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Abstract. Clouds, and in particular their interactions with aerosols, remain a major source of uncertainty in climate projec-
tions, due to the wide range of scales over which cloud processes act on. This uncertainty limits our capability to simulate
potential solar radiation management strategies, such as marine cloud brightening (MCB). A geod-naturalanalogue"natural”,

or “opportunistic", experiment for investigating MCB is analysis of ship tracks, as they mimic the intended effect and allow

us to investigate time evolving aerosol perturbations. In this study, we model a real case of ship tracks, and evaluate model

performance through comparisons with satellite observations. We-evaluate-our-meodelsimulations-againstthree-eriteriain-order

Requiring accuracy in individual cases creates a particularly challenging test for simulations of aerosol-cloud interactions, but
it is necessary to ascertain whether this model is suitable for simulating MCB accurately.

Our findings highlight a key deficiency in activation parameterisations when simulating high aerosol concentrations - such
as those expected in MCB scenarios. While the model can replicate the mean cloud properties within ship tracks, it struggles to
capture their temporal evolution. Specifically, in precipitating clouds, enhancements in droplet number concentration (N4) and
liquid water path (LWP) are overestimated and persist too long. This discrepancy between model and observations is linked
to excessive model sensitivity to aerosol loading in precipitating conditions, leading to unrealistically easy-strong suppression
of drizzle, and ultimately resulting in simulated ship tracks which overestimate the cooling effect in these cases. We identify
scenarios in which current formulations of parameterisations are not suitable for use in simulating high-concentration aerosol

perturbations, such as MCB, and scenarios in which models are more capable.

1 Introduction

A large portion of the uncertainty in estimates of the effective radiative forcing from aerosol-cloud interactions originates from
poor model representation of clouds (Smith et al., 2020). Clouds depend on processes operating at micron scales, rendering
their explicit representation unfeasible in most computationally viable resolutions of weather or climate models. Consequently,
cloud processes must be parametrised. These parameterisations define the process rates, which describe how much physical
properties change between each model time step. Uncertainty in these parameterisations leads to considerable uncertainty in
model estimates of the radiative forcing from aerosol-cloud interactions, with a large portion of this uncertainty stemming

from the amount of liquid cloud (Zelinka et al., 2014). Addressing and reducing this uncertainty is crucial for enhancing the
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accuracy of future climate projections (Andreae et al., 2005). Better representation of clouds in regional weather forecasting
models would improve predictability of clouds and the onset of precipitation (Field et al., 2023). This uncertainty is also
important for marine cloud brightening (MCB), a proposed solar radiation management-modification (SRM) strategy aimed
at reflecting more sunlight by intentionally seeding clouds with aerosols (Diamond et al., 2022; Wood, 2021; Salter et al.,
2008; Zhang and Feingold, 2023). Uncertainty in model representation of high-concentration aerosol-cloud processes limits
our capability to simulate MCB experiments, and makes the design of suitable field trials difficult.

To assess the longer term impacts of MCB on our climate, it must be incorporated into climate model simulations. One
suggested approach involves the use of regional models to accurately simulate the localised effects of MCB, and use this

to parametrise its impact in coarser resolution global climate models (Feingold et al., 2024). While-This is a particularl

challenging task for climate models. While recent models are able to adequately simulate cloud patterns of cloudiness (Tselioudis et al., 202

their simulation of aerosol-cloud interactions is more varied (Gryspeerdt et al., 2020). However, these evaluations are typicall

done on large-scale turbulenee—is—resolved—in—these-models—temporal or spatial averages - assessments of MCB efficac

require accurate simulations of the model response to individual clouds. This is not well evaluated by current techniques.
In addition, as many of the same parameterisations are-used-in-GEMs-(e-g—for-activation-or-for cloud microphysics are used

across both coarse and finer resolution models (e.g. activation and precipitation processes)—Therefore;itis-eritical-that-we
have-eertainty-, greater confidence in our regional representations-ef-MEB-representation of MCB should inform our global
roblem in larger-scale studies (Miilmenstiddt and Feingold, 2018). Robust eval-

modelling capability, avoiding the equifinalit

uation frameworks are needed to assess the realism of regional models, not only in terms of short-wave (SW) radiative forcing
but also with respect to the representation of key processes.

Ship tracks, the narrow cloud features formed by aerosol emissions from ships, and-offer a valuable nataral-experiment
“natural experiment” for studying the interactions that would occur in intentional MCB (Christensen et al., 2022; Diamond
et al., 2022). Aerosols in the ship plume act as cloud condensation nuclei, causing the cloud to have more, smaller, droplets
which reflect more incoming solar radiation. This is known as the “Twomey” effect, and is well documented on short timescales
(Twomey, 1974, 1977; Ferek et al., 1998; Hobbs et al., 2000; Ackerman et al., 2000; Feingold et al., 2003; Penner et al., 2004;
Segrin et al., 2007; Christensen et al., 2022). The brightening observed in ship tracks mimics the intended effect of MCB,
offering a real-world analogue for testing the feasibility of such interventions. Ship track studies provide information about
aerosol-cloud interactions in this marine context, and can be useful they-ean-be-in assessing the behaviour of models that are
intended for use in simulating MCB.

After the initial droplet number (/V;) perturbation, clouds respond to aerosol perturbations over longer timescales through

effects known as

adjustments”. A precipitation suppression effect (Albrecht, 1989; Rosenfeld, 2000), where smaller cloud droplets take longer to

form precipitation{inereasing-, increasing liquid water path (LWP), tends to result in additional cooling. Alternatively, smaller
droplets can also enhance the mixing of dry air above cloud-top into the cloud (a process known as entrainment) and reduce

LWP, resulting in a warming effect (Ackerman et al., 2004; Bretherton et al., 2007). This bidirectional response in the LWP
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can depend on the initial conditions of the unperturbed cloud (Han et al., 2002; Ackerman et al., 2004; Michibata et al., 2016;
Toll et al., 2017, 2019; Gryspeerdt et al., 2019a; Possner et al., 2020; Glassmeier et al., 2021; Zhang et al., 2022; Fons et al.,
2023), whilst also being controlled by covarying meteorology (Goren et al., 2025).

There is considerable uncertainty in both the sign and magnitude of adjustments (Glassmeier et al., 2021), which is relevant
for MCB purposes, since adjustments involving decreasing the LWP could offset the intended cooling impact. Part of this
uncertainty stems from both the difficulty in making observations of aerosol-cloud processes, and isolating the impact of
aerosol from background meteorology (Christensen et al., 2022). Cloud adjustments are inherently time-dependent processes
(Gryspeerdt et al., 2021), yet many observational studies do not consider the time evolution of an-a cloud response, making
it difficult to observe the processes occurring. This limits our modelling capability of these interactions, since without time-
resolved observations, it is difficult to capture the time dependence for instantaneous/short timescale injections (such as from
ship aerosols or MCB).

Simulating ship tracks provides an opportunity to simulate the intended effects of MCB, and evaluate a model’s ability to
represent key processes realistically. By simulating ship tracks we can disentangle aerosol effects from meteorological vari-
ability because the aerosol source is known and relatively localised. This is possible since we can use the region neighbouring
the ship track as an unperturbed ‘control’” region (Segrin et al., 2007), which is a best-estimate-proxy for what the cloud would
have looked like if no ship was there. This-makes-them-Ship tracks are therefore ideal for isolating the causal impact of aerosols
on cloud properties and separate meteorological co-variations (Goren et al., 2025). Additionally, we can view ship tracks as
linear formations of independently perturbed clouds (Kabatas et al., 2013), thereby allowing us to infer information about the
time evolution of the aerosol perturbation (Gryspeerdt et al., 2021). This helps us evaluate model process representation, such

as the activation of cloud droplets (which occurs on sherttimesealesthe order of seconds to minutes; Arabas and Shima, 2016),

or the autoconversion of cloud droplets into rain droplets (occurring on longer timescales)-—, on the order of minutes to hours;

Stephens and Haynes, 2007).
In order to answer logistical-questions relating to MCB experimental design, accurate simulations of ship tracks are vital,

however we must be certain that model simulations produce the correct answer for the right reasons. This calls for in depth

evaluation of the representation of model processes, not just the final forcings —Ship— ship tracks provide an avenue to do

this. Simulating MCB provides an exceptionally challenging task for the field, since accuracy is not only required in terms of

large-scale / domain-wide averages, but instead at the scale of individual cloud perturbations.
Previous efforts have been made to simulate ship tracks in atmospheric models, in order to assess model performance

. Berner et al. (2015) and Wang and Feingold (2009) utilise fine resolution LES models to investigate the effect of aerosol per-

turbations on marine stratocumulus, but cannot make direct comparisons to observations since they are not real cases of ship

tracks. Similarly, McMichael et al. (2024, 2025) investigate ship track spreading rates with LES, and Prabhakaran et al. (2024)

use LES to investigate impacts on the stratocumulus-to-cumulus transition, Possner et al. (2015) use observations of a real case
of ship tracks, yet the simulated ship locations are preseribed-and-not from the actual ships that caused the observed ship tracks,

which limits the ability to assess the accuracy of MCB simulations.

Wang and Feingold, 2009; Possner et al., 2015, 2018; Berner e
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In this work, we produce simulations of a real case of ship tracks, using ship emissions locations from ship Automatic
Identification System (AIS) data. We utilise a double-moment cloud microphysics scheme - Cloud AeroSol Interacting Micro-
physics (CASIM; Field et al., 2023) in the Met Office Unified Model (UM) in regional configuration (allowing for convection
to be resolved), and compare directly to satellite observations. We infer-simulate changes in cloud properties and-the-proeesses
involved-from-changesin-(/Ngy and LWP;-and-the-), investigating the processes involved as well as the time evolution of these
responsesthe response. We evaluate our simulations according to the three criteria described in Section 2.1, in order to ensure
the proper change in cloud radiative effect is captured via the correct microphysical processes. In order to properly simulate
MCB impacts we must simulate the correct behaviour, and for the correct reasons.

Through evaluating our simulated ship tracks against these criteria, we reveal issues in current model parameterisations when
modelling high-concentration aerosol perturbations, such as those that are expected in MCB. We identify scenarios in which
current formulations are more suitable for simulating MCB, and scenarios in which further work is needed before models can
be considered credible. Furthermore, we make suggestions on experimental design, such that analysis and quantification of the

aerosol effect is least uncertain.

2 Methods

2.1 Evaluating Criteria for evaluating ship tracks

In order to evaluate the model representation of aerosol perturbation in individual ship tracks, rather than a larger-scale temporal
or spatially ageregated assessment, we define the following criteria.

1. Accurate representation of changes in CRE. The cloud radiative effect (CRE) in overcast scenes is largely dependent
on the inside ship track Nz and LWP values (Possner et al., 2015), therefore we want to ensure our model is producing
simulations with the correct numerical values inside the ship track. Due to difficulties in obtaining perfect background
simulations, our first criteria considers solely the absolute values where the aerosol perturbation has been applied, since

this is ultimately where it is key to get the behaviour correct.

2. Accurate time evolution of the CRE. This criteria enables us to evaluate the lifetime of the aerosol effect and therefore
the associated radiative forcing. Again, this effect is driven by changes in LWP and /N;. The model sensitivity to aerosol
can be evaluated, as the enhancement from the unperturbed (control) state is taken into account. Ship tracks provide a
method for obtaining time evolution even in snapshot satellite imagery (Gryspeerdt et al., 2021), therefore information

about the time-evolution of the aerosol effect can be made.

3. Sensitivity in the N4 response to initial conditions. Previous studies have shown that the cloud response is sensitive
to the initial conditions of the cloud (Ackerman et al., 2004; Michibata et al., 2016; Toll et al., 2017, 2019; Gryspeerdt
et al., 2019a; Possner et al., 2020; Glassmeier et al., 2021; Zhang et al., 2022; Fons et al., 2023). In order for our model

representation of clouds to be accurate this sensitivity must be reflected in the model. We expect to see different responses
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Figure 1. Granules from Aqua and Terra overpasses on 12th July 2018 that intersect with the model domain of this study.

in precipitating and non-precipitating conditions, and this is investigated in our model simulations. In order for the model
to reproduce the correct response for the right reasons, this dependence on the initial cloud conditions should be satisfied.

This should confirm that the model is sensitive to the correct model processes.

We apply the above criteria by considering temporal evolutions (treating the length of a ship track as a time since aerosol

injection axis) of inside track Nzand LWP, and the associated enhancements from the background (the calculation of which is

explained in Section 2.6). We discuss the “correctness” with respect to each criterion in terms of the similarities and differences

between the observed responses compared to the simulated responses.

2.2 Model configuration

Our case study is simulated using the Met Office Unified Model (UM, version 13.0; Brown et al., 2012), in the Regional
Atmosphere and Land (RAL) configuration 3.1 (Bush et al., 2020, 2023, 2025). Our domain covers the Eastern and Central
Pacific, off the coast of California (Fig. 1). The 2625 km by 1125 km domain is centred on (40°N, 135.25°W) with a horizontal
resolution of 1.5 km. There are 90 levels up to 40 km, with 16 levels below 1 km. The model time step is 75 s, and the lateral
boundary conditions to the nested regional model are provided hourly by the UM global model at N216 resolution (= 60 km)
in Global Atmosphere (GA) 6.1 science configuration (Walters et al., 2017). Our simulations are initialised from global model
analysis at 0000Z on the 11th July 2018 and run for 48 hours.

To properly simulate the aerosol-cloud interactions in a cloud resolving model, a double moment cloud microphysics scheme
is recommended (Morrison et al., 2009; Igel et al., 2015). Double-moment microphysics schemes prognose both the mass and
number concentration of each hydrometeor species (e.g. Fe i
Ferrier, 1994; Seifert and Beheng, 2006). A double-moment microphysics scheme allows Ny to be recalculated at each time
step, and therefore can subsequently modify process rates (such as autoconversion), impacting the cloud evolution over time
(Field et al., 2023). In single moment schemes, the number concentration of each species (from which the process rates are

derived) are either constant or diagnosed from other meteorological parameters using empirical relationships. These schemes,
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whilst computationally cheaper, can fail to accurately represent the indirect effect from aerosol-cloud interactions (Gordon
et al., 2020).

For cloud microphysics, we employ the Cloud AeroSol Interacting Microphysics (CASIM) scheme (Shipway and Hill,
2012; Field et al., 2023). CASIM is a double moment scheme with five hydrometeor species (cloud liquid, rain, ice, snow, and

graupel) in which both mass and number concentration mixing ratios are prognosed.

distribution (PSD) is described using a generalised gamma function with constant shape parameters. The autoconversion of
- CASIM also contains other warm cloud processes, such as aggregation (rain collecting rain), and we eouple-it-to-therefer the
reader to Field et al. (2023) for details on these parametrised processes.

We couple CASIM to the double moment modal Global Model of Aerosol Processes aerosol microphysics scheme (GLOMAP-mode;
Mann et al., 2010), within United Kingdom Chemistry and Aerosols (UKCA) aerosol-microphysies-schemeUKCA-is-afult

atlaVsiaVaVal O—FFRA aV¥alal Aann o aV¥a B LVLYa “ - aarag

sub-model. Coupling to GLOMAP-mode in CASIM allows for aerosol mass and number information-for-concentration to
influence the activation of cloud droplets—, which is parametrised by Abdul-Razzak and Ghan (ARG; 2000).

To simplify our simulations, we only consider aerosol enly-in-the-aceumulation-modein the soluble accumulation mode
and initialise our simulation with a constant sutate-sulphate aerosol number concentration of 200 cm ™3, characteristic mass
3x10~'® kg, and aerosol diameter of ~ 0.1um, which is typical of sulphate acrosols (Noone et al., 2000). The-aerosolactivation

to evolve freely after the model simulation begins, with the boundaries determined by the global driving model. As described
in Gordon et al.. 2020, aerosol concentrations can vary as determined by the microphysical processes in GLOMAP-mode,
however CASIM does not have the capability to track aerosol tracers within hydrometeors and therefore cloud microphysics
does not alter aerosol mass/size/composition except through irreversible removal via wet-scavenging.



185

190

195

200

205

210

This assumption that we only have aerosol in the

soluble accumulation mode enables us to consider differences between control run-44-hours-after initiatisation-can-be found

inloeations—where-there—ispreeipitationand ships runs as solely a function of increasing aerosol concentration at the shi

location, and the fan

configuration—is-able-to-reproduce-openeffects of aerosol chemistry are neglected. Differences in hydroscopicities in other
aerosol-modes are assumed to be a less important factor in droplet activation than the mass/closed—celularconvectionin

]

diameter of the mode (Dusek et al., 2006). Non-shi
aerosol sources are described in Mann et al. (2010), with emissions from marine phytoplankton, SO, from volcanoes, fires
and industrial sources. These sources can exist across different aerosol modes (not just the accumulation mode).

2.3 Simulating ship tracks

In order to simulate the shipping impacts on clouds, we add five eentainer—ships to our simulation in our ships run. We use
container ship locations identified in AIS data and matched to observed shiptracks from 11th-12th July 2018, to add realistic
moving sources of aerosol (Smlth et al., 2015). Details of ship start/end positions —veleeﬂes—aﬂéﬁﬁpﬂp&m can
be found in Tab. 1.

and-eovered-Container ships are selected because of their large size and high emissions, meaning that the resulting ship tracks

are the most distinct in the observations. Our five selected ships also cover both directions of travel-across-the-domain—
the shipping route within the domain. Aerosol is added in a model level at 10 m above sea level and immediately dispersed

throughout the 1.5 km by 1.5 km grid box using the following equation:

dN At

Nyy s =Nzy» — X — 1
Y2, t+1 Yy Tt dt v (D

dN
where v is the rate of production number (the rate of ship aerosol emissions) in s~!, At is the model time step (75s),
and V is the grid box volume. This describes the aerosol concentration added to the entire grid box per time step. At this
model resolution, ship tracks form at a minimum width of 1.5km. Typical ship tracks have a width of on the order of 10km

(Durkee et al., 2000), therefore this model resolution shoettd-be-is suitable to capture the horizontal extent. Aerosol is almost

immediately transported up to cloud base, and there is little deposition of aerosol at the bottom model level, therefore the 10m
injection height (whilst an underestimation) is approximately correct.



Ship Label  Fype-lat; (deg) lon; (deg) laty (deg) lonys (deg) v (knots) % s

Container-38.768  234.396  44.762 219.362 19.895 5 x 10
Container-37.798  237.677 41.639 222.035 20.231 5x 10
Container37.796  237.686  44.738 222516 20179 5 x 10%
Container43.156 212417 38.228 224.687 16427 5 x 10
Container43.337  210.858  36.580 227716 22534  5x 10"

m g QO w >

Table 1. Start and end locations of 5 container ships, with associated velocities, emission rates. Ships are initialised at 00:00Z 11th July 2018,

and allowed to travel for the 48 hours of the simulation.

Realistic emissions of condensation nuclei (CN) from ships fall in the range 106 to 10'® kg/s (Taylor and Ackerman, 1999;

215 Hobbs et al., 2000; Berner et al., 2015). In-this-work-weuse-Connolly et al. (2014) find that the ARG activation parameterisation

(Abdul-Razzak and Ghan, 2000) exhibits a sharp “drop off” in activated fraction at increasing aerosol concentrations (albeit,
Wmmwm 10% )AQ@M
aerosol case (ship production number 5 x 10 i
Fhis-approximately-matches-the-perturbation-seen-in-the-ship-tracks-(see-) in this study (Section 3. 1) We add the aerosol into
220 the accumulation soluble mode with a mass 3 x 10718 kg, the same as background aerosol, se-that-all-aeresols—within-the

stmulation-are-consistentmeaning that both our background and ship aerosols are only in the accumulation mode with the same
mass. This is done to simplify simulations and isolate causal aerosol effects in our analysis, since differences between the ships

and control run can be attributed to the increased aerosol concentration at the ship locations.

2.4 Satellite data

225 To constrain-evaluate our model simulations, we use observations from NASA’s Aqua and Terra satellites to compare to our
model output. We use Level-2 Collection 6.1 data from the Moderate Resolution Imaging Spectroradiometer (MODIS; Platnick
et al., 2017) to obtain LWP and derive N, following Quaas et al. (2006).
We collocate Aqua and Terra overpasses the occur during our simulation with our model domain, and only consider images
the contain any part of a ship track, obtaining 6-six snapshots of our domain, as shown in Fig. 1. Model data is output hourly,
230 therefore we compare satellite data to model output from the nearest time step. When model data is compared to satellite data,
the model output is masked only to consider the region contained within the associated satellite snapshot.
Observations-of-Simulated precipitation in the domain are-confirmed-with-everpassed-is evaluated against ERAS surface
overpasses from the Cloud Profiling Radar (CPR) onboard CloudSat {Stephens-et-al;2008))-during-the simulationrun-time(both

235 the 2C-Precip-Column and 2C-Rain-Profile products; Stephens et al., 2008; Haynes et al., 2009; L’Ecuyer and Stephens, 2002
). We investigate the probability of precipitation across Ng- LWP space using observations from the CCCM (CERES—CloudSat—-CALIPSO-
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combined product (Kato-et-al-26+0)(Kato et al., 2010, 2011). We use the CloudSat preeipitation—flag-CPR precipitation flag
(from 2C-Precip-Column; Haynes et al., 2009) to define a probability of precipitation as counts of liquid precipitation or driz-
zle divided by all counts, per Nyg-LWP bin (from MODIS Aqua). Since in 2018 CloudSat was not part of the A-train (and
therefore not collocated with MODIS), we use observations from 2007-2011, as in Gryspeerdt et al. (2022).

oA -ata-and-Torra-overnasses—on X 20

2.5 Ship track locations

We follow a methodology similar to that of Tippett et al. (2024); Gryspeerdt et al. (2021); Manshausen et al. (2022) to obtain

our ship track locations. Ship-Using ship positions (from AIS data) we infer the locations of clouds which experienced an
aerosol perturbation (neglecting the time taken for aerosol to reach cloud base). These positions are advected in wind fields

over time to

ists-predict ship tracks which consist of not only location, but the associated time
since that location experienced the aerosol perturbation. This allows the length of a ship track to be treated as a time axis, and
discern time evolution after an aerosol perturbation even in snapshot imagery (Kabatas et al., 2013).

In our observations of ship tracks in this case study, the hourly ship locations are advected in ERAS reanalysis winds at 0.25°
resolution and 3 hour intervals (Hersbach et al., 2020) between the surface and the boundary layer top, with vertical motion
within the ship plume following Briggs (1965) (see Tippett et al., 2024 for further details). In model output, the same ship
locations are advected instead in the model winds following the same methodology.

Since this study is comparing only 5-five ship tracks between model output and satellite data, it is essential that the exact
ship track location is logged as to properly quantify the aerosol effects. We apply small corrections to our model and satellite
output track locations from the above methodology to ensure that our track location falls exactly on each visible ship track, for
both model output and observations. This is done by hand logging the nearest point of the visible track, perpendicular to the
predicted track location. This is not possible in large composite studies which contain thousands of ship tracks, however due
to the small number of ships considered in this study it is feasible, and ensures the most accurate measurement of the cloud
responses.

Following Tippett et al. (2024), we regrid our datasets to 2D space for each ship track, at each model time step / MODIS
snapshot. This 2D space consists of the “time along track” (binned to 1 hourly windows), and the perpendicular “distance
away from track” (binned to 1 km). This allows us to investigate exactly how the cloud properties vary with time since aerosol

perturbation and distance from the centre of the perturbation.
2.6 Quantifying enhancements

A key challenge in this study is determining the most appropriate method for quantifying the impact of ship emissions on
clouds across our two datasets: model simulations and satellite observations.

For the UM-CASIM simulations, the impact of ship-emitted aerosols can be directly quantified by comparing the enhance-
ment in cloud properties between the ships run and the control run. To mitigate stochastic noise between model runs, we

apply Gaussian smoothing to the model fields (smoothing with a Gaussian kernel with standard deviation of 0.75 km) before



270 calculating the percentage difference to obtain enhancements in Ngand LWP (e and €7,). This approach allows for a precise
estimation of aerosol-induced changes while minimising the influence of small-scale variability in between model runs.

In contrast, defining a control region in observational data is less straightforward (Christensen et al., 2022). Traditional obser-
vational studies of ship tracks typically identify an “unpolluted” reference region located approximately 30 km perpendicular
to the ship track (Manshausen et al., 2022). This region serves as a control from which the percentage enhancement in cloud

275 properties is calculated. However, this methodology presents potential biases. Specifically, non-linear background gradients
can introduce systematic errors in the estimated aerosol effect (Tippett et al., 2024). Additionally, in scenes containing multiple
ship tracks, this approach becomes increasingly uncertain. For instance, in our case study, many “outside track” regions that
are used as controls inadvertently overlap with other ship tracks. Consequently, the percentage enhancement derived from such
comparisons likely underestimates the true aerosol impact (Yuan et al., 2025).

280 Despite these limitations, this method remains the most viable approach given the constraints of observational data.

In Fig. S??-we-demeonstrate-8],1 we compare the use of (a) the control simulation and (b) the “outside” region to define the
unperturbed cloud for the model simulation (solid orange and dashed orange lines, respectively). For the model, we find that

both methods for calculating model enhancements produce the same results (to within -+5%-and—1+015% and 10% for N4 and
LWP enhancements in the first 15 hours of ship tracks, respectively). This-is-due-to-the model-background-beingrelativelyclean;
ore on-of e there-is-not-mueh-Qur model background has little background

similar results. This would not necessarily be the case in a model simulation with greater background variability. In—this

285

290 2.7 Expected enhancements

Using equation (1) from Gryspeerdt et al. (2019b), we can calculate expected enhancements in cloud droplet number concentration
ex) based on the background Ngas a function of aerosol mass emission rates

My,
=—=r 41 2
N e N ?
where My, is the mass emission rate (in kg s™1), N, is the unperturbed background Ny, and the constants «, 3, and
295 are 0.1041, 0.0038 and 0.36 as obtained from the fit in Gryspeerdt et al. (2019b). This equation provides a useful method of
evaluating whether or not our model is producing enhancements of the right order of magnitude, based on its background

conditions.

10
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3 Results

3.1 Activation of aerosol

Ship production number: 106 s—1

46°N
100
44°N
80
42°N
60 ©
40°N 1S
L
38°N a0 =
36°N ..... 20
142.5°W 137.5°W 132.5°W 127.5°W

Figure 2. Example of how realistic ship emissions (10'%) produce a ‘split’ ship track due to non-monotonic activation parameterisation from

Abdul-Razzak-et-al(1998)Abdul-Razzak and Ghan (2000).

Using Equation (1), and a realistic ship production number of 10*® s™!, we obtain an-aeresel-perturbation-of-aerosol number
concentrations within the ship track roughly 20,000 cm™2. This is realistic given in-situ observations of ship tracks (Hobbs
et al., 2000; Noone et al., 2000). However, with these values, our simulated ship tracks exhibit bizarre ‘split” behaviour, with
no cloud droplets activated inside the centre of the track where the aerosol concentrations are highest (see Fig. 2).

This unphysical split-shiptrack effect is due to non-monotonic behaviour of the Abdul-Razzak and Ghan (ARG) activation
parameterisation scheme with increasing aerosol concentrations, beyond some critical aerosol concentration (dependent on
temperature, pressure and updraft velocity) (Abdul-Razzak and Ghan, 2000). To demonstrate this, we utilise pyrcel (Rothenberg
and Wang, 2016), a python package for implementing a simple adiabatic cloud parcel model, to isolate selely-the impact of the
activation parameterisation.

We plot both the ARG and NS (Nenes and Seinfeld, 2003) parameterisations as a function of aerosol concentration in Fig.
3a, using values of temperature, pressure and updraft velocity that are representative of our domain. We find that with using our
realistic ship production numbers (10'® s—!) the aerosol concentrations (20,000 cm~3) are beyond the critical concentration
of ARG, producing the unrealistic split ship tracks. NS, whilst not containing this non-monotonic behaviour, would contain
a large over estimation of cloud droplets at the realistic ship production number and therefore would also be unsuitable with
these emissions. This detail of the ARG activation parameterisation has be-been documented in Connolly et al. (2014), and
emphasises that commonly used aerosol activation parameterisations are not suitable for MCB applications.

3 aerosol perturbation, but recovers Ny

Reduction of our ship production number to 5 x 10'* s~!, produces only a 200 cm™
that match much closer to observations. This artificial reduction in ship production number is necessary to obtain more realistic

ship tracks (without the splitting effect), but we must verify whether or not the resultant enhancements in these ship tracks is
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Figure 3. (a) Number of aerosol particles (N,) activated to cloud droplets (Ng) in different activation parameterisations calculated in
a simple adiabatic cloud parcel model. Confidence intervals given by the range of temperature, pressure and updrafts simulated in our
case study. (b) The expected enhancement in cloud droplets (ex) as a function of emisstonsaerosol mass emission rate (Mg), based on
equation (1) from Gryspeerdt et al. (2019b). Vertical lines are the emissions from different ship production numbers. Horizontal lines are
the enhancements produced from our simulations for each individual ship. Confidence interval is given by the range of background droplet

number concentrations in our simulation.

as expected based on observations. Using equation (Hfrom-Gryspeerdtet-al(2019b)2), we calculate expected enhancements

(en) based on the background N, as a function of aerosol mass emission rates

M},
B o+ ﬁNCl7l

s~1, respectively.

We find that the model enhancement obtained from our reduced emissions are consistent with what we would expect from
the real emissions (Fig. 3b), despite the emissions being unrealistically low. Since the enhancements obtained are as expected

based on observations, we assume that this reduced ship production number is sufficient to drive this realistic test case, and

suitable for evaluation of the model’s process representation. For the remaining results of this work, we only simulate ships
with ship production number of 5 x 10 s=1.

12



3.2 Evaluation of the control

Using the model configuration detailed in Section 2.2, our simulation is run for 48 hours from 0000Z 11th July 2018 to 0000Z

13th July 2018. In our control run, no ship emissions are added to the model, and we use this simulation to characterise our

“unpolluted” cloud. Typically, in ship track observations, we have no pure “control” cloud, and therefore we must treat a region

335 outside of a ship track as being representative of what the cloud would have looked like if there was no acrosol perturbation
present. In the model case, however, we can simply turn ships on and off to isolate the aerosol impact on the cloud.

The aerosol number concentration (N, ), cloud droplet number concentration (V). liquid water path (LWP), surface rain rate

(RR), and top of atmosphere outgoing short wave radiation (SW) for the control run 44 hours after initialisation can be found

in the left-hand column of Fig. 4. Fig. 4a demonstrates how the coupled GLOMAP-mode aerosol scheme allows depletion of

340 aerosol in locations where there is precipitation (in the Central Pacific region of the domain), and the land sources of aerosol are

the most significant over the course of the simulation. The coupled UM-CASIM configuration produces open/closed cellular

convection in this marine stratocumulus (Fig. 4¢ in the south-west of the domain), with the presence of drizzle (surface rain

rates on average of roughly 0.5 mm/hr; see Fig. 4g).
We evaluate our simulated precipitation in Fig. 5. 12-hourly instantaneous surface rain rates are shown for UM-CASIM
345 control simulation (regridded to the same 0.25° resolution as ERAS), and compared against ERAS and GPM-IMERG surface
rain rates. Evidently, there is a significant disagreement between ERAS and GPM on the presence of precipitation in_the
domain, with GPM being unable to capture drizzle rates smaller than 0.2 mm/hr (Skofronick-Jackson et al., 2017). UM-CASIM

is_in rough agreement with ERAS on the presence, location, and magnitude of the precipitation, however ERAS contains
its own uncertainties in the realism of precipitation (Xiong et al., 2022). The UM-CASIM
350  those from GPM-IMERG and ERAS. There are 3 overpasses of this domain by the CloudSat Cloud Profiling Radar (CPR;
Stephens et al., 2008; Tanelli et al., 2008) during our simulation run. Fig. 6a shows the location and presence of surface precipitation
in the 2C-Precip-Column product; Haynes et al., 2009) in these overpasses. There is significant disagreement in between the
2C-Precip-Column and 2C-Rain-Profile (L' Ecuyer and Stephens. 2002) products from the CPR, with UM-CASIM underestimating
precipitation along this overpass when compared to 2C-Precip-Column, and having a small mean bias when compared to
355 2C-Rain-Profile.
Evidently, this evaluation demonstrates that there is some uncertainty in the simulated precipitation within our domain,
as well as within the observed precipitation. The UM-CASIM precipitation falls between what is predicted from ERAS and
GPM, with different CloudSat products giving largely different precipitation rates. More generally, double moment CASIM
is shown to have increased skill at representing precipitation in a frontal system over the UK, and a tropical storm in Darwin

360 (Field et al., 2023), as compared to other model microphysics schemes (evaluated against GPM and radar), however there are
2025).

2

recipitation rates lie between

still limitations in its representation of moderate precipitation, in the range of 4-16 mm/hr (Bush et al.

2

With our initialised background aerosol field of 200 cm~3, we produce a relatively clean cloud droplet background of
roughly 50 cm~—3. This is largely in line with that seen in satellite observations (Fig. 7a,c), however we note that two large
sources of cloud droplets are missing from our model simulation. This is likely due to our initialisation from a constant aerosol

13
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Figure 4. Left column: control simulations of 12th July 2018 at 20:00 without ship emissions turned on. Panel (b) contains the locations of

the ships simulated during this study, up until the time step of this figure. Right column: difference from control for simulation with shippin

emissions on. Stochastic noise between two model runs can be seen in the difference plots. Variables shown are aecrosol number concentration

(Na), cloud droplet number concentration (Na), liquid water path (LWP), surface rain rate (RR), and top of atmosphere outgoing short wave

radiation (SW). Naand Noare mean values across model level numbers below 1km.
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Figure 5. Evaluation of domain wide surface precipitation at 12-hourly intervals. a) UM-CASIM simulated surface precipitation (regridded
to ERAS resolution), b) ERAS surface precipitation, c) GPM surface precipitation.
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Figure 6. Evaluation of surface against CloudSat CPR products. a) Location of CloudSat overpasses during the 48 hour simulation, with
bold points showing locations where surface precipitation from the 2C-Precip-Column product are greater than zero. Associated times of
overpass are roughly as follows: CS.64996 at 2200Z 11th July, CS.65004 at 1200Z on 12th July, and CS.65011 at 2300Z on 12th July.
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Figure 7. Modelled and Observed Ng and LWP for 12th July 2018 ship tracks. Plotted is a composite of the Aqua and Terra overpasses from

Fig. 1, co-located with model nearest output time steps.

field, and therefore we are missing these sources of aerosol in our simulation. Future work in initialising from a more realistic

aerosol field would be beneficial.
3.3 Comparison to observations

As outlined in Section 2.1, we evaluate our simulations against three criteria in order to determine the realism of our simula-
tions, and the ability of our model to accurately simulate ship tracks / MCB. In the following sections, we present our findings

with respect to each of these criteria.
3.3.1 In-track values

Fig. 8 provides a comparison between the mean of all MODIS observations of our ship tracks, and the associated modelled
ship tracks (at the nearest time step). The inside track values of both N; and LWP are a close match between model and
observations, with a visible peak in the N, at early times along track, and a slow increase in LWP with time along track which

is consistent with the majority of the tracks moving down a LWP gradient. Due to the missing high Nyregion in the Central

Pacific part of the domain, ship tracks are only considered up to 15 hours along their length, since times longer than this are
within this missing high N region and therefore accurate comparison between model and observations is not possible.

The mean percentage errors in the inside track values of Ny and LWP, up to 15 hours along the track, are found to be -3.5%
and +3.1%, respectively. Therefore, for both N; and LWP the model reproduces observed values to within +/- 4%, which is

well within our uncertainty from the methods (Fig—S??Section 2.6). With respect to our first evaluation criteria, this means
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Figure 8. (a)-(d) Observed Ny and LWP across all observations of our 5 ship tracks, as well as the percentage enhancement of the “inside
track” region (defined by <15 km from the centre). Percentage enhancement is calculated from the mean of the region between 30-45 km
away from the centre of the track. (e)-(h) The same as above, but for modelled ship tracks. The percentage enhancement is instead calculated
as the percentage change from the control model run (solid orange line). Percentage enhancement using the lateral offset method (as in the
observations) is shown in the orange dashed line. (i)-(j) Mean of the observed and modelled N4 in-track values, and enhancements, in the

“inside track” region. (k)-(I) The same, but for LWP. Whilst inside-track values for both N; and LWP are similar between observations and

model output, enhancements vary significantlydue-to-the-definition-of “unpelluted"background.
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that with the artificial reduction in aerosol concentrations necessary for the activation parameterisation to produce realistic
shiptracks (see Section 3.1), we are able to successfully reproduce the absolute N; and LWP values at the location where the

aerosol is injected.
3.3.2 Timescales of response

If instead of considering the raw in-track Ny and LWP values, which do not clearly demonstrate the time evolution of the
aerosol effect (since we are not considering a change from an unperturbed state), we calculate the percentage enhancement of
the “inside track" region, compared to the “unpolluted” control cloud.

We find that the initial N, increase and peak of roughly 300% at 3-4 hours is the same in both model and observations. How-
ever, despite the in-track values matching very closely between model and observations, the enhancements vary dramatically
at longer time scales. In Fig. §j, the enhancement in /Ny is much longer lived than that seen in observations, which instead has
returned to the background beyond roughly 15 hours. Since tracks are corrected by hand, this observed lifetime is not a result of
inaccuracies in ship track location prediction. This highlights the importance of considering the change from the unperturbed
state.

Similarly, for the LWP enhancements we see distinctly different responses. In the observations we see the response typically
associated with ship tracks in non-precipitating environments, with a decrease in LWP in the first 5 hours, which then returns
to zero. Conversely, in the modelled ship track we see only a blanket increase in LWP which increases over time. Fig. 8k
demonstrates that the absolute inside track LWP values are similar, therefore this difference in enhancement must stem from

the model representation of the control / background state, and the sensitivity of the model to aerosol.

Both the lifetime of the Ngand LWP responses are found to be too long-lived, which suggests that aerosol is not bein
efficiently removed from the clouds (Wood et al., 2012). This prompts further investigation into which processes are actin

unrealistically, and in Section 3.3.3 we explore the realism of the simulated ship tracks in two different cloud types: closed
MCC and broken cumulus.

Overall, we find that evaluating our model against this criteria in this way reveals issues with the lifetime of the aerosol
response, and that current set up and formulation of these model parameterisations is unable to capture the observed lifetime
of the N4 and LWP changes inside these ship tracks. This will have important implications for the radiative forcing from these
ship tracks, since a longer lived aerosol response would prolong the brightening inside the ship track, and therefore would

cause an overestimated cooling effect.
3.3.3 Sensitivity to initial condition

In Fig. 9, we split our ship tracks into those that occur in different background conditions, as a means to investigate whether

our model is able to capture varying responses, and to assess the impact on model performance. Sinee-there-is—preeipitation

ithin the scene. we divide ou acks—into-preeipitating/+non-precipitating—eases—We use direction of travel as a simple
proxy for “initial condition” of the cloud before the ship passes, since each grouping of ships is always within approximately

100 km of each other, and therefore experiences largely similar meteorological conditions. Ships A-C follow routes from
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Figure 9. Percentage enhancements from the “unpolluted” references background state. (a)-(d) show observations of ship tracks in

non-preeipitating-in_the Eastern Pacific region of the domain (ships A;-B-and-€A-C) and preeipitating-the Central Pacific region (ships
D ané-& E) conditions for Ny (left) and LWP (right). (e)-(h) shows the same but for modelled ship tracks. (i)-(I) show the average of the
“inside track” region, as defined by the red dashed lines in (a)-(h).
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the coast of California, westwards inte—the—cleaner-ocean-through the Eastern Pacific (see Fig. 4b). Ships D and E travel
towards the coast and are more southerly than ships A-C—Ships-A-Cravel-through-, through the Central Pacific. The Eastern

Pacific ships travel through classic closed mesoscale cellular convective clouds (“closed MCC"), where there are primarily
non-precipitating clouds;-whereas-ships-D-and-E-travel-through-drizzling-elouds—, In the Central Pacific, there are “broken

cumulus" that potentially transition into trade cumulus or open MCC, and we see higher occurrence of drizzle at the surface -
from these clouds (see Fig. S1). Dividing our enhancements into these two groupingsdifferent types of marine boundary layer

clouds (Fig. 9), we see that the model is sensitive to the initial condition of the cloud before the ship passes through{Fig—9)—.
In non-preeipitating-eonditions-closed MCC (Fig. 9, 1st and 3rd column for Ng and LWP enhancements, respectively) we
find similar enhancements in the model and observations. On—short-timeseales-Shortly after the ship passes there is better
agreement, with observations and model simulations matching within the uncertainty in the first five hours. Following this, we
see divergence between the two. This could be in part due to our tuning of the aerosol emissions to satisfy the non-monotonic
behaviour of the activation parameterisation and reproduce correct /Ng enhancements on short time scales. We would still
expect the response from weaker aerosol perturbations to reduce over time, and therefore there must be some process within

the model allowing for this increased IV, perturbation lifetime. A potential source of this long-lived Ngenhancement could be

inefficient removal of cloud droplets by entrainment, In these clouds, we see larger simulated LWP enhancements from 10-15
hours after the ship passes, therefore weak entrainment rates could correspond to the large Ngenhancements at these times also.
Additionally, even in these closed MCC conditions where we do not observe much drizzle (Fig. S1), if cloud droplets cannot
become rain droplets via accretion or autoconversion, or if larger droplets cannot sediment out, then the removal of aerosol will
be underestimated and reinforce the Naperturbation. A thorough analysis of the output process rates is needed to fully identify

the source of this long-lived Nyperturbation.
Considering the ships that travel through preeipitating-broken cumulus clouds (Fig. 9 2nd and 4th column for Vg and LWP

enhancements respectively), we see significant disagreement between the observations and the model. This suggests that the
large disagreement in Fig. 8 is largely due to these-ships-inpreeipitating-eonditions-the ship tracks in these conditions where
precipitation is more prevalent. The /N; enhancement is too large, and shows no sign of diminishing even after 15 hours after
the aerosol perturbation. This suggests that the model is not only overly sensitive to aerosol in preeipitating-conditionsbroken
cumulus clouds, but is not effective enough at removing aerosol from the cloud either. Additionally, the LWP response is a
different sign between model and observations. This suggests that the model is far too keen to suppress precipitation in these

conditions, leading to large increases in LWP that are not observed in the satellite imagery.

There is some uncertainty that may be introduced due to the missing cloud structure in the Central Pacific region in our
simulation, causing our background state to look cleaner than it should be. This missing cloud structure, however, will
only influence the ship track over 10 hours along the track, and therefore is not the source of the large overestimation in
Naenhancement seen before 10 hours along the track in Fig. 9j.

In Fig. 10, we show the surface rain rates inside our ship tracks, compared to the control run. Here, we see that for tracks

D and E (which-oecurin-more-preeipitating-environmentsin the broken cumulus region (where there are larger precipitation
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Figure 10. Surface rain rate, averaged across two groupings of tracks (ships A-C and D+E), across 24 hours on the 12th July 2018, for the
ships and control runs, as well as the difference between the two. €learThe figure shows clear precipitation suppression in the “preeipitating™
broken cumulus case, with rain rates reduced to almost zero. Some precipitation suppression in the “ron-preeipitating”—closed MCC case

(ships A-C) since there is actually some precipitation towards the end of the model run (see Fig. S1).

rates), the precipitation is essentially completely shut off which is likely a far too strong response, since precipitation in high
N4 conditions does occur (Gryspeerdt et al., 2022).

We demonstrate this in Fig. 11, where the probability of precipitation (PoP) is plotted in N4-LWP phasespace-for-our-space
for (a) our 48 hour model simulation and eeHeacted—(b) four years of collocated CloudSat-MODIS observations (following
a similar methodology to Gryspeerdt et al., 2022). The distribution of PoP within this N4-LWP space is a representation of
microphysical processes, and shouldn’t differ significantly seasonally or day-to-day, therefore a comparison between a two-day.

simulation and four years of observational data should represent the same distribution (see Fig. S2).
The very sharp gradient in PoP with increases in /Ng demonstrates the high-sensitivity of the autoconversion scheme to

aerosol. In our preeipitating-broken cumulus case, the addition of ship aerosol moves our “background” point in N;-LWP

phase space just over the sharp boundary in PoP to our “ship track” point. This explains the complete precipitation suppression
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Figure 11. The probability of precipitation (PoP) in Ng-LWP space, in UM-CASIM simulations compared to CloudSat-MODIS collocated
observations for the same domain. UM-CASIM has much faster transition from precipitating to non-precipitating with changes in /N4 than
observed. The orange point is the background (control) Ng and LWP for our precipitating ship (D-E), and the red point is the N4 and LWP

inside the ship tracks, averaged over the simulation run time.

in these cases, since this gradient is so sharp. In observations, there would perhaps-be a small decrease in PoP, but not to the
same extent.

In our simulations, we do see that there is some sensitivity to the initial conditions since we obtain different responses in
precipitating/ non-preeipitating-eases—different cloud structures (closed MCC vs. broken cumulus). We can conclude that
the model is more suitable for simulations of high-concentration aerosol perturbations in non-precipitating-conditionsclosed
MCC conditions where there is little precipitation, at least for up to 5 hours. However, in the case of preeipitating-elouds

broken cumulus clouds with higher occurrence of precipitation, current model parameterisation formulations are not suitable

to accurately simulate these scenarios, and the lifetime of the response is far too long lived.

4 Discussion

In this study, we produce convection permitting simulations of ship tracks using a regional model and double moment micro-
physics scheme, exhibiting its capabilities and limitations in simulating high-concentration aerosol interactions with clouds.
We evaluate our case study against three criteria, which are designed to ensure ship track simulations contain an accurate
representation of cloud processes, and would-therefore may be a useful tool for MCB research.

With-some-tuning-of parameterisationsAdjusting ship emissions to 5 x 10'* particles per second as to avoid unphysical
behaviour in the activation parameterisation, we reproduce realistic absolute values of N; and LWP inside simulated ship
tracks, and find that in closed MCC (non-precipitating conditions) the enhancement in N4 and LWP from the control “unpol-

luted” cloud is well modelled for the first 5 hours. However, beyond this, the lifetime of the response is too long lived. This is

475 driven by the representation of parameterisations at very high aerosol concentrations.
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4.1 Definition-of-the“‘eontrol'-region.Limitations

4.1.1 Definition of “precipitating'’ and ‘“‘non-precipitating'' clouds

In this work, we divide our ship tracks into those that occur in “closed MCC" eleud—clouds (tracks A-C), and those in
“pbroken cumulus" (tracks D&E). When evaluating against satellite observations, we find that our model performs better in

these closed MCC cases, and worse in the broken cumulus. We attribute the difference in behaviour of the model in these

different cloud types as being due to the representation of precipitation by the model. The closed MCC clouds in our model
have higher background CCN concentrations (Fig. 4a) and greater N4(Fig. 4b) with less precipitation (Fig. 4g), whereas the

broken cumulus have heavier precipitation (Fig.

in clouds where there is precipitation (such as our broken cumulus). Non-precipitating clouds (such as our closed MCC) are
less impacted by these, and therefore the model produces more realistic simulations of these clouds.

rHowever, there are many differences between
closed MCC and broken cumulus other than amounts of precipitation that may impact this analysis. In Fig. 4 “control"”

OSO a Ortg H : Rtroat a—Sot Viameys amty

eomparing enhancements-inFig—S-and-Fig-—9-column the difference between the Eastern Pacific closed MCC and Central
Pacific broken cumulus can be observed. Closed MCC have greater cloud fraction (CF), as seen in Fig. 4c, which impacts the
spatial scale over which aerosol can impact the clouds. The simulated marine boundary layer (MBL) height increases with
distance from the coast and is roughly 550m in the Eastern Pacific, deepening to 900m in the Central Pacific (not shown). In
the deeper MBL,, is is possible that aerosols may not reach cloud base as readily (Bretherton and Wyant, 1997), which could
be a potential reason why satellite observations of tracks D&E do not show significant LWP enhancement - the model may
be mixing aerosol vertically too efficiently in these clouds, therefore the perturbation to Nais too great. Alternatively, broken
cumulus regions can exhibit higher latent/sensible heat fluxes and weaker subsidence (Wood and Bretherton, 2004), creating a
deeper MBL with weaker entrainment rates. If entrainment is too weak, however, then LWP anomalies inside the ship tracks
will be allowed to exist for too long (Fig. 8 and 1)..

is-by-using-the-model-contrelrun;-and-the-seeendis-Additionally, within this single case study, we are restricted in the extent to
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which we can divide our tracks into “different conditions™. All these tracks still occur within the same domain on the same day,
therefore there is a limitation on how different the conditions can be, especially since all ships converge on the same region in
the centre of the domain. A more comprehensive statistical analysis is necessary to determine fully the behaviour of the model
across many cloud types and conditions, which is not possible with a single 48 hour case study.

4.1.2  Aerosol scheme

In this work, we only consider aerosols in the accumulation mode, and neglect other aerosol size modes such as sea salt and
organic matter. These other modes have different hydroscopicities, which can affect cloud droplet formation and the initiation
of precipitation. For example, sea salt can modulate the activation of sulphate nuclei into cloud droplets (Fossum et al., 2020)
» therefore inclusion of even small concentrations of sea salt aerosol may reduce Njconcentrations. McCoy et al. (2018) also
found that increasing sea salt concentrations limits Nqdue to reduction in supersaturation by the larger sea salt CCN. This effect
occurs because of the different hydroscopicity of sea salt, but also its larger size, making it an effective CCN. The neglecting
of other aerosol modes with different hydroscopicities should not significantly impact cloud droplet number concentrations
or initiation of precipitation, however the neglecting of aerosols with different sizes may impact our analysis, since the size
of the aerosol mode remains the more important factor for cloud nucleating ability of aerosol particles (Dusek et al., 2006).
Future work with a more comprehensive aerosol configuration would be beneficial in order to investigate the impact of different
aerosol size modes on cloud droplet activation in ship tracks.

Additionally, our coupling between CASIM and GLOMAP-mode aerosols (as described in Gordon et al., 2020) means that
the removal of aerosol from the cloud is only possible through wet-scavenging. Autoconversion and accretion rates determine
the rate of removal of acrosol by precipitation, however cloud microphysical processing of the aerosol is not implemented,
meaning that there is no reduction of N, by usi i ’ i is-typi : i

collision-coalescence of cloud droplets, nor an increase in N,through droplet evaporation (Gordon et al., 2020). This severely.
limits the mechanisms by which aerosol can be removed from the cloud, since collision-coalescence scavenging is an important
sink of CCN (Kang et al., 2022; Terai et al., 2014) and may explain our long-lived Nqenhancements within our ship tracks.
Once precipitation is even slightly suppressed, aerosol removal from the cloud is also significantly reduced, Nqremains high
(Wood et al., 2012), and therefore ship track lifetimes are too long. In Fig. 11 we see that very small increases in Ngare able
to cause an almost complete suppression of precipitation (as a result of our autoconversion parameterisation), which in turn
will feedback on the lifetime of the Ngresponse, since aerosol will continue to exist in the cloud. This indicates that cloud
processing is important for accurately simulating ship tracks, as to avoid this precipitation suppression feedback.
Ef‘f‘eﬁﬁ"l”fl, “‘l’fh
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4.1.3 Definition of the “control' region

When there are fewer background sources of aerosols, it is easier to define the “unperturbed” cloud using the surrounding
regionregion adjacent to the ship track. When there are more ships, or other sources of aerosols, this definition becomes more
difficult and becomes a greater source of uncertainty. Other studies have explored alternative methodologies of gaining insight

545 into the unperturbed cloud in observations (such as through the use of ML algorithms; Diamond et al., 2020; Chen et al., 2022;
Diamond, 2023), however will still struggle with increasingly complex and polluted backgrounds.

This has important implications for the design of field experiments of MCB. In order to isolate the aerosol effect with greatest
certainty, a relatively simple-homogeneous background is necessary. If there are many overlapping ship tracks / interacting
sources, this definition of the control becomes more nuanced, and additional uncertainty is introduced. If field trials were to

550 occur for MCB, the easiest, and best attribution of the aerosol effect could be made if ships tracks were not allowed to interact,

and the background was not too heavily polluted with sources that were difficult to define.
4.2 Suitability of parameterisations for high-concentration aerosol perturbations

We find-confirm that the commonly used activation parameterisation by Abdul-Razzak and Ghan (2000) is inadequate to simu-
late aerosol-cloud interactions at very high aerosol concentrations. We demonstrate the potential result of the non-monotonicity
555 of the ARG activation when simulating ship tracks - ship tracks appear split (Fig. 2). In practical terms, this necessitates
an artificial reduction in aeresel-input-ship aerosol emissions to obtain ship track structures that resemble those seen in
satellite imagery. While this workaround may yield visually plausible results in non-precipitating conditions, it undermines
the physical realism of the simulationatteng—timeseales—’s temporal evolution. An alternative activation parameterisation
from Nenes and Seinfeld (2003) would also be unsuitable at these high aerosol concentrations, as activated cloud droplet

560 concentration would be overestimated. Further work is necessary in determining whether other parameterisations (such as

that of Shipway and Abel, 2010) would be suitable, or if entirely new schemes for high aerosol concentrations are needed.
Medel-ebservation-We find that model-observation discrepancies become more pronounced in preeipitating-environmentsbroken

cumulus clouds, where there is greater precipitation. Under such conditions, it is possible that the autoconversion parameterisa-

tion of Khairoutdinov and Kogan (2000, KK00), which governs the conversion of cloud dreplets-water to rain, is too sensitive

565 to increases in Ng4. This scheme tends to suppress production of rain droplets too readily when the cloud droplet number

concentration (/Ny) is high - as demonstrated by the complete shut off of precipitation inside these ship tracks that form in
precipitating scenes (see Fig. 10).

In Fig. 11, the PoP is almost binary in our simulation, with either 100% chance of precipitation above some threshold N ;-

LWP line, and almost 0% chance below it. In observations, there exists a much wider space in which precipitation can occur.

570 This means that for any conditions close to this threshold line in N4-LWP in our simulation, an-inereases-a small increase of

Ny (such as through the injection of ship emissions), will move us beyond this threshold and decreases the PoP too extremely.

Consequently, the model predicts unrealistic suppression of precipitation, resulting in overestimation of the ship track life-

time and, by extension, the radiative cooling associated with the perturbation. This is not surprising, since the parameterisation
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from-KKO00 was-enly-designed-and-tested-en-autoconversion scheme was designed for mid-latitude and extratropical stratocu-
mulus layers under typical meteorological conditions, with their evaluated “polluted” case only having an N, of 175 cm~3. This

is aligned with the findings of Jing and Suzuki (2018) with respect to GCM parameterisations, where precipitation inhibition
can lead to a wet scavenging feedback which can increase aerosol loading somewhat non-physically. In-Gryspeerdtet-al(2022)
—ete el the s KKOO eosasiomab s semnislonnion e el clon st hope ol o vmnns snm bl o ol mo s lonnio s
H-EWP-is-high-KIK00-is-tikely-is possibly not well-suited to simulate very high aerosol concentration perturbations, as it tends
to easily suppress precipitation - even in conditions where precipitation could still occur.

As discussed in Section 3.2, there is some uncertainty in the realism of the simulated precipitation in the domain, since it
is difficult to obtain conclusive precipitation measurements across different satellite and reanalysis products. In order for the
enhancement of LWP in a ship track to occur, precipitation need only be suppressed at cloud base, and therefore it is also
possible that no impact in surface precipitation would occur. This highlights the difficulty in evaluating not only precipitation

in models, but specifically the precipitation suppression effect.
In their designed configurations, these parameterisations limit the ability of models to provide meaningful insight into high

concentration aerosol-cloud interactions over longer timescales or under precipitating conditions. This has important implica-
tions with respect to elimate-modeHing—where-high-resehution-modelling across many scales, not just regional simulations.
The development of global cloud resolving models are-being employed-would also benefit from improved cloud microphysics

Additionally, for simulations aimed at informing MCB strategies, it is particularly critical that parameterisations are suitable
for high-aerosol scenarios. Without modifications, models will likely overstate the cooling impacts, leading to inaccurate
assessments of MCB efficacy. Improved autoconversion schemes that remain valid at high Ng—(such as a scheme where

autoconversion rate does not tend to zero as quickly with increases in Nyfor a given LWP, allowing for a more diffuse PoP
within N4-LWP space), along with more robust activation parameterisations that avoid the need for artificial aerosol reductions,

are-and the inclusion of cloud-processing such that precipitation suppression feedbacks are avoided, are essential for advancing
the realism of such simulations.

5 Conclusions

Accurate model representation of aerosol-cloud processes is essential for reducing uncertainty in climate projections and
simulating the impacts of marine cloud brightening (MCB). Ship tracks provide a “natural experiment" for isolating the aerosol
effects on clouds, and gaining information about the time evolution of the cloud response. In order to evaluate the model
representation-of-these-proeessessimulated response to an aerosol perturbation, we simulate a real case of ship tracks observed
off the coast of California on 12th July 2018, using an experimental configuration of the Met Office’s UK weather forecasting
model.

We evaluate the performance of our model against three criteria, aiming to produce simulations of ship tracks which are a

useful tool for investigating the impacts of MCB. We assess the model’s ability to reproduce observed relative and absolute
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changes in cloud droplet number concentration (N4) and liquid water path (LWP), using MODIS satellite retrievals for valida-
tion. The ship tracks occur within a marine stratocumulus deck under very-moderately clean background conditions, including
pockets of drizzling cloud.

We find that the activation parameterisation of Abdul-Razzak and Ghan (2000, ARG) is not well-suited for simulating high
aerosol concentrations typical of ship plumes. In particular, ARG exhibits non-monotonic behaviour at elevated concentrations,
leading to non-physical results unless aerosol input is artificially reduced by a factor of 2020 (Fig. 3). This adjustment yields
raw NNy and LWP values within ship tracks that closely match observations (Fig. 8). An alternative activation parameterisation,

from Nenes and Seinfeld (2003, NS), is found to overestimate expected Ngat high aerosol concentrations when evaluated in
a simple adiabatic parcel model (Fig. 3). Further work is necessary to fully evaluate other activation parameterisations (such
as that of Shipway and Abel, 2010) at these high concentrations and determine whether modifications can be made to existin

schemes, or if novel ones must be developed.
Heweveranalysis-of-Analysis of raw values inside ship tracks does not tell us about the time evolution of the aerosol effect,

or how long it takes the clouds to return to the unperturbed state. In the model, this is easy to define through the use of a
control simulation. In the observations, we consider the region just outside of the ship track as a representative control region.
This highlights the usefulness of ship tracks in observing aerosol-cloud interactions, as it provides us with this control region
that is otherwise so hard to define. When considering the enhancements from the control state, we find that the model fails to
accurately simulate the time evolution of the response that is seen in observations —(Fig. 8). Specifically, model enhancements
in [N, persist too long, and the LWP response diverges in sign from observations. On average, across five simulated ship tracks,
the model does not capture the correct time evolution of the aerosol effect. There is some uncertainty (roughly 10%) introduced
by the definition of the control state in the observations, since it is difficult to define the unperturbed cloud when there are many

overlapping ship tracks. Additionally, some of this discrepancy could be attributed to a distortion in the time evolution due to

dreduction of ship emissions (to better

the toni
match the observed tracks, and avoid “split” tracks).

We further classify ship tracks by background precipitation conditions to better understand this discrepancy —(Fig. 9). In
non-precipitating environmentsclosed MCC clouds, the model captures the initial enhancement in cloud properties but still
exhibits a response that is too long lived compared to observations (Fig. 9i,k). This suggests that while the initial tuning of the
activation parameterisation produces realistic tracks, it may distort the subsequent cloud evolution, and points to the broader
need for improved activation schemes capable of handling extreme aerosol conditions, especially in contexts such as MCB
(Connolly et al., 2014).

In precipitating environments, model-observation disagreement is more pronounced, which is critical for studies of cloud
adjustments to aerosols. Model N, enhancements are significantly overestimated and show no decay over time, whereas ob-
servations indicate a return to background values within 15 hours (Fig. 9j). Moreover, the model shows a strong positive LWP
response, while observations show a weakly negative one. This suggests that the model either (a) overestimates the sensitiv-

ity of precipitation suppression to aerosol, (b) misrepresents background precipitating conditions (Fig. 11), or (c) eannot-be
compared-to-potentially-unrepresentative-ebservationsdoes not sufficiently remove aerosol from cloud.
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This-Any model overestimation of the aerosol effect has particular relevance for solar radiation management proposals
such as MCB, and aerosol forcing estimates from highreselution-medels-—km-scale models. Simulating aerosol perturbations
accurately on the individual cloud level is an exceptionally difficult task for the field, and robust evaluation of model representation

645 at these scales is necessary. Current model parameterisations may cause an overestimation in the cloud responses to aerosol
and predict an unrealistically strong cooling effect, especially under precipitating conditions. Any application of these models
to unobserved phenomena like MCB must be grounded in rigorous comparison with real-world observations, and further work

is necessary in modifying parameterisations such that they are more suitable for high-concentration aerosol perturbations.

Code and data availability. MODIS data used in this work were acquired from the Level-1 and Atmosphere Archive and Distribution System
650 (LAADS) Distributed Active Archive Center (DAAC) (https://ladsweb.modaps.eosdis.nasa.gov, LAADS DAAC, 2021; Platnick et al. 2017).
The ERAS data are from the Copernicus Climate Change Service (C3S) Climate Data Store (CDS) (https://doi.org/10.24381/cds.adbb2d47,
Copernicus Climate Change Service, 2023; Hersbach et al. 2020). Ship AIS data were obtained from exactEarth. exactEarth data are not
publicly available; however, they can be accessed via a paid subscription: https://www.marinetraffic.org/exactearth (last access: 29 November

2024). Code and data from this analysis will be made available upon publication, via Zenodo.

655  Author contributions. All authors contributed to the design of the study. PRF provided access to the Met Office model and Monsoon, and
supported AT in the set up and running the simulations. AT performed the model output and observational analysis, with EG providing
observations data for Fig. 9. PRF and EG assisted with the interpretation of the results. AT drafted the manuscript, and PRF and EG provided

comments and suggestions.

Competing interests. No competing interests are present

660 Acknowledgements. We acknowledge use of the Monsoon2 system, a collaborative facility supplied under the Joint Weather and Climate
Research Programme, a strategic partnership between the Met Office and the Natural Environment Research Council. Anna Tippett and
Edward Gryspeerdt acknowledge funding from the Horizon Europe programme (project CERTAINTY — Cloud-aERosol inTeractions &
their impActs IN The earth sYstem; grant agreement no. 101137680) and a Royal Society University Research Fellowship (grant no. UR-

F/R1/191602)Paut-R—Field-acknowledgesfundingfrom—.

28


https://ladsweb.modaps.eosdis.nasa.gov
https://doi.org/10.24381/cds.adbb2d47
https://www.marinetraffic.org/exactearth

665

670

675

680

685

690

695

700

References

Abdul-Razzak, H. and Ghan, S. J.: A parameterization of aerosol activation: 2. Multiple aerosol types, Journal of Geophysical Research: At-
mospheres, 105, https://doi.org/10.1029/1999JD901161, _eprint: https://onlinelibrary.wiley.com/doi/pdf/10.1029/1999JD901161, 2000.

Abdul-Razzak, H., Ghan, S. J., and Rivera-Carpio, C.: A parameterization of aerosol activation: 1. Single aerosol type, Journal of Geophysical
Research: Atmospheres, 103, https://doi.org/10.1029/97JD03735, 1998.

Ackerman, A. S., Toon, O. B., Taylor, J. P., Johnson, D. W., Hobbs, P. V., and Ferek, R. J.: Effects of Aerosols on Cloud Albedo: Evaluation
of Twomey’s Parameterization of Cloud Susceptibility Using Measurements of Ship Tracks, Journal of the Atmospheric Sciences, 57,
https://doi.org/10.1175/1520-0469(2000)057<2684:EOAOCA>2.0.CO:;2, publisher: American Meteorological Society Section: Journal
of the Atmospheric Sciences, 2000.

Ackerman, A. S., Kirkpatrick, M. P,, Stevens, D. E., and Toon, O. B.: The impact of humidity above stratiform clouds on indirect aerosol
climate forcing, Nature, 432, 1014-1017, https://doi.org/10.1038/nature03174, 2004.

Albrecht, B. A.: Aerosols, Cloud Microphysics, and  Fractional Cloudiness, Science, 245, 1227-1230,
https://doi.org/10.1126/science.245.4923.1227, publisher: American Association for the Advancement of Science, 1989.

Alinejadtabrizi, T., Lang, F., Huang, Y., Ackermann, L., Keywood, M., Ayers, G., Krummel, P., Humphries, R., Williams, A. G., Siems,
S. T., and Manton, M.: Wet deposition in shallow convection over the Southern Ocean, npj Climate and Atmospheric Science, 7, 76,
https://doi.org/10.1038/s41612-024-00625-1, publisher: Nature Publishing Group, 2024.

Andreae, M. O., Jones, C. D., and Cox, P. M.: Strong present-day aerosol cooling implies a hot future, Nature, 435, 1187-1190,
https://doi.org/10.1038/nature03671, number: 7046 Publisher: Nature Publishing Group, 2005.

Arabas, S. and Shima, S.-i.: On the CCN [de]activation nonlinearities, Nonlinear Processes in Geophysics Discussions,
https://doi.org/10.5194/npg-2016-50, 2016.

Berner, A. H., Bretherton, C. S., and Wood, R.: Large eddy simulation of ship tracks in the collapsed marine boundary layer: a case study
from the Monterey area ship track experiment, Atmospheric Chemistry and Physics, 15, https://doi.org/10.5194/acp-15-5851-2015, 2015.

Bretherton, C. S. and Wyant, M. C.: Moisture Transport, Lower-Tropospheric Stability, and Decoupling of Cloud-Topped Boundary Layers,
Journal of the Atmospheric Sciences, 54, 148-167, https://doi.org/10.1175/1520-0469(1997)054<0148:MTLTSA>2.0.CO;2, publisher:
American Meteorological Society Section: Journal of the Atmospheric Sciences, 1997.

Bretherton, C. S., Blossey, P. N., and Uchida, J.: Cloud droplet sedimentation, entrainment -efficiency, and subtropi-
cal stratocumulus albedo, Geophysical Research Letters, 34, L03813, https://doi.org/10.1029/2006GL027648, _eprint:
https://onlinelibrary.wiley.com/doi/pdf/10.1029/2006GL027648, 2007.

Briggs, G. A.: A Plume Rise Model Compared with Observations, Journal of the Air Pollution Control Association, 15, 433-438,
https://doi.org/10.1080/00022470.1965.10468404, 1965.

Brown, A., Milton, S., Cullen, M., Golding, B., Mitchell, J., and Shelly, A.: Unified Modeling and Prediction of Weather and Climate: A 25-
Year Journey, Bulletin of the American Meteorological Society, 93, 1865-1877, https://doi.org/10.1175/BAMS-D-12-00018.1, publisher:
American Meteorological Society Section: Bulletin of the American Meteorological Society, 2012.

Bush, M., Allen, T., Bain, C., Boutle, 1., Edwards, J., Finnenkoetter, A., Franklin, C., Hanley, K., Lean, H., Lock, A., Manners, J., Mittermaier,
M., Morcrette, C., North, R., Petch, J., Short, C., Vosper, S., Walters, D., Webster, S., Weeks, M., Wilkinson, J., Wood, N., and Zerroukat,
M.: The first Met Office Unified Model-JULES Regional Atmosphere and Land configuration, RAL1, Geoscientific Model Development,
13, 1999-2029, https://doi.org/10.5194/gmd-13-1999-2020, publisher: Copernicus GmbH, 2020.

29


https://doi.org/10.1029/1999JD901161
https://doi.org/10.1029/97JD03735
https://doi.org/10.1175/1520-0469(2000)057%3C2684:EOAOCA%3E2.0.CO;2
https://doi.org/10.1038/nature03174
https://doi.org/10.1126/science.245.4923.1227
https://doi.org/10.1038/s41612-024-00625-1
https://doi.org/10.1038/nature03671
https://doi.org/10.5194/npg-2016-50
https://doi.org/10.5194/acp-15-5851-2015
https://doi.org/10.1175/1520-0469(1997)054%3C0148:MTLTSA%3E2.0.CO;2
https://doi.org/10.1029/2006GL027648
https://doi.org/10.1080/00022470.1965.10468404
https://doi.org/10.1175/BAMS-D-12-00018.1
https://doi.org/10.5194/gmd-13-1999-2020

Bush, M., Boutle, 1., Edwards, J., Finnenkoetter, A., Franklin, C., Hanley, K., Jayakumar, A., Lewis, H., Lock, A., Mittermaier, M., Mohandas,
S., North, R., Porson, A., Roux, B., Webster, S., and Weeks, M.: The second Met Office Unified Model-JULES Regional Atmosphere
and Land configuration, RAL2, Geoscientific Model Development, 16, 1713—1734, https://doi.org/10.5194/gmd-16-1713-2023, publisher:

705 Copernicus GmbH, 2023.

Bush, M., Flack, D. L. A., Lewis, H. W., Bohnenstengel, S. I., Short, C. J., Franklin, C., Lock, A. P., Best, M., Field, P., McCabe, A.,
Van Weverberg, K., Berthou, S., Boutle, I., Brooke, J. K., Cole, S., Cooper, S., Dow, G., Edwards, J., Finnenkoetter, A., Furtado, K.,
Halladay, K., Hanley, K., Hendry, M. A., Hill, A., Jayakumar, A., Jones, R. W., Lean, H., Lee, J. C. K., Malcolm, A., Mittermaier, M.,
Mohandas, S., Moore, S., Morcrette, C., North, R., Porson, A., Rennie, S., Roberts, N., Roux, B., Sanchez, C., Su, C.-H., Tucker, S.,

710 Vosper, S., Walters, D., Warner, J., Webster, S., Weeks, M., Wilkinson, J., Whitall, M., Williams, K. D., and Zhang, H.: The third Met
Office Unified Model-JULES Regional Atmosphere and Land Configuration, RAL3, Geoscientific Model Development, 18, 3819-3855,
https://doi.org/10.5194/gmd-18-3819-2025, publisher: Copernicus GmbH, 2025.

Chen, Y., Haywood, J., Wang, Y., Malavelle, F., Jordan, G., Partridge, D., Fieldsend, J., De Leeuw, J., Schmidt, A., Cho, N., Oreopoulos, L.,
Platnick, S., Grosvenor, D., Field, P., and Lohmann, U.: Machine learning reveals climate forcing from aerosols is dominated by increased

715 cloud cover, Nature Geoscience, 15, 609—614, https://doi.org/10.1038/s41561-022-00991-6, 2022.

Christensen, M. W., Gettelman, A., Cermak, J., Dagan, G., Diamond, M., Douglas, A., Feingold, G., Glassmeier, F., Goren, T., Grosvenor,
D. P, Gryspeerdt, E., Kahn, R., Li, Z., Ma, P.-L., Malavelle, F., McCoy, 1. L., McCoy, D. T., McFarquhar, G., Miilmenstidt, J., Pal,
S., Possner, A., Povey, A., Quaas, J., Rosenfeld, D., Schmidt, A., Schrodner, R., Sorooshian, A., Stier, P., Toll, V., Watson-Parris, D.,
Wood, R., Yang, M., and Yuan, T.: Opportunistic experiments to constrain aerosol effective radiative forcing, Atmospheric Chemistry and

720 Physics, 22, 641-674, https://doi.org/10.5194/acp-22-641-2022, publisher: Copernicus GmbH, 2022.

Chun, J.-Y., Wood, R., Blossey, P., and Doherty, S. J.: Microphysical, macrophysical, and radiative responses of subtropical marine clouds to
aerosol injections, Atmospheric Chemistry and Physics, 23, 1345-1368, https://doi.org/10.5194/acp-23-1345-2023, publisher: Copernicus
GmbH, 2023.

Connolly, P. J., McFiggans, G. B., Wood, R., and Tsiamis, A.: Factors determining the most efficient spray distribution for ma-

725 rine cloud brightening, Philosophical Transactions of the Royal Society A: Mathematical, Physical and Engineering Sciences, 372,
https://doi.org/10.1098/rsta.2014.0056, publisher: Royal Society, 2014.

Diamond, M. S.: Detection of large-scale cloud microphysical changes within a major shipping corridor after implementation
of the International Maritime Organization 2020 fuel sulfur regulations, Atmospheric Chemistry and Physics, 23, 8259-8269,
https://doi.org/10.5194/acp-23-8259-2023, publisher: Copernicus GmbH, 2023.

730 Diamond, M. S., Director, H. M., Eastman, R., Possner, A., and Wood, R.: Substantial Cloud Brightening From Ship-
ping in Subtropical Low Clouds, AGU Advances, 1, e2019AV000111, https://doi.org/10.1029/2019AV000111, _eprint:
https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029/2019AV000111, 2020.

Diamond, M. S., Gettelman, A., Lebsock, M. D., McComiskey, A., Russell, L. M., Wood, R., and Feingold, G.: To assess marine cloud
brightening’s technical feasibility, we need to know what to study—and when to stop, Proceedings of the National Academy of Sciences,

735 119, 2118379 119, https://doi.org/10.1073/pnas.2118379119, 2022.

Durkee, P. A., Chartier, R. E., Brown, A., Trehubenko, E. J., Rogerson, S. D., Skupniewicz, C., Nielsen, K. E., Platnick, S.,
and King, M. D.: Composite Ship Track Characteristics, Journal of the Atmospheric Sciences, 57, https://doi.org/10.1175/1520-
0469(2000)057<2542:CSTC>2.0.CO:;2, 2000.

30


https://doi.org/10.5194/gmd-16-1713-2023
https://doi.org/10.5194/gmd-18-3819-2025
https://doi.org/10.1038/s41561-022-00991-6
https://doi.org/10.5194/acp-22-641-2022
https://doi.org/10.5194/acp-23-1345-2023
https://doi.org/10.1098/rsta.2014.0056
https://doi.org/10.5194/acp-23-8259-2023
https://doi.org/10.1029/2019AV000111
https://doi.org/10.1073/pnas.2118379119
https://doi.org/10.1175/1520-0469(2000)057%3C2542:CSTC%3E2.0.CO;2
https://doi.org/10.1175/1520-0469(2000)057%3C2542:CSTC%3E2.0.CO;2
https://doi.org/10.1175/1520-0469(2000)057%3C2542:CSTC%3E2.0.CO;2

740

745

750

755

760

765

770

775

Dusek, U., Frank, G. P., Hildebrandt, L., Curtius, J., Schneider, J., Walter, S., Chand, D., Drewnick, F., Hings, S., Jung, D., Borrmann, S.,
and Andreae, M. O.: Size Matters More Than Chemistry for Cloud-Nucleating Ability of Aerosol Particles, Science, 312, 1375-1378,
https://doi.org/10.1126/science.1125261, publisher: American Association for the Advancement of Science, 2006.

Feingold, G., Eberhard, W. L., Veron, D. E. and Previdi, M.: First measurements of the Twomey indirect effect us-
ing ground-based remote sensors, Geophysical Research Letters, 30, https://doi.org/10.1029/2002GL016633, _eprint:
https://onlinelibrary.wiley.com/doi/pdf/10.1029/2002GL016633, 2003.

Feingold, G., Ghate, V. P, Russell, L. M., Blossey, P., Cantrell, W., Christensen, M. W., Diamond, M. S., Gettelman, A., Glassmeier, F.,
Gryspeerdt, E., Haywood, J., Hoffmann, F., Kaul, C. M., Lebsock, M., McComiskey, A. C., McCoy, D. T., Ming, Y., Miilmenstidt, J.,
Possner, A., Prabhakaran, P., Quinn, P. K., Schmidt, K. S., Shaw, R. A., Singer, C. E., Sorooshian, A., Toll, V., Wan, J. S., Wood, R., Yang,
F., Zhang, J., and Zheng, X.: Physical science research needed to evaluate the viability and risks of marine cloud brightening, Science
Advances, 10, eadi8594, https://doi.org/10.1126/sciadv.adi8594, publisher: American Association for the Advancement of Science, 2024.

Ferek, R. J., Hegg, D. A., Hobbs, P. V., Durkee, P., and Nielsen, K.: Measurements of ship-induced tracks in clouds off the Washington coast,
Journal of Geophysical Research, 103, https://doi.org/10.1029/98JD02121, aDS Bibcode: 1998JGR...10323199F, 1998.

Ferrier, B. S.: A Double-Moment Multiple-Phase Four-Class Bulk Ice Scheme. Part I: Description, Journal of the Atmospheric Sciences, 51,
249-280, https://doi.org/10.1175/1520-0469(1994)051<0249: ADMMPF>2.0.CO;2, publisher: American Meteorological Society Section:
Journal of the Atmospheric Sciences, 1994.

Field, P. R., Hill, A., Shipway, B., Furtado, K., Wilkinson, J., Miltenberger, A., Gordon, H., Grosvenor, D. P., Stevens, R., and Van We-
verberg, K.: Implementation of a double moment cloud microphysics scheme in the UK met office regional numerical weather
prediction model, Quarterly Journal of the Royal Meteorological Society, 149, 703-739, https://doi.org/10.1002/qj.4414, _eprint:
https://onlinelibrary.wiley.com/doi/pdf/10.1002/qj.4414, 2023.

Fons, E., Runge, J., Neubauer, D., and Lohmann, U.: Stratocumulus adjustments to aerosol perturbations disentangled with a causal approach,
npj Climate and Atmospheric Science, 6, 1-10, https://doi.org/10.1038/s41612-023-00452-w, number: 1 Publisher: Nature Publishing
Group, 2023.

Fossum, K. N., Ovadnevaite, J., Ceburnis, D., Prei3ler, J., Snider, J. R., Huang, R.-J., Zuend, A., and O’Dowd, C.: Sea-spray regulates sulfate
cloud droplet activation over oceans, npj Climate and Atmospheric Science, 3, 14, https://doi.org/10.1038/s41612-020-0116-2, publisher:
Nature Publishing Group, 2020.

Glassmeier, F., Hoffmann, F., Johnson, J. S., Yamaguchi, T., Carslaw, K. S., and Feingold, G.: Aerosol-cloud-climate cooling overestimated
by ship-track data, Science, 371, 485-489, https://doi.org/10.1126/science.abd3980, publisher: American Association for the Advance-
ment of Science, 2021.

Gordon, H., Field, P. R., Abel, S. J., Barrett, P., Bower, K., Crawford, I., Cui, Z., Grosvenor, D. P, Hill, A. A., Taylor, J., Wilkinson, J.,
Wu, H., and Carslaw, K. S.: Development of aerosol activation in the double-moment Unified Model and evaluation with CLARIFY
measurements, Atmospheric Chemistry and Physics, 20, https://doi.org/10.5194/acp-20-10997-2020, publisher: Copernicus GmbH, 2020.

Goren, T., Choudhury, G., Kretzschmar, J., and McCoy, I.: Co-variability drives the inverted-V sensitivity between liquid water path and
droplet concentrations, Atmospheric Chemistry and Physics, 25, 3413-3423, https://doi.org/10.5194/acp-25-3413-2025, publisher: Coper-
nicus GmbH, 2025.

Gryspeerdt, E., Goren, T., Sourdeval, O., Quaas, J., Miilmenstidt, J., Dipu, S., Unglaub, C., Gettelman, A., and Christensen, M.: Constraining
the aerosol influence on cloud liquid water path, Atmospheric Chemistry and Physics, 19, 5331-5347, https://doi.org/10.5194/acp-19-
5331-2019, publisher: Copernicus GmbH, 2019a.

31


https://doi.org/10.1126/science.1125261
https://doi.org/10.1029/2002GL016633
https://doi.org/10.1126/sciadv.adi8594
https://doi.org/10.1029/98JD02121
https://doi.org/10.1175/1520-0469(1994)051%3C0249:ADMMPF%3E2.0.CO;2
https://doi.org/10.1002/qj.4414
https://doi.org/10.1038/s41612-023-00452-w
https://doi.org/10.1038/s41612-020-0116-2
https://doi.org/10.1126/science.abd3980
https://doi.org/10.5194/acp-20-10997-2020
https://doi.org/10.5194/acp-25-3413-2025
https://doi.org/10.5194/acp-19-5331-2019
https://doi.org/10.5194/acp-19-5331-2019
https://doi.org/10.5194/acp-19-5331-2019

780

785

790

795

800

805

810

Gryspeerdt, E., Smith, T. W. P, O’Keeftfe, E., Christensen, M. W., and Goldsworth, F. W.. The Impact of Ship Emis-
sion Controls Recorded by Cloud Properties, Geophysical Research Letters, 46, https://doi.org/10.1029/2019GL084700, _eprint:
https://onlinelibrary.wiley.com/doi/pdf/10.1029/2019GL084700, 2019b.

Gryspeerdt, E., Miilmenstidt, J., Gettelman, A., Malavelle, F. F., Morrison, H., Neubauer, D., Partridge, D. G., Stier, P., Takemura, T,
Wang, H., Wang, M., and Zhang, K.: Surprising similarities in model and observational aerosol radiative forcing estimates, Atmospheric
Chemistry and Physics, 20, https://doi.org/10.5194/acp-20-613-2020, 2020.

Gryspeerdt, E., Goren, T., and Smith, T. W. P.: Observing the timescales of aerosol-cloud interactions in snapshot satellite images, Atmo-
spheric Chemistry and Physics, 21, https://doi.org/10.5194/acp-21-6093-2021, 2021.

Gryspeerdt, E., Glassmeier, F., Feingold, G., Hoffmann, F., and Murray-Watson, R. J.: Observing short-timescale cloud development to con-
strain aerosol—cloud interactions, Atmospheric Chemistry and Physics, 22, https://doi.org/10.5194/acp-22-11727-2022, publisher: Coper-
nicus GmbH, 2022.

Han, Q., Rossow, W. B., Zeng, J., and Welch, R.: Three Different Behaviors of Liquid Water Path of Water Clouds in Aerosol-Cloud
Interactions, Journal of the Atmospheric Sciences, 59, https://doi.org/10.1175/1520-0469(2002)059<0726: TDBOLW>2.0.CO;2, 2002.
Haynes, J. M., L’Ecuyer, T. S., Stephens, G. L., Miller, S. D., Mitrescu, C., Wood, N. B., and Tanelli, S.: Rainfall retrieval over the ocean
with spaceborne W-band radar, Journal of Geophysical Research: Atmospheres, 114, https://doi.org/10.1029/2008JD009973, _eprint:

https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029/2008JD009973, 2009.

Hersbach, H., Bell, B., Berrisford, P., Hirahara, S., Hordnyi, A., Mufioz-Sabater, J., Nicolas, J., Peubey, C., Radu, R., Schepers, D., Sim-
mons, A., Soci, C., Abdalla, S., Abellan, X., Balsamo, G., Bechtold, P., Biavati, G., Bidlot, J., Bonavita, M., De Chiara, G., Dahlgren,
P, Dee, D., Diamantakis, M., Dragani, R., Flemming, J., Forbes, R., Fuentes, M., Geer, A., Haimberger, L., Healy, S., Hogan, R. J.,
Hoélm, E., Janiskovd, M., Keeley, S., Laloyaux, P., Lopez, P., Lupu, C., Radnoti, G., de Rosnay, P., Rozum, 1., Vamborg, F., Vil-
laume, S., and Thépaut, J.-N.: The ERAS global reanalysis, Quarterly Journal of the Royal Meteorological Society, 146, 1999-2049,
https://doi.org/10.1002/qj.3803, _eprint: https://onlinelibrary.wiley.com/doi/pdf/10.1002/qj.3803, 2020.

Hobbs, P. V., Garrett, T. J., Ferek, R. J., Strader, S. R., Hegg, D. A., Frick, G. M., Hoppel, W. A., Gasparovic, R. F., Russell, L. M.,
Johnson, D. W., O’Dowd, C., Durkee, P. A., Nielsen, K. E., and Innis, G.: Emissions from Ships with respect to Their Effects on Clouds,
Journal of the Atmospheric Sciences, 57, https://doi.org/10.1175/1520-0469(2000)057<2570:EFSWRT>2.0.CO;2, publisher: American
Meteorological Society Section: Journal of the Atmospheric Sciences, 2000.

Huffman, G. J., Bolvin, D. T., Braithwaite, D., Hsu, K., Joyce, R., Xie, P., and Yoo, S.-H.: NASA global precipitation measurement (GPM)
integrated multi-satellite retrievals for GPM (IMERG), Algorithm theoretical basis document (ATBD) version, 4, 30, 2015.

Igel, A. L., Igel, M. R., and Heever, S. C. v. d.: Make It a Double? Sobering Results from Simulations Using Single-Moment Microphysics
Schemes, Journal of the Atmospheric Sciences, 72, 910-925, https://doi.org/10.1175/JAS-D-14-0107.1, publisher: American Meteorolog-
ical Society Section: Journal of the Atmospheric Sciences, 2015.

Jing, X. and Suzuki, K.: The Impact of Process-Based Warm Rain Constraints on the Aerosol Indi-
rect  Effect, Geophysical Research  Letters, 45, 10,729-10,737,  https://doi.org/10.1029/2018GL079956,  _eprint:
https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029/2018GL079956, 2018.

Kabatas, B., Menzel, W. P., Bilgili, A., and Gumley, L. E.: Comparing Ship-Track Droplet Sizes Inferred from Terra and Aqua MODIS Data,
Journal of Applied Meteorology and Climatology, 52, 230-241, https://doi.org/10.1175/JAMC-D-11-0232.1, 2013.

32


https://doi.org/10.1029/2019GL084700
https://doi.org/10.5194/acp-20-613-2020
https://doi.org/10.5194/acp-21-6093-2021
https://doi.org/10.5194/acp-22-11727-2022
https://doi.org/10.1175/1520-0469(2002)059%3C0726:TDBOLW%3E2.0.CO;2
https://doi.org/10.1029/2008JD009973
https://doi.org/10.1002/qj.3803
https://doi.org/10.1175/1520-0469(2000)057%3C2570:EFSWRT%3E2.0.CO;2
https://doi.org/10.1175/JAS-D-14-0107.1
https://doi.org/10.1029/2018GL079956
https://doi.org/10.1175/JAMC-D-11-0232.1

815

820

825

830

835

840

845

850

Kang, L., Marchand, R. T., Wood, R., and McCoy, I. L.: Coalescence Scavenging Drives Droplet Number Concentration in
Southern Ocean Low Clouds, Geophysical Research Letters, 49, €2022GL097 819, https://doi.org/10.1029/2022GL097819, _eprint:
https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029/2022GL097819, 2022.

Kato, S., Sun-Mack, S., Miller, W. F, Rose, F. G., Chen, Y., Minnis, P., and Wielicki, B. A.: Relationships among
cloud occurrence frequency, overlap, and effective thickness derived from CALIPSO and CloudSat merged cloud
vertical profiles, Journal of Geophysical Research: Atmospheres, 115, https://doi.org/10.1029/2009JD012277, _eprint:
https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029/2009JD012277, 2010.

Kato, S., Rose, F. G., Sun-Mack, S., Miller, W. F,, Chen, Y., Rutan, D. A., Stephens, G. L., Loeb, N. G., Minnis, P., Wielicki, B. A., Winker,
D. M., Charlock, T. P., Stackhouse Jr., P. W., Xu, K.-M., and Collins, W. D.: Improvements of top-of-atmosphere and surface irradiance
computations with CALIPSO-, CloudSat-, and MODIS-derived cloud and aerosol properties, Journal of Geophysical Research: Atmo-
spheres, 116, https://doi.org/10.1029/2011JD016050, _eprint: https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029/2011JD016050,
2011.

Khairoutdinov, M. and Kogan, Y.: A New Cloud Physics Parameterization in a Large-Eddy Simulation Model of Marine Stratocumulus,
Monthly Weather Review, 128, 229-243, https://doi.org/10.1175/1520-0493(2000)128<0229: ANCPPI>2.0.CO;2, publisher: American
Meteorological Society Section: Monthly Weather Review, 2000.

L’Ecuyer, T. S. and Stephens, G. L.: An Estimation-Based Precipitation Retrieval Algorithm for Attenuating Radars, Journal of Applied Me-
teorology and Climatology, 41, 272-285, https://doi.org/10.1175/1520-0450(2002)041<0272: AEBPRA>2.0.CO;2, publisher: American
Meteorological Society Section: Journal of Applied Meteorology and Climatology, 2002.

Mann, G. W., Carslaw, K. S., Spracklen, D. V., Ridley, D. A., Manktelow, P. T., Chipperfield, M. P., Pickering, S. J., and Johnson, C. E.:
Description and evaluation of GLOMAP-mode: a modal global aerosol microphysics model for the UKCA composition-climate model,
Geoscientific Model Development, 3, 519-551, https://doi.org/10.5194/gmd-3-519-2010, publisher: Copernicus GmbH, 2010.

Manshausen, P., Watson-Parris, D., Christensen, M. W., Jalkanen, J.-P., and Stier, P.: Invisible ship tracks show large cloud sensitivity to
aerosol, Nature, 610, https://doi.org/10.1038/s41586-022-05122-0, number: 7930 Publisher: Nature Publishing Group, 2022.

McCoy, D. T., Bender, F. A.-M., Grosvenor, D. P., Mohrmann, J. K., Hartmann, D. L., Wood, R., and Field, P. R.: Predicting decadal
trends in cloud droplet number concentration using reanalysis and satellite data, Atmospheric Chemistry and Physics, 18, 2035-2047,
https://doi.org/10.5194/acp-18-2035-2018, publisher: Copernicus GmbH, 2018.

McMichael, L. A., Schmidt, M. J., Wood, R., Blossey, P. N., and Patel, L.: Exploring ship track spreading rates with a physics-informed
Langevin particle parameterization, Geoscientific Model Development, 17, 7867-7888, https://doi.org/10.5194/gmd-17-7867-2024, pub-
lisher: Copernicus GmbH, 2024.

McMichael, L. A., Blossey, P. N., Wood, R., and Doherty, S. J.: Investigation of Ship-Induced Mesoscale Circulation Mechanics and
Aerosol Plume Spreading Rates, Geophysical Research Letters, 52, €2025GL116 904, https://doi.org/10.1029/2025GL116904, _eprint:
https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029/2025GL116904, 2025.

Michibata, T., Suzuki, K., Sato, Y., and Takemura, T.: The source of discrepancies in aerosol-cloud—precipitation interactions between
GCM and A-Train retrievals, Atmospheric Chemistry and Physics, 16, https://doi.org/10.5194/acp-16-15413-2016, publisher: Copernicus
GmbH, 2016.

Morrison, H. and Gettelman, A.: A New Two-Moment Bulk Stratiform Cloud Microphysics Scheme in the Community Atmosphere Model,
Version 3 (CAM3). Part I: Description and Numerical Tests, Journal of Climate, 21, 3642-3659, https://doi.org/10.1175/2008JCLI2105.1,

publisher: American Meteorological Society Section: Journal of Climate, 2008.

33


https://doi.org/10.1029/2022GL097819
https://doi.org/10.1029/2009JD012277
https://doi.org/10.1029/2011JD016050
https://doi.org/10.1175/1520-0493(2000)128%3C0229:ANCPPI%3E2.0.CO;2
https://doi.org/10.1175/1520-0450(2002)041%3C0272:AEBPRA%3E2.0.CO;2
https://doi.org/10.5194/gmd-3-519-2010
https://doi.org/10.1038/s41586-022-05122-0
https://doi.org/10.5194/acp-18-2035-2018
https://doi.org/10.5194/gmd-17-7867-2024
https://doi.org/10.1029/2025GL116904
https://doi.org/10.5194/acp-16-15413-2016
https://doi.org/10.1175/2008JCLI2105.1

855

860

865

870

875

880

885

Morrison, H., Thompson, G., and Tatarskii, V.: Impact of Cloud Microphysics on the Development of Trailing Stratiform Precip-
itation in a Simulated Squall Line: Comparison of One- and Two-Moment Schemes, Monthly Weather Review, 137, 991-1007,
https://doi.org/10.1175/2008MWR2556.1, publisher: American Meteorological Society Section: Monthly Weather Review, 2009.

Miilmenstadt, J. and Feingold, G.: The Radiative Forcing of Aerosol-Cloud Interactions in Liquid Clouds: Wrestling and Embracing Uncer-
tainty, Current Climate Change Reports, 4, 23—-40, https://doi.org/10.1007/s40641-018-0089-y, 2018.

Nenes, A. and Seinfeld, J. H.: Parameterization of cloud droplet formation in global climate models, Journal of Geophysical Research: At-
mospheres, 108, https://doi.org/10.1029/2002JD002911, _eprint: https://onlinelibrary.wiley.com/doi/pdf/10.1029/2002JD002911, 2003.

Noone, K. J., Johnson, D. W., Taylor, J. P, Ferek, R. J., Garrett, T., Hobbs, P. V., Durkee, P. A., Nielsen, K., Ostrém, E., O’Dowd, C., Smith,
M. H., Russell, L. M., Flagan, R. C., Seinfeld, J. H., De Bock, L., Van Grieken, R. E., Hudson, J. G., Brooks, 1., Gasparovic, R. F., and
Pockalny, R. A.: A Case Study of Ship Track Formation in a Polluted Marine Boundary Layer, Journal of the Atmospheric Sciences, 57,
https://doi.org/10.1175/1520-0469(2000)057<2748: ACSOST>2.0.CO;2, 2000.

Penner, J. E., Dong, X., and Chen, Y.: Observational evidence of a change in radiative forcing due to the indirect aerosol effect, Nature, 427,
https://doi.org/10.1038/nature02234, 2004.

Platnick, S., Meyer, K. G., King, M. D., Wind, G., Amarasinghe, N., Marchant, B., Arnold, G. T., Zhang, Z., Hubanks, P. A., Holz, R. E., Yang,
P, Ridgway, W. L., and Riedi, J.: The MODIS Cloud Optical and Microphysical Products: Collection 6 Updates and Examples From Terra
and Aqua, IEEE Transactions on Geoscience and Remote Sensing, 55, 502-525, https://doi.org/10.1109/TGRS.2016.2610522, conference
Name: IEEE Transactions on Geoscience and Remote Sensing, 2017.

Possner, A., Zubler, E., Lohmann, U., and Schir, C.: Real-case simulations of aerosol-cloud interactions in ship tracks over the Bay of
Biscay, Atmospheric Chemistry and Physics, 15, https://doi.org/10.5194/acp-15-2185-2015, 2015.

Possner, A., Wang, H., Wood, R., Caldeira, K., and Ackerman, T. P.: The efficacy of aerosol-cloud radiative perturbations from near-surface
emissions in deep open-cell stratocumuli, Atmospheric Chemistry and Physics, 18, https://doi.org/10.5194/acp-18-17475-2018, publisher:
Copernicus GmbH, 2018.

Possner, A., Eastman, R., Bender, F., and Glassmeier, F.: Deconvolution of boundary layer depth and aerosol constraints on cloud water
path in subtropical stratocumulus decks, Atmospheric Chemistry and Physics, 20, 3609-3621, https://doi.org/10.5194/acp-20-3609-2020,
publisher: Copernicus GmbH, 2020.

Prabhakaran, P., Hoffmann, F., and Feingold, G.: Effects of intermittent aerosol forcing on the stratocumulus-to-cumulus transition, Atmo-
spheric Chemistry and Physics, 24, 1919-1937, https://doi.org/10.5194/acp-24-1919-2024, publisher: Copernicus GmbH, 2024.

Quaas, J., Boucher, O., and Lohmann, U.: Constraining the total aerosol indirect effect in the LMDZ and ECHAM4 GCMs using MODIS
satellite data, Atmospheric Chemistry and Physics, 6, https://doi.org/10.5194/acp-6-947-2006, publisher: Copernicus GmbH, 2006.

Rosenfeld, D.: Suppression of Rain and Snow by Urban and Industrial Air Pollution, Science, 287, 1793-1796,
https://doi.org/10.1126/science.287.5459.1793, publisher: American Association for the Advancement of Science, 2000.

Rothenberg, D. and Wang, C.: Metamodeling of Droplet Activation for Global Climate Models, Journal of the Atmospheric Sciences, 73,
1255-1272, https://doi.org/10.1175/JAS-D-15-0223.1, publisher: American Meteorological Society Section: Journal of the Atmospheric
Sciences, 2016.

Salter, S., Sortino, G., and Latham, J.: Sea-going hardware for the cloud albedo method of reversing global warming, Philosophical Transac-
tions of the Royal Society A: Mathematical, Physical and Engineering Sciences, 366, 3989—4006, https://doi.org/10.1098/rsta.2008.0136,
publisher: Royal Society, 2008.

34


https://doi.org/10.1175/2008MWR2556.1
https://doi.org/10.1007/s40641-018-0089-y
https://doi.org/10.1029/2002JD002911
https://doi.org/10.1175/1520-0469(2000)057%3C2748:ACSOST%3E2.0.CO;2
https://doi.org/10.1038/nature02234
https://doi.org/10.1109/TGRS.2016.2610522
https://doi.org/10.5194/acp-15-2185-2015
https://doi.org/10.5194/acp-18-17475-2018
https://doi.org/10.5194/acp-20-3609-2020
https://doi.org/10.5194/acp-24-1919-2024
https://doi.org/10.5194/acp-6-947-2006
https://doi.org/10.1126/science.287.5459.1793
https://doi.org/10.1175/JAS-D-15-0223.1
https://doi.org/10.1098/rsta.2008.0136

890

895

900

905

910

915

920

925

Satoh, M., Stevens, B., Judt, F., Khairoutdinov, M., Lin, S.-J., Putman, W. M., and Diiben, P.: Global Cloud-Resolving Models, Current
Climate Change Reports, 5, 172—-184, https://doi.org/10.1007/s40641-019-00131-0, 2019.

Segrin, M. S., Coakley, J. A., and Tahnk, W. R.: MODIS Observations of Ship Tracks in Summertime Stratus off the West Coast of the United
States, Journal of the Atmospheric Sciences, 64, 4330-4345, https://doi.org/10.1175/2007JAS2308.1, publisher: American Meteorological
Society Section: Journal of the Atmospheric Sciences, 2007.

Seifert, A. and Beheng, K. D.: A two-moment cloud microphysics parameterization for mixed-phase clouds. Part 1: Model description,
Meteorology and Atmospheric Physics, 92, 45-66, https://doi.org/10.1007/s00703-005-0112-4, 2006.

Shipway, B. and Abel, S.: Analytical estimation of cloud droplet nucleation based on an underlying aerosol population, Atmospheric Re-
search, 96, 344-355, https://doi.org/https://doi.org/10.1016/j.atmosres.2009.10.005, 15th International Conference on Clouds and Precip-
itation, 2010.

Shipway, B. J. and Hill, A. A.: Diagnosis of systematic differences between multiple parametrizations of warm rain microphysics us-
ing a kinematic framework, Quarterly Journal of the Royal Meteorological Society, 138, https://doi.org/10.1002/qj.1913, _eprint:
https://onlinelibrary.wiley.com/doi/pdf/10.1002/qj.1913, 2012.

Skofronick-Jackson, G., Petersen, W. A., Berg, W., Kidd, C., Stocker, E. F., Kirschbaum, D. B., Kakar, R., Braun, S. A., Huffman, G. J,,
Iguchi, T., Kirstetter, P. E., Kummerow, C., Meneghini, R., Oki, R., Olson, W. S., Takayabu, Y. N., Furukawa, K., and Wilheit, T.:
The Global Precipitation Measurement (GPM) Mission for Science and Society, Bulletin of the American Meteorological Society, 98,
1679-1695, https://doi.org/10.1175/BAMS-D-15-00306.1, publisher: American Meteorological Society Section: Bulletin of the American
Meteorological Society, 2017.

Smith, C. J., Kramer, R. J., Myhre, G., Alterskjer, K., Collins, W., Sima, A., Boucher, O., Dufresne, J.-L., Nabat, P., Michou, M., Yukimoto,
S., Cole, J., Paynter, D., Shiogama, H., O’Connor, F. M., Robertson, E., Wiltshire, A., Andrews, T., Hannay, C., Miller, R., Nazarenko,
L., Kirkevag, A., Olivié, D., Fiedler, S., Lewinschal, A., Mackallah, C., Dix, M., Pincus, R., and Forster, P. M.: Effective radiative
forcing and adjustments in CMIP6 models, Atmospheric Chemistry and Physics, 20, 9591-9618, https://doi.org/10.5194/acp-20-9591-
2020, publisher: Copernicus GmbH, 2020.

Smith, T., Jalkanen, J., Anderson, B., Corbett, J., Faber, J., Hanayama, S., O’Keeffe, E., Parker, S., Johansson, L., Aldous, L., Raucci,
C., Traut, M., Ettinger, S., Nelissen, D., Lee, D., Ng, S., Agrawal, A., Winebrake, J., Hoen, M., Chesworth, S., and Pandey, A.: Third
IMO Greenhouse Gas Study 2014, International Maritime Organization, United Kingdom, ISBN First presented to Marine Environment
Protection Committee 67 as MEPC 67/INFE.3, 2015.

Stephens, G. L. and Haynes, J. M.: Near global observations of the warm rain coalescence process, Geophysical Research Letters, 34,
https://doi.org/10.1029/2007GL030259, _eprint: https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029/2007GL030259, 2007.

Stephens, G. L., Vane, D. G., Tanelli, S., Im, E., Durden, S., Rokey, M., Reinke, D., Partain, P., Mace, G. G., Austin, R., L’Ecuyer, T., Haynes,
J., Lebsock, M., Suzuki, K., Waliser, D., Wu, D., Kay, J., Gettelman, A., Wang, Z., and Marchand, R.: CloudSat mission: Performance and
early science after the first year of operation, Journal of Geophysical Research: Atmospheres, 113, https://doi.org/10.1029/2008JD009982,
_eprint: https://onlinelibrary.wiley.com/doi/pdf/10.1029/2008JD009982, 2008.

Tanelli, S., Durden, S. L., Im, E., Pak, K. S., Reinke, D. G., Partain, P., Haynes, J. M., and Marchand, R. T.: CloudSat’s Cloud Profiling
Radar After Two Years in Orbit: Performance, Calibration, and Processing, IEEE Transactions on Geoscience and Remote Sensing, 46,
3560-3573, https://doi.org/10.1109/TGRS.2008.2002030, 2008.

Taufour, M., Vié, B., Augros, C., Boudevillain, B., Delanog&, J., Delautier, G., Ducrocq, V., Lac, C., Pinty, J.-P, and

Schwarzenbock, A.: Evaluation of the two-moment scheme LIMA based on microphysical observations from the HyMeX

35


https://doi.org/10.1007/s40641-019-00131-0
https://doi.org/10.1175/2007JAS2308.1
https://doi.org/10.1007/s00703-005-0112-4
https://doi.org/https://doi.org/10.1016/j.atmosres.2009.10.005
https://doi.org/10.1002/qj.1913
https://doi.org/10.1175/BAMS-D-15-00306.1
https://doi.org/10.5194/acp-20-9591-2020
https://doi.org/10.5194/acp-20-9591-2020
https://doi.org/10.5194/acp-20-9591-2020
https://doi.org/10.1029/2007GL030259
https://doi.org/10.1029/2008JD009982
https://doi.org/10.1109/TGRS.2008.2002030

930

935

940

945

950

955

960

campaign, Quarterly Journal of the Royal Meteorological Society, 144, 1398-1414, https://doi.org/10.1002/qj.3283, _eprint:
https://onlinelibrary.wiley.com/doi/pdf/10.1002/qj.3283, 2018.

Taylor, J. P. and Ackerman, A. S.: A case-study of pronounced perturbations to cloud properties and boundary-layer dynamics due to aerosol
emissions, Quarterly Journal of the Royal Meteorological Society, 125, 2643-2661, https://doi.org/10.1002/qj.49712555915, _eprint:
https://onlinelibrary.wiley.com/doi/pdf/10.1002/qj.49712555915, 1999.

Terai, C. R., Bretherton, C. S., Wood, R., and Painter, G.: Aircraft observations of aerosol, cloud, precipitation, and boundary layer properties
in pockets of open cells over the southeast Pacific, Atmospheric Chemistry and Physics, 14, 8071-8088, https://doi.org/10.5194/acp-14-
8071-2014, publisher: Copernicus GmbH, 2014.

Tippett, A., Gryspeerdt, E., Manshausen, P., Stier, P., and Smith, T. W. P.: Weak liquid water path response in ship tracks, Atmospheric
Chemistry and Physics, 24, 13 269-13 283, https://doi.org/10.5194/acp-24-13269-2024, publisher: Copernicus GmbH, 2024.

Toll, V., Christensen, M., Gass6, S., and Bellouin, N.: Volcano and Ship Tracks Indicate Excessive Aerosol-Induced Cloud Water Increases
in a Climate Model, Geophysical Research Letters, 44, 12 492—-12 500, https://doi.org/10.1002/2017GL075280, 2017.

Toll, V., Christensen, M., Quaas, J., and Bellouin, N.: Weak average liquid-cloud-water response to anthropogenic aerosols, Nature, 572,
51-55, https://doi.org/10.1038/s41586-019-1423-9, 2019.

Tselioudis, G., Rossow, W. B., Jakob, C., Remillard, J., Tropf, D., and Zhang, Y.: Evaluation of Clouds, Radiation, and Precipitation
in CMIP6 Models Using Global Weather States Derived from ISCCP-H Cloud Property Data, Journal of Climate, 34, 7311-7324,
https://doi.org/10.1175/JCLI-D-21-0076.1, publisher: American Meteorological Society Section: Journal of Climate, 2021.

Twomey, S.: Pollution and the planetary albedo, Atmospheric Environment (1967), 8, 1251-1256, https://doi.org/10.1016/0004-
6981(74)90004-3, 1974.

Twomey, S.: The Influence of Pollution on the Shortwave Albedo of Clouds, Journal of the Atmospheric Sciences, 34, 1149-1152,
https://doi.org/10.1175/1520-0469(1977)034<1149: TIOPOT>2.0.CO;2, publisher: American Meteorological Society Section: Journal of
the Atmospheric Sciences, 1977.

Walters, D., Boutle, 1., Brooks, M., Melvin, T., Stratton, R., Vosper, S., Wells, H., Williams, K., Wood, N., Allen, T., Bushell, A., Copsey,
D., Earnshaw, P., Edwards, J., Gross, M., Hardiman, S., Harris, C., Heming, J., Klingaman, N., Levine, R., Manners, J., Martin, G.,
Milton, S., Mittermaier, M., Morcrette, C., Riddick, T., Roberts, M., Sanchez, C., Selwood, P., Stirling, A., Smith, C., Suri, D., Tennant,
W., Vidale, P. L., Wilkinson, J., Willett, M., Woolnough, S., and Xavier, P.: The Met Office Unified Model Global Atmosphere 6.0/6.1
and JULES Global Land 6.0/6.1 configurations, Geoscientific Model Development, 10, 1487-1520, https://doi.org/10.5194/gmd-10-1487-
2017, publisher: Copernicus GmbH, 2017.

Wang, H. and Feingold, G.: Modeling Mesoscale Cellular Structures and Drizzle in Marine Stratocumulus. Part II: The Microphysics
and Dynamics of the Boundary Region between Open and Closed Cells, Journal of the Atmospheric Sciences, 66, 3257-3275,
https://doi.org/10.1175/2009JAS3120.1, publisher: American Meteorological Society Section: Journal of the Atmospheric Sciences, 2009.

Wood, R.: Assessing the potential efficacy of marine cloud brightening for cooling Earth using a simple heuristic model, Atmospheric
Chemistry and Physics, 21, https://doi.org/10.5194/acp-21-14507-2021, publisher: Copernicus GmbH, 2021.

Wood, R. and Bretherton, C. S.: Boundary Layer Depth, Entrainment, and Decoupling in the Cloud-Capped Subtropical and Tropical Marine
Boundary Layer, Journal of Climate, 17, 3576-3588, https://doi.org/10.1175/1520-0442(2004)017<3576:BLDEAD>2.0.CO;2, publisher:

American Meteorological Society Section: Journal of Climate, 2004.

36


https://doi.org/10.1002/qj.3283
https://doi.org/10.1002/qj.49712555915
https://doi.org/10.5194/acp-14-8071-2014
https://doi.org/10.5194/acp-14-8071-2014
https://doi.org/10.5194/acp-14-8071-2014
https://doi.org/10.5194/acp-24-13269-2024
https://doi.org/10.1002/2017GL075280
https://doi.org/10.1038/s41586-019-1423-9
https://doi.org/10.1175/JCLI-D-21-0076.1
https://doi.org/10.1016/0004-6981(74)90004-3
https://doi.org/10.1016/0004-6981(74)90004-3
https://doi.org/10.1016/0004-6981(74)90004-3
https://doi.org/10.1175/1520-0469(1977)034%3C1149:TIOPOT%3E2.0.CO;2
https://doi.org/10.5194/gmd-10-1487-2017
https://doi.org/10.5194/gmd-10-1487-2017
https://doi.org/10.5194/gmd-10-1487-2017
https://doi.org/10.1175/2009JAS3120.1
https://doi.org/10.5194/acp-21-14507-2021
https://doi.org/10.1175/1520-0442(2004)017%3C3576:BLDEAD%3E2.0.CO;2

965

970

975

Wood, R., Leon, D., Lebsock, M., Snider, J., and Clarke, A. D.: Precipitation driving of droplet concentration variabil-
ity in marine low clouds, Journal of Geophysical Research: Atmospheres, 117, https://doi.org/10.1029/2012JD018305, _eprint:
https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029/2012JD018305, 2012.

Xiong, W., Tang, G., Wang, T., Ma, Z., and Wan, W.: Evaluation of IMERG and ERAS Precipitation-Phase Partitioning on the Global Scale,
Water, 14, 1122, https://doi.org/10.3390/w14071122, publisher: Multidisciplinary Digital Publishing Institute, 2022.

Yuan, T., Song, H., Oreopoulos, L., Wood, R., Meyer, K., Crawford, A., Smith, W., and Eastman, R.: Analyses of Virtual Ship-
Tracks Systematically Underestimate Aerosol-Cloud Interactions Signals, Geophysical Research Letters, 52, €2024GL114 356,
https://doi.org/10.1029/2024GL 114356, _eprint: https://onlinelibrary.wiley.com/doi/pdf/10.1029/2024GL114356, 2025.

Zelinka, M. D., Andrews, T., Forster, P. M., and Taylor, K. E.: Quantifying components of aerosol-cloud-radiation interactions in
climate models, Journal of Geophysical Research: Atmospheres, 119, 7599-7615, https://doi.org/10.1002/2014JD021710, _eprint:
https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1002/2014JD021710, 2014.

Zhang, J. and Feingold, G.: Distinct regional meteorological influences on low-cloud albedo susceptibility over global marine stratocumulus
regions, Atmospheric Chemistry and Physics, 23, https://doi.org/10.5194/acp-23-1073-2023, publisher: Copernicus GmbH, 2023.

Zhang, J., Zhou, X., Goren, T., and Feingold, G.: Albedo susceptibility of northeastern Pacific stratocumulus: the role of covarying mete-
orological conditions, Atmospheric Chemistry and Physics, 22, https://doi.org/10.5194/acp-22-861-2022, publisher: Copernicus GmbH,
2022.

37


https://doi.org/10.1029/2012JD018305
https://doi.org/10.3390/w14071122
https://doi.org/10.1029/2024GL114356
https://doi.org/10.1002/2014JD021710
https://doi.org/10.5194/acp-23-1073-2023
https://doi.org/10.5194/acp-22-861-2022

