. Geophys. Res. Atmos. 116, D24206 (2011).
Toll, V., Christensen, M., Gasso, S. & Bellouin, N. Volcano and ship tracks indicate
excessive aerosol-induced cloud water increases in a climate model. Geophys. Res. Lett.
44,12492-12500 (2017).

Possner, A., Eastman, R., Bender, F. & Glassmeier, F. Deconvolution of boundary layer
depth and aerosol constraints on cloud water path in subtropical stratocumulus decks.
Atmos. Chem. Phys. 20, 3609-3621(2020).

Dagan, G., Koren, . & Altaratz, O. Competition between core and periphery based
processes in warm convective clouds - from invigoration to suppression. Atmos. Chem.
Phys. 15, 2749-2760 (2015).

Seifert, A., Heus, T., Pincus, R. & Stevens, B. Large-eddy simulation of the transient and
near-equilibrium behavior of precipitating shallow convection. J. Adv. Model. Earth Syst.
7,1918-1937 (2015).

Spill, G., Stier, P, Field, P. R. & Dagan, G. Effects of aerosol in simulations of realistic
shallow cumulus cloud fields in a large domain. Atmos. Chem. Phys. 19, 13507-13517
(2019).
Yamaguchi, T., Feingold, G. & Kazil, J. Aerosol-cloud interactions in trade wind cumulus
clouds and the role of vertical wind shear. J. Geophys. Res. Atmos. 124, 12244-12261
(2019).

Nature | Vol 610 | 6 October 2022 | 105


https://doi.org/10.1038/s41586-022-05122-0
https://doi.org/10.1029/2007GL030664
https://doi.org/10.1029/2007GL030664

Article

37.

38.

39.

40.

41.

42.

Marinescu, P. J. et al. Impacts of varying concentrations of cloud condensation nuclei on
deep convective cloud updrafts - a multimodel assessment. J. Atmos. Sci. 78, 1147-1172
(2021).

Seidel, D. J., Feingold, G., Jacobson, A. R. & Loeb, N. Detection limits of albedo changes
induced by climate engineering. Nat. Clim. Change 4, 93-98 (2014).

Wang, H., Rasch, P. J. & Feingold, G. Manipulating marine stratocumulus cloud amount
and albedo: a process-modelling study of aerosol-cloud-precipitation interactions in
response to injection of cloud condensation nuclei. Atmos. Chem. Phys. 11, 4237-4249
(20m).

Seethala, C. & Horvath, A. Global assessment of AMSR-E and MODIS cloud liquid water
path retrievals in warm oceanic clouds. J. Geophys. Res. Atmos. 115, D13202 (2010).
Platnick, S. et al. The MODIS cloud products: algorithms and examples from terra.

IEEE Trans. Geosci. Remote Sens. 41, 459-472 (2003).

Cartopy: A cartographic python library with a matplotlib interface (Met Office, 2022);
http://scitools.org.uk/cartopy

106 | Nature | Vol 610 | 6 October 2022

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution

By 4.0 International License, which permits use, sharing, adaptation, distribution

and reproduction in any medium or format, as long as you give appropriate

credit to the original author(s) and the source, provide a link to the Creative Commons license,
and indicate if changes were made. The images or other third party material in this article are
included in the article’s Creative Commons license, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons license and your
intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this license,
visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022


http://scitools.org.uk/cartopy
http://creativecommons.org/licenses/by/4.0/

Methods

Scope

Geographically, this study considers the larger part of the Atlantic
between (50°S, 50°N) and (-90°W, 20 °E) as well as the Sc deck in the
Southeast Pacific offthe Chilean coast. The size of the region is limited
by computational cost and we chose to placeit so it would cover two Sc
regions. Our data are for the year 2019 and, in the case of the Chilean
Scregion of (-35°S, 0°N) by (-90°W, =70°W), in addition for 2018.
In Fig. 3, we chose windows of (-30°S, -17°S) by (-82.5°W, -72.5° W)
for the ChileanSc, (30°N, 50 °N) by (-40 °W, -10 W) for the Azores Cu,
(10°N,30°N) by (-50°W, =20 °W) for the Cabo Verde Cu, and (-30°S,
-10°S) by (-10°W, 15°E) for the Namibian Sc. The Sc positions were
chosenfor highest cloud fraction, whereas the Curegions were chosen
for overlap with (future) in-situ measurement campaignsin the North
Atlantic such as the ACRUISE field campaign.

Datasets

Ship emissions were calculated using the model of Jalkanen et al.** from
automatic identification system data. These data, which contain SO,
emissions, are at hourly and 0.05 °resolution. The resolution is limited
by the studied area; however, achange from 0.01to 0.05 °does not affect
results as further steps of the pipeline have higher spatial uncertainty.
While previous studies are limited by the number of tracks they can
consider, of the order of thousands %, we use of the order of two mil-
lion equivalent ship paths. Note that although we calculate emission
magnitudes, the analysis in this study uses only the emission locations.
Even though there are uncertainties in the emission amounts, these
do not alter the findings of the study. To transport the emissions, the
HYSPLIT advection scheme (see next section) uses ERAS reanalysis
data of wind speeds at 3-h intervals and 0.25 resolution**. Satellite
retrievals of cloud properties (cloud droplet effective radius r, optical
depth, LWP) are from the Level-2 cloud product MOD 06 of the MODIS
on the Aqua and Terra satellites*, collection 6.1. Only properties of
liquid clouds are used, as given by the MODIS-cloud property mask. N4
is calculated, following Quaas et al.**, from effective radius retrievals
and cloud optical thickness (see also the derivation to equation (11)
in Grosvenor et al.*). Albedo is calculated, as in Segrin et al.??, from
cloud optical thickness.

Advection

Ship positions are detected using the Trackpy library*’. The HYSPLIT
model** advects these positions for 24 h, using ERA5S winds. Note that
ERAS5 data come at 3-h intervals and 0.25°resolution, but that the
HYSPLIT model interpolates for a more exact estimate. Settings of
20 minitial height and the 'input model data' mode for the vertical
motion method are used. The HYSPLIT functionality for trajectories,
rather than that for dispersion, is used here, so as to find the advected
emission location. This s to limit computational cost, as the final data-
sets analysed are large. Each satellite retrieval is then collocated with
the emissions that occurred in the 24 h before the retrieval, advected
to the positions at retrieval time. As the emissions data time resolu-
tionis only hourly, it is interpolated to a 5-minute period to not miss
parts of the track.

Counterfactuals

We need to compare the polluted clouds to the counterfactual situa-
tioninwhich they would not have been polluted. As ship emissions are
strongly localized, we can assume that the region a small distance away
will not have been polluted and can be used as a proxy for the coun-
terfactual. Choosing the distance from the pollution source at which
the counterfactual isretrieved is a trade-off: the smaller the distance,
the more similar the retrieved cloud is to the counterfactual, but it
alsorisks beinginfluenced by pollution. Thisis particularly true when
the collocation is more uncertain, that is, at times further away from

emission. In this study, cloud properties withina10 km radius around
the pollution are retrieved for the in-track properties. Out-of-track
properties are retrieved at a 30 km distance, also with a10 km radius.
Out-of-track properties are always retrieved on both sides of the track
and averaged. Some error may be introduced by strong background
aerosol gradients, especially when the distributions are non-linear.
Then, the counterfactual constructed by averaging the areas to either
side may be an overestimate (underestimate) for a convex (concave)
functionintheacross-track direction. This explains the unphysical N4
decrease in tracks, for example, in the Caribbean. Over large enough
areas, backgrounds should, on average, be neither convex nor concave,
so when averaging over the entire observation region, these effects
should be negligible.

Distinction between ‘visible’ and ‘invisible’ ship track days

Inthe case of the Chilean Sc, we distinguish days when there are visible
tracks (quasilinear cloud features with a discernible head) on a given
day from those when there are no visible tracks, as described in the
section ‘Visible versus invisible tracks’. This ensures high confidencein
theretrievalslabelled ‘invisible’. In the ‘visible’ category, some retriev-
als may not actually be related to visible ship tracks. This can be for
different reasons such as local meteorology, low emission amount or
imperfect collocation. Taking this ‘invisible’-conservative approach,
we make sure that theinvisible ship tracks we find could not have been
retrieved using the conventional hand-logging approach, as on those
days not asingle ship track is visible. Nevertheless, this is only for the
purposes of highlighting the historical bias, and our final determination
of global LWP sensitivity does not depend on this distinction.

Calculation of relative anomalies

Theretrieved cloud properties often follow skewed distributions with
strictly positive values and heavy tails at high values. This is exacer-
bated when taking ratio distributions. For example, the distribution
of in-track-LWP divided by out-of-track-LWP has the surprising prop-
erty of having a mean larger than 1, while the ratio distribution of
the out-of-track-LWP divided by in-track-LWP also has a mean larger
than 1. This incorrectly seems to indicate that average in-track-LWP
is simultaneously larger and smaller than average out-of-track-LWP.
Itis, however, an artefact, resulting from the fact that the operations
of taking the mean and taking the ratio of distributions do not com-
mute (compare withJensen’s inequality*®). To avoid misleading results,
relative anomalies (for Ny, LWP and albedo) are reported as ratios of
means rather than as means of ratios. Means are either taken over time
windows, asinFig.2, overregions, asinFig.3, or overall of the data, as
in the forcing calculation.

Radiative forcing
From the responses in N;and LWP, we estimate the sensitivity as

_dInLWP

b= dinn, @

This is done by separating the ship track observations by EIS into
fourbins of equal data points, following the argument discussed earlier
about the dependence of sensitivities to inversion strength. This ena-
bles an extrapolationto unobserved regions to approximate the global
radiative forcing. Bins, sensitivity values and uncertainties obtained
bybootstrapping are givenin Extended Data Table 1. For LWP only the
observations at least 5 h after emission are taken into account, when
theresponse plateaus. Likewise, for Nyonly the observations before 5 h
are used, when the enhancement is strongest. Following the calcula-
tion of Bellouin etal.?, the sensitivity can be used to estimate the rapid
adjustment of LWP (RAy) to aerosol:

RALwp=A InNy B.Sicy, @)
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where AInNjis the fractional anthropogenic change in droplet number,
S, isthe sensitivity of top-of-atmosphere radiation to LWP, and ¢, isthe
effective cloud fraction for rapid adjustments in LWP. ¢, is calculated
according to

(GB, AInN, Ry )

with the liquid cloud fraction (C,) downwelling shortwave radiation
(Rsw) and regional averaging indicated by angular brackets. C, is
obtained from MODIS Terraand Aqua between2014 and 2019, depicted
in Extended Data Fig. 6a, with the average being 10% higher for the
Terra midday overpass than for the Aqua afternoon one. Patterns of
AlnN,are calculated as in Bellouin et al.® from N, sensitivity to aerosol
optical depth (AOD) and anthropogenic AOD, for which two estimates
aretaken from Bellouin et al.* and Kinne®*®. The average of the latter is
20% lower thanthe former. The higher (lower) bound for ¢, is obtained
by multiplying Terra (Aqua) C, with the Bellouin (Kinne) AInN, pattern
and including (excluding) land.

The approach takes into account the spatial covariability of cloud
fraction, LWP sensitivity, anthropogenic droplet number change and
radiation. The spatial pattern of B, is shown in Extended Data Fig. 6b.
Strikingly, Scregions show up with low sensitivities. S, values are taken
fromBellouin etal.’. Combining the confidence ranges with the Monte
Carlo method from Bellouin et al.® gives the medians and 90% confi-
denceranges reported. Increasing the number of EIS bins to five or six
changes the value by less than 10%.

A plot of the estimated radiative forcing from LWP adjustments is
givenin Extended DataFig. 6¢. The Scregions (where ship tracks have
been studied previously) are among those with the smallest radia-
tive forcing, whereas tropical regions show a stronger negative forc-
ing, linked to large LWP sensitivities. Although the exact method of
weighting calculated sensitivities seems to have only a small effect,
the selection of data from which to calculate sensitivities in the first
place is important for the resulting radiative forcing. As is apparent,
for example, in Extended Data Fig. 7, the N, anomaly is strongly time
dependent, reaching a maximum around 3 h after emission. Extended
Data Table1therefore presents the sensitivities obtained by using the
Ngperturbation fromthe first 5 h after emission, around its maximum.
The LWP anomalyistaken only fromthetime after 5 h, whenit plateaus.
Using the entirety of the data would lead to even higher sensitivity
estimates and consequently more negative estimates of radiative
forcing.

Data availability

ERAS5 dataare freely available from https://cds.climate.copernicus.eu/.
MODIS dataare freely available from https://ladsweb.modaps.eosdis.
nasa.gov/search/. Emission datasets were obtained fromJukka-Pekka
Jalkanen (Jukka-Pekka.Jalkanen@fmi.fi). The complete collocated
data for ship tracks studied here including cloud property measures

like Nyand LWP has been archived by CEDA under https://doi.org/10.5
285/2d0f8bb3927b4f75ae75276705858f68. Source data are provided
with this paper.

Code availability

Codeforthe productionofthe collocated datahasbeen archived under
https://doi.org/10.5281/zenodo0.6556425.
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Extended Data Table 1| Sensitivity values 8, obtained for different bins of EIS, as well as uncertainties
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