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Abstract. A modeling protocol (defined by a series of cli-
mate model simulations with specified model output) is in-
troduced. Studies using these simulations are designed to im-
prove the understanding of climate impacts using a strategy
for climate intervention (CI) known as marine cloud bright-
ening (MCB) in specific regions; therefore, the protocol is
called MCB-REG (where REG stands for region). The model
simulations are not intended to assess consequences of a
realistic MCB deployment intended to achieve specific cli-
mate targets but instead to expose responses to interventions
in six regions with pervasive cloud systems that are often
considered candidates for such a deployment. A calibration
step involving simulations with fixed sea surface tempera-
tures (SSTs) is first used to identify a common forcing, and
then coupled simulations with forcing in individual regions
and combinations of regions are used to examine climate
impacts. Synthetic estimates constructed by superposing re-
sponses from simulations with forcing in individual regions
are considered a means of approximating the climate impacts
produced when MCB interventions are introduced in multi-
ple regions.

A few results comparing simulations from three modern
climate models (CESM2, E3SMv2, and UKESM1) are used
to illustrate the similarities and differences between model
behavior and the utility of estimates of MCB climate re-
sponses that were synthesized by summing responses intro-
duced in individual regions. Cloud responses to aerosol in-
jections differ substantially between models (CESM2 clouds

appear much more susceptible to aerosol emissions than the
other models), but patterns in precipitation and surface tem-
perature responses were similar when forcing is imposed
with similar amplitudes in the same regions. A previously
identified La Nifa-like response to forcing introduced in the
Southeast Pacific is evident in this study, but the amplitude of
the response was shown to markedly differ across the three
models. Other common response patterns were also found
and are discussed. Forcing in the Southeast Atlantic con-
sistently (across all three models) produces weaker global
cooling than that in other regions, and the Southeast Pacific
and South Pacific show the strongest cooling. This indicates
that the efficiency of a given intervention depends on not
only the susceptibility of the clouds to aerosol perturbations,
but also the strength of the underlying radiative feedbacks
and ocean responses operating within each region. These re-
sponses were generally robust across models, but more stud-
ies and an examination of responses with ensembles would
be beneficial.

1 Introduction

It is becoming increasingly apparent that there are enormous
consequences to society and nature of rising concentrations
of atmospheric greenhouse gases (GHGs). Although scien-
tists have long warned about these consequences, current
efforts to limit GHG emissions appear inadequate to pre-
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vent large and dangerous climate change (IEAWEO22, 2022,
Fig. 3.2). Several approaches to deliberate climate interven-
tion (CI; Mcnutt et al., 2015a, b; National Academies of Sci-
ences, Engineering, and Medicine, 2021) have been proposed
as a way to counteract some global warming impacts, while
GHG emissions are being reduced. One major class of pro-
posed Cls involve aggressive carbon dioxide removal (CDR),
but there are substantial environmental, technical, and cost
challenges to the use of CDR at the scale needed to signif-
icantly and rapidly reduce global warming. Another class,
and the primary consideration here, proposes making slight
changes to the energy entering and leaving the planet. These
methods use the physical principle that the planet’s average
temperature is determined by a balance between the Sun’s
energy entering the Earth system (warming the planet) and
its eventual emission away at longer (infrared) wavelengths
(cooling the planet). This strategy operates to cool the planet
by slightly reducing the sunlight reaching the Earth’s surface
or increasing the emission of energy leaving the climate sys-
tem at the surface. CI strategies that modify the Earth’s en-
ergy budget are often broadly called sunlight reflection, solar
radiation modification (SRM), or solar geoengineering meth-
ods because they are usually used to reduce incoming energy
at short wavelengths. But the term is also used for methods
that influence Earth’s emission of energy at infra-red wave-
lengths. A variety of SRM methods have been proposed, and
some of them operate by modifying the number of submicron
particles (usually called aerosols) present in the atmosphere.
Aerosols have both natural and anthropogenic sources, and
some SRM methods modify their number in the atmosphere
in order to increase sunlight reflection or to increase the emis-
sion of energy from the Earth’s surface. Changes in GHGs,
aerosols, and clouds change the energy budget and the radia-
tive fluxes within and at the boundaries of the atmosphere.
Radiative drivers of climate change are often discussed in
terms of atmospheric energy flux changes that we loosely
term effective radiative forcing (ERF; in W m~2) or just forc-
ing hereafter. For brevity, we also group inadvertent forcing
from aerosols, GHGs, land use, and land cover changes and
refer to this group as “GHG forcing”.

One SRM strategy that has received a lot of attention in
the climate community is based upon the observed cooling
following strong volcanic eruptions that increase particles
high in the atmosphere in a region called the stratosphere.
Those increased stratospheric aerosols reflect sunlight back
to space. Methods proposing to increase the amount of light-
scattering aerosols in this region of the atmosphere (by
planes, rockets, balloons, etc.; Budyko, 1974; Rasch et al.,
2008) are therefore called a stratospheric aerosol injection
(SAI).

The approach of the most importance to the protocol de-
scribed herein emerged from an observational and theory-
based study by Slingo (1990) indicating the remarkable role
that low-level oceanic clouds play in the Earth’s energy bud-
get and that small changes in those clouds could change the
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Earth’s energy budget very substantially. That study, cou-
pled with observations of how increases in ambient aerosol
concentrations within clouds can increase cloud reflectivity
(Twomey, 1977), led to a suggestion by Latham (1990) that
marine boundary layer clouds might be deliberately made
more reflective (brightened) as a climate intervention by in-
troducing additional aerosol particles. This strategy came to
be called marine cloud brightening (MCB). It was eventually
recognized that not all surface-emitted particles would end
up in clouds but that they may remain in the atmosphere for
some time after cloud droplets evaporate or could be intro-
duced in cloud-free regions. These aerosols will also scatter
additional sunlight, contributing to climate cooling, which
is also known as marine sky brightening (MSB; Jones and
Haywood, 2012; Partanen et al., 2012; Ahlm et al., 2017).
The size of sea salt aerosol (SSA) that would be optimal for
MCB is quite a bit smaller from the size that would be op-
timal for MSB, and MCB does not aim to produce a strong
direct forcing, but studies of MCB are also relevant to MSB.

The primary effect targeted by MCB is a redistribution of
cloud water from a smaller number of larger droplets to a
larger number of smaller droplets, which results in greater
liquid water surface area in the cloud and therefore higher
reflectivity (known as the Twomey effect; Twomey, 1977).
However, clouds respond to this change in droplet size dis-
tribution in a number of complex ways that can change the
total amount of condensed water in the cloud, referred to as
the cloud liquid water path (LWP; Chen et al., 2022; Yuan
et al., 2023; Khatri et al., 2023), which also affects cloud
reflectivity (Wood, 2007; Chun et al., 2023). The sign and
magnitude of the LWP changes depend strongly on meteo-
rological and background aerosol conditions as well as the
magnitude of the perturbation and cloud response (Ackerman
etal., 2004; Wang et al., 2010; Wood, 2007; Xue et al., 2008).
The change to smaller droplets can suppress precipitation,
increasing cloud LWP, but it can also increase the evapora-
tion rate of droplets, decreasing cloud LWP. The change in
droplet size can also affect how long the cloud lasts, resulting
in an overall change in cloud fraction (CF). These secondary
effects are often called cloud adjustments (Wang et al., 2011;
Jenkins et al., 2013; Chen et al., 2022) As such, the to-
tal effect of MCB must account for changes in cloud LWP
and CF as well as the Twomey effect and the direct light-
scattering effect of aerosols added to the atmosphere target-
ing cloud brightening. Importantly, many of the processes
driving cloud LWP and CF changes are not fully or precisely
accounted for in climate models. In particular, climate mod-
els tend to more systematically produce increases in cloud
LWP and CF than is estimated from observations and from
higher-resolution modeling studies that resolve more cloud
features and account for some characteristics of cloud and
aerosol interactions that are neglected or awkwardly treated
in climate models (Quaas et al., 2008; Stevens and Feingold,
2009; Seinfeld et al., 2016; Malavelle et al., 2017).
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In addition to accounting for these aspects specific to
MCB, it is important to keep in mind that MCB, as with
all SRM interventions, does not address some impacts of
high CO; concentrations; most notably, SRM does not mit-
igate increases in ocean acidity, and the hydrological sensi-
tivity to SRM is higher than that of GHG. Common to all
SRM approaches, effective cloud brightening would, overall,
cool the climate, but the different SRM interventions have
distinct features, different levels of efficacy at reducing cli-
mate warming and would affect climate benefits and risks
differently. For all SRM interventions, the impact on climate
changes and associated risks will depend on the specifics of
how the intervention is implemented. Earth system models
(ESMs), which we also loosely call global climate models or
GCMs here, allow for the exploration of these responses and
their dependence on implementation approach.

This section has already introduced a lot of acronyms, and
more appear throughout the paper. They are summarized in
Table A2 in the Appendix.

2 Background motivating the protocol

This paper introduces a protocol for computer simulations
using climate models that is designed to better understand
and expose possible climate consequences (risks and bene-
fits) on decadal and longer timescales of MCB by connect-
ing interventions in specific regions containing clouds sus-
ceptible to aerosol effects with local and far-field climate
responses. We also occasionally contrast MCB with SAIL
Both SAT and MCB interventions produce some common re-
sponses in models of the climate system (for example, the
overall cooling of the planet), but they also have very differ-
ent physical characteristics and regional climate impacts, and
the level of scientific understanding differs, requiring some-
what different approaches to modeling. We try to note some
of those differences during the discussion because they in-
fluence the protocol choices. Other SRM strategies have also
been proposed and considered (see Mcnutt et al., 2015b; Na-
tional Academies of Sciences, Engineering, and Medicine,
2021), but they are not discussed here. It is also important
to note that the simulations specified in the protocol are an
idealization of MCB and not a practical recipe for an imple-
mentation strategy and that they are not designed to minimize
the negative climate impacts. Those goals could be explored
in a later study or through an extension of this protocol. The
next section introduces terms and concepts and provides con-
text for topics discussed in the rest of the paper, so is not a
complete review of all previous studies. Many of the cited
works can provide more details about these topics.
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2.1 Review of previous modeling studies of SRM
impacts

Both SAI and MCB increase the reflectivity of the planet
and produce a global mean negative ERF (a measure of the
strength of the cooling by a forcing agent) using aerosols, but
they operate on very different spatial scales and timescales.
Since SAI forcing is produced by introducing aerosols
at high altitudes, where their lifetime can be a year or
longer, they spread (and cool) over large geographic regions.
Aerosols introduced near the surface for an MCB interven-
tion would be scavenged very rapidly (a few days) so their
influence covers a much smaller area. Therefore, an MCB
intervention, producing an equivalent global forcing but in-
troduced over a smaller area (usually envisioned to be 10 %—
20 % of the planet’s surface but sometimes much larger; e.g.,
Balaetal., 2008; Rasch et al., 2009; Stjern et al., 2018) would
produce much stronger local ERF (cooling) than SAI. How-
ever, the cooling effect would not only be local as winds and
ocean currents can spread this cooling (Jones et al., 2009).
The different characteristics of the forcing and response for
MCB and SAI are potentially useful, and outcomes might
be optimized using a combination of multiple techniques
(Boucher et al., 2017).

Significant uncertainties remain around how any of these
SRM intervention approaches would affect climate risk un-
der different scenarios of greenhouse gases and background
aerosol concentrations. As impacts of climate change grow
and become more tangible, there may be increasing pres-
sure to consider reducing climate warming using one or more
SRM approaches, but the current level of knowledge is not
sufficient to detect, attribute, or project with sufficient ac-
curacy the consequences for climate risks, motivating more
studies on the topic.

Studies of CI have proliferated and researchers have often
used differing experimental design strategies for their simu-
lations. As with other parts of the climate change research
community, CI researchers recognized the advantages of de-
veloping standard scenarios (for emissions and forcing) and
methodologies to compare model simulations and determine
the robustness of their results, which led to the formation
of the Geoengineering Model Intercomparison Project (Ge-
oMIP; Kravitz et al., 2011, 2013, 2015; Visioni et al., 2023).
The GeoMIP protocols have proven very useful for identify-
ing consistent responses across models and also for noting
features where models differed. Scientific consensus reports
like the Sixth Assessment Report of the Intergovernmental
Panel on Climate Change (IPCC, 2021) have used studies
proposed by individuals and groups and particularly GeoMIP
to guide their conclusions about SRM. In order to maximize
participation and minimize both computational cost and ex-
perimental complexity, the simulations and protocols defined
for multi-model intercomparisons like GeoMIP were chosen
to be quite simple, and the design setups and climate change
scenarios used were not particularly realistic. The protocols
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were idealized by design, and they neglected, prescribed, or
left unspecified many physical, chemical, and biological fea-
tures that are known to be important and interact with other
Earth System components, but accurate treatment of those
processes is so costly (in terms of computational and human
resources) that it makes sense to start with simple calcula-
tions in a common framework and do more realistic calcu-
lations outside that framework as understanding develops.
The most recent summary of GeoMIP (Kravitz et al., 2015)
outlined simulation protocols that climate modeling groups
have followed to explore the climate consequences from so-
lar dimming and from SAI and MCB climate interventions.
An assessment of the strengths and weaknesses of the Ge-
oMIP protocols is provided in Visioni et al. (2023).

There have been a few notable recent global modeling ad-
vances relevant to SRM research since those studies:

— The climate modeling community recognized the im-
portance of using larger ensembles of simulations to
better understand and characterize the role of natural
variability in the Earth system and how that variabil-
ity features in detecting and attributing climate change
(Kay etal., 2015). These large ensembles are now some-
times used in CI research (Tilmes et al., 2018).

— In contrast to earlier SRM studies, researchers have also
begun exploring the use of controllers to vary the loca-
tion and amplitude of CI forcing to optimize it to meet
specific climate objectives (MacMartin et al., 2014).
One early study using a controller (Kravitz et al., 2017)
developed a procedure for using SAI to manage three
climate features — the globally averaged surface tem-
perature, the difference in the warming in the two hemi-
spheres, and the gradient in the warming from the Equa-
tor to the two poles. These targets were managed by
varying the amplitude of aerosol emissions in the strato-
sphere at four latitude bands. These optimization proce-
dures are designed to minimize the intervention while
returning the model to a more desirable climate state.
Some GeoMIP protocols (Visioni et al., 2024) have
made use of a human controller to predict and then cor-
rect a simulation targeting one climate metric (global
averaged surface temperature).

— Modelers have begun investigating chemical (Tilmes
et al., 2018, and Richter et al., 2022, for SAI and
Horowitz et al., 2020, for MCB) and ecosystem impacts
(Russell et al., 2012; Trisos et al., 2018).

The most ambitious study proposed for an SAI intercompari-
son activity (specifying a large ensemble and a controller) to
date is probably Richter et al. (2022, hereafter called ARISE-
SAI). The ARISE-SAI protocol was also designed to be more
policy-relevant than previous SRM protocols because it used
a modern, more realistic emission scenario for anthropogenic
GHG forcing and adopted a protocol meant to limit globally
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averaged surface temperature (rather than using SRM to ad-
dress less realistic GHG scenarios) following many of the de-
sign goals discussed in MacMartin et al. (2022). The ARISE-
SAI protocol started the intervention in 2030 (a more realis-
tic but still optimistic estimate), while in the GeoMIP sim-
ulations, intervention started in 2020 — which is clearly no
longer feasible.While individual models performing ARISE
simulations using a nominally identical controller are able to
achieve and maintain multiple targets, there appear to be con-
siderable inter-scenario differences (Wells et al., 2024) and
inter-model differences (Henry et al., 2023) in the latitudinal
distribution of the optimized injections strategy.

While there have been a relatively large number of climate
model studies of SAI interventions, the number of studies
evaluating MCB interventions is significantly smaller, and
this has also resulted in a less mature and more superficial
evaluation of the potential climate impacts of possible MCB
implementations. Studies of MCB climate impacts have also
often made differing choices about how to do the MCB in-
tervention by varying areal locations, extent, strength, and
timing of aerosol injections or forcings and the choice of cli-
mate change scenario to which the intervention is added (e.g.,
Jones et al., 2009; Rasch et al., 2009; Korhonen et al., 2010;
Partanen et al., 2012). Alterskjaer et al. (2013) used a variant
of a GeoMIP SAI protocol (experiment SAI G3 from Kravitz
et al., 2011) for the first MCB protocol that was designed to
be used to compare multiple (in this case, three) models. A
radiative perturbation from MCB (restricted to operate be-
tween 30°S and 30° N) was introduced to counter some of
the anthropogenic forcing from an RCP4.5 scenario (Moss
et al., 2008). Two models with relatively simple treatments
for clouds and aerosols constrained the clouds’ radiative per-
turbation by explicitly overriding the number concentration
of cloud drops within modeled clouds, a strategy we hereafter
loosely call cloud drop number concentration (CDNC) per-
turbation. The concentration or emission of sea salt aerosols
that scatter sunlight directly was also changed but was not
required to remain consistent with the implied changes to
the cloud properties. The third model employed a more com-
plex and comprehensive treatment that predicted cloud and
aerosol properties, introducing the radiative perturbation by
adding a source for injected sea salt aerosols and then letting
those extra aerosols participate in all modeled physical pro-
cesses. Each model was configured to produce forcing that
approximately countered the GHG forcing increases between
2020 and 2070.

More recent MCB studies have generally followed one
of the paradigms described in the previous paragraph. In
spite of the variations allowed for by experimental setups
in these studies, some common features have emerged: first,
many studies saw the expected strong local climate responses
to the strong local radiative forcing in subtropical regions
where clouds are pervasive and susceptible, and those forc-
ings sometime produce far-field responses (teleconnections).
For example, some early MCB studies noted a tendency of
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MCB interventions generating strong MCB forcing in the
eastern subtropical ocean basins to produce a La Nifa-like
climate response (Rasch et al., 2009; Jones et al., 2009) even
though many details of their experimental design differed.
Jones et al. (2009) investigated those regional teleconnec-
tions more methodically by including and excluding specific
regions from an MCB intervention to explicitly demonstrate
that connection. That study and follow-up work by Jones and
Haywood (2012) and Hill and Ming (2012) also found a de-
crease in precipitation in the eastern Amazon rainforest in re-
sponse to MCB forcing in the subtropical south Atlantic. Re-
cently, C. C. Chen et al. (2024) showed that strong regional
teleconnections are not necessarily produced when forcing is
introduced over larger areal extents in less susceptible marine
clouds present at higher latitudes.

The first GeoMIP model experiments relevant to MCB
(Kravitz et al., 2013, 2015) suggested studies based upon
many of the studies mentioned in earlier paragraphs: (1) a
change to the surface albedo over all ocean regions, (2) an
increase in CDNC by 50 %, (3) an increase in natural sea salt
emissions, and (4) the Alterskjaer et al. (2013) multi-model
protocol summarized in a few sentences above. While useful
for a first estimate of MCB potential effects on climate, runs
with a highly simplified representation of MCB (e.g., chang-
ing the surface albedo over all oceans or all marine clouds
equatorward of 30°) clearly produces a very different climate
response than realistic implementations of MCB.

Other aspects of the CDNC and SSA perturbation runs
were also unrealistic. For example, simulating MCB by in-
creasing the natural sea salt emissions introduces aerosol par-
ticles that are much larger than those considered optimal for
MCB (e.g., Wood, 2021). Expressing MCB efficiency as be-
ing a measure of the radiative forcing per mass of injected
salt aerosol, these larger aerosols are not ideal for bright-
ening clouds, but they are more efficient at scattering sun-
light directly — leading to different conclusions about both
the mass of sea salt aerosol that would need to be emitted
to achieve a given forcing and the relative roles of clear-sky
MSB versus forcing through cloud brightening that would
be produced by MCB. For the rest of this study, we distin-
guish between MCB simulations using wider sea salt aerosol
emissions with size distributions similar to those produced
by natural processes (SSA simulations) and those involving
emissions using a narrow size range deliberately optimized
to be cloud nuclei (Connolly et al., 2014; Wood, 2021) that
we henceforth term iSSA (injected sea salt aerosols).

Our modeling protocol builds on these earlier studies,
moving toward more realistic representations of MCB that
can be simulated across multiple models. We seek to bridge
the gap between past regional MCB studies that made dif-
ferent implementation choices impeding clear model com-
parisons, and the GeoMIP simulations that deployed less re-
alistic uniform interventions over extremely large marine re-
gions. By performing an inter-model comparison of the MCB
effect for consistently defined regional interventions, we aim
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to clarify the key points of agreement and uncertainty in the
climate response to more plausible MCB deployments.

2.2 Limitations and strengths of global models for
MCB evaluation

Models used for evaluating climate change and MCB inter-
vention have been found to be very sensitive to the manner
in which aerosols, clouds, and their interactions are treated.
The physical and chemical processes involving aerosols and
clouds are among the most challenging, complex, and diffi-
cult to represent in atmospheric models (Stevens and Fein-
gold, 2009; Carslaw, 2022). Approximations and simplifica-
tions required for the treatment of these processes in climate
models are responsible for many variations in model behav-
ior when those tools are exposed to present-day aerosol per-
turbations (Malavelle et al., 2017) and produce a lot of uncer-
tainty when used to study historical changes in climate and
to project future changes (Masson-Delmotte and et al, 2021).
Parameterizations of aerosols and the responses of clouds to
aerosols in climate models show quite different responses
across models (Ghan et al., 2016; Malavelle et al., 2017). As-
sessments of the performance of global models from large-
scale emissions from effusive volcanic eruptions suggest that
they are able to represent the impact on cloud effective ra-
dius with reasonable fidelity (e.g., Malavelle et al., 2017).
However, the observed impacts on the liquid water path and
in particular the cloud fraction that appears to be a key and
often overlooked mechanism in climate models (e.g., Chen
et al., 2022; Y. Chen et al., 2024) widely diverge between
models, and these responses also differ from those seen in ob-
servations and simulated with detailed large-eddy simulation
(LES) models that can explicitly treat most of the relevant
physics. LES models (Wang and Feingold, 2009; Wang et al.,
2011; Possner et al., 2018) are regarded as providing a much
more reliable portrayal of the aerosol—cloud interactions and
local cloud feedbacks that are important to the study of cli-
mate change and of MCB. However, they are not useful for
exploring questions on large timescales and spatial scales be-
cause it is far too computationally expensive to run simula-
tions longer than a few days over domains large enough to
capture regional- and global-scale climate and Earth system
responses, and they are still sensitive to details of their con-
figuration (resolution, domain size, specific choices of treat-
ment of cloud and aerosol physics, and turbulence).

Climate models are, however, very powerful tools for ex-
amining responses from forcing agents (for example to MCB
interventions) through energy and water budget changes or
via circulation feature changes (temperature, winds, ocean
currents, precipitation, soil moisture, etc.) through interac-
tions and feedbacks occurring between climate system com-
ponents (atmosphere, ocean, land, and ecosystems). There-
fore, it is important to use both small-scale process models
and climate models for exploring different science questions
associated with MCB intervention.

Geosci. Model Dev., 17, 7963-7994, 2024
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2.3 Considerations influencing the protocol design

The issues discussed above guide some aspects of our specifi-
cation of a protocol for exploring climate responses to MCB.
While we do not assume that climate model results can nec-
essarily provide quantitative information about how much a
CDNC perturbation to clouds or SSA emissions will be re-
quired to produce a specific MCB forcing or a given circu-
lation response, we are interested in the range of these re-
sponses and in identifying the implications of the required
perturbations for the feasibility of an MCB intervention. We
have designed our global modeling protocol to focus on
quantifying the climate responses to a given forcing in par-
ticular region(s) rather than on simulating aerosol—cloud in-
teractions with high fidelity. We use the simulations to pro-
vide information about the range of uncertainty across mod-
els in achieving these climate responses and to document the
model’s cloud responses to a perturbation. As described be-
low, global models often respond very differently to pertur-
bations that are intended to be identical, such as to a specific
amplitude of perturbation in CDNC or sea salt emissions.
The magnitude of changes in these perturbations needed to
achieve approximately the same MCB forcing differs, and
the forcing is often produced by differing cloud responses
and by differing contributions from the aerosols in cloud-free
regions. However, as is also shown below, there is a strong
level of consistency in the response to a given regional forc-
ing (regardless of how that forcing was achieved) among the
models.

As previously mentioned, there have only been a few
multi-model intercomparison activities designed to under-
stand climate responses to regional MCB and MSB forcing,
and there are many questions that have emerged from pre-
vious research. This study proposes extensions intended to
provide a more systematic and internally consistent evalua-
tion of the climate impacts of different feasible MCB imple-
mentations and a better understanding of why the responses
in global models differ. The protocol is designed to help ad-
dress some of the questions that appear in Table 1, which are
a more granular sub-set of the research questions raised by
Diamond et al. (2022).

Question Q1 recognizes that models have changed sub-
stantially since many of the MCB studies cited above were
conducted. They often used the RCP 8.5 (or its equivalent
SSP) scenario that does not appear to be very realistic or
policy-relevant today. There have also been substantial ad-
vancements in treatments of aerosol and cloud processes and
their interactions. These factors may influence the assess-
ment of the feasibility of MCB in countering GHG forcing.

Earlier studies also often introduced MCB intervention
over very large oceanic regions that do not provide much
insight into which regions matter or what their impacts
are (e.g., Rasch et al., 2009 or GeoMIP; Kravitz et al.,
2013, 2015). Only a few studies really looked at the rela-
tive susceptibility of some regions compared to others and
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the reasons for that susceptibility. Question Q2 is designed
to quantify this and identify whether there are common sig-
natures in cloud responses across models or common signa-
tures (in pattern and amplitude) of the circulation response
to an MCB ERF imposed in specific regions. An understand-
ing of the forcing response to an iSSA perturbation is also
a necessary first step if a multi-region automated controller
is going to be considered in future studies. And although
some previous studies (e.g., Jones et al., 2009; Hill and Ming,
2012) have sometimes identified common signatures in mul-
tiple models, the areal extent and location has still differed
pretty substantially (by a factor of 2 or more), so it is diffi-
cult to compare ERF and circulation responses quantitatively.
Question Q3 shifts attention back to whether MCB might
be feasible in order to counter some impacts of GHG forc-
ing and how large the ocean area must be to produce such
a cooling. Question Q4 is meant to reveal whether the forc-
ing is achieved by similar mechanisms in different models
and to provide enough information about the cloud changes
that some comparisons can be made with observations or de-
tailed cloud models. It is also possible that certain regions
are more sensitive to an intervention than others (addressed
in question Q5). We show below that models often behave
differently and that the use of a common carefully specified
protocol helps to expose those differences. Question Q6 fo-
cuses on teleconnections. We show below that a superficial
comparison of three models confirms the previously identi-
fied La Nifia-like SST response but also show that the ampli-
tude of cooling in the eastern Pacific is quite different across
those models. Boucher et al. (2017) examined the radiative
impacts of the combined use of MCB and SAI in fixed SST
simulations, found that forcing and rapid atmospheric adjust-
ments from the two SRM methods were additive, and con-
cluded by noting the need for coupled simulations to assess
the implications for additivity of climate responses. We ex-
tend this approach in question Q7 by evaluating the additivity
of radiative forcing and climate responses to MCB forcing in
multiple regions. Lastly, question Q8 expresses our interest
in the consequences of CI in different regions and whether
interventions in combinations of regions might amplify sig-
natures in specific regions or be used to compensate for spe-
cific features.

3 The MCB-REG protocol

Our protocol is intended to investigate MCB responses (both
local and remote) in three major stages (see Table 2). The
first stage establishes characteristics of the radiative forcing
produced by the intervention. This is particularly important
for MCB interventions because of uncertainties in clouds’
physical responses to aerosol perturbations and the partic-
ular difficulties that global models have in capturing these
interactions as discussed in Sect. 2.3. Climate model simu-
lations with fixed sea surface temperatures (SSTs) are used
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Table 1. List of questions this MCB protocol for climate models is targeting.

Ql

Have recent developments (in scenarios and in aerosol and cloud treatments) in GCMs changed
assessments of the feasibility of countering substantial GHG forcing with MCB?

Q2

Which regions do models suggest produce strong forcing and/or strong cooling? Which cloud
regimes? Are there characteristic robust responses to forcing in specific regions?

Q3

What can be learned from a limited set of regional simulations about issues and consequences
of varying areal extent and forcing strength in MCB interventions?

Q4

How is the MCB forcing achieved (Twomey effect, cloud adjustments, and direct forcing)?
What are the local signatures? Are they consistent across models? Are the responses to aerosol
cloud interactions consistent with relevant observations and/or with cloud-resolving (LES) sim-
ulations?

Q5

Do feedbacks make particular regions more effective than others in producing a response (e.g.,
are there hotspots that amplify or damp the climate response to an MCB intervention), and are
these model-dependent?

Q6

Which teleconnections would be affected by an MCB intervention? Are there common and ro-
bust signatures across multiple models indicating that an MCB intervention in a specific region
will trigger a teleconnection (far-field) response?

Q7

Are the impacts of an MCB intervention in multiple regions additive (and linear)?

Q8

Are there trade-offs with interventions in specific regions or compensations when forcing in
multiple regions?

Table 2. A brief description of the three stages used in the modeling protocol and their goals; see Sect. 3 for more discussion.

Stage no.  Setup Goal

1 Short control and regionally focused perturba- Document response in forcing and clouds to
tion simulations with fixed SSTs. perturbations for calibration.

2 Coupled simulations with MCB implementa- Document coupled responses in circulation fea-
tion set to achieve a given forcing in individual tures to perturbations (feedbacks and telecon-
regions to identify teleconnection patterns fol- nections) and establish whether there are impor-
lowed by (one or more) simulations with forc-  tant nonlinear interactions.
ing in concurrent regions.

3 Coupled simulations designed to achieve spe- These simulations would be intended to be

cific climate objectives. The coupled simulation
can but may not be required to use optimization

policy-relevant and useful for risk/benefit as-
sessments.

7969

algorithms (e.g., controllers).

to establish the radiative flux changes caused by CDNC and
iSSA perturbations to (1) establish whether current climate
models are capable of producing a strong global forcing re-
sponse to feasible perturbations, (2) assess whether cloud re-
sponses differ from region to region, (3) identify whether the
parameterized aerosol and cloud responses appear physically
reasonable, and (4) evaluate the linearity of the responses to
perturbations (e.g., whether forcing scales linearly with the
amplitude of the perturbation and whether a forced response
in one region is sensitive to forcing taking place in other re-
gions).

The second stage uses coupled GCM simulations with ide-
alized perturbations (in which the atmosphere, ocean, and
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sea ice can fully interact) to expose changes in circulation
features. Perturbations are introduced to identify (1) how cli-
mate feedbacks operate on the forcings, (2) whether telecon-
nections exist producing far-field responses, and (3) whether
the coupling of Earth system components introduces nonlin-
ear interactions or interactions between regions.

The first- and second-stage simulations are intended to
provide data required to design a planned third stage of sce-
nario simulations in which MCB is adjusted over time to
maintain selected climate targets (similar to ARISE-SAI but
applied to MCB interventions). Such simulations defined for
stage 3 of the project should be designed to be policy-relevant
for feasible interventions and useful for risk/benefit assess-
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ments. This set of simulations could include the use of a con-
troller, where MCB implementation locations and amount
are adjusted by the controller in a way that targets specific
climate metrics, as has been done for SAI as described above.

We do not prescribe specifics of the stage 3 simulations
here as the design of the MCB scenarios will depend strongly
on the outcomes of the first- and second-stage simulations.
Analysis of the simulations from stage 1 and 2 (particularly
if a larger group of models contribute simulations) should be
useful in guiding the stage 3 design. The development of a
controller in particular will rely on better understanding of
how MCB implementation in different regions affects differ-
ent climate metrics and decisions around what climate met-
rics might be best targeted using MCB.

3.1 Configurations, setup, and experiments

While some SRM studies have used slab ocean models that
account for an ocean thermodynamic response but prescribe
ocean dynamics and heat transport, we favor the use of full
ocean models. Slab models provide an inexpensive first-
order estimate of ocean temperature change but do not allow
for realistic dynamic ocean responses that may be impor-
tant (e.g., meridional overturning circulation, MOC, and El
Nifio—Southern Oscillation, ENSO, responses) that are sen-
sitive to ocean atmosphere heat and salinity fluxes. Modelers
should include dynamic ocean and sea-ice components that
have been coupled with a baseline simulation for 50 years
or longer prior to the start of simulations (as described in
Table 4) so that the mean state of the upper ocean, sea ice,
and atmosphere are not drifting strongly due to the choice of
ocean/sea-ice initial conditions.

Our protocol is similar in spirit to Jones et al. (2009, here-
after JHB2009) and Jones and Haywood (2012, hereafter
JH2012): we selectively introduce forcings in individual re-
gions and then introduce forcing in multiple regions concur-
rently. The protocol differs from JHB2009 in some ways:
rather than identifying irregular regions, each region is regu-
lar and occupies approximately 4 % of the global ocean area
(see Table 3 and Fig. 1), with the exception of the north-
ern oceans (NO) region of the Arctic. The NO region has
an areal extent of less than half that of the other regions,
and since the Arctic is ice-covered for a substantial part of
the year, the iSSA emissions are substantially reduced. Each
region has persistent marine boundary layer clouds known
to be susceptible to brightening from aerosols. The regions’
regularity makes it easier to specify across different models
and allows for a definition that does not depend on the char-
acteristics of the model grid or parameterization details. The
larger area used in this protocol also allows cloud deck lo-
cations to somewhat differ between models. Aerosol pertur-
bations are only introduced in model cells containing at least
90 % open ocean (that is, models should not perturb columns
containing significant land or sea ice). The protocol also as-
sumes that the amplitude of the perturbation will be cho-
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sen through a calibration procedure. The amplitude is con-
trolled by specifying a single scaling parameter that controls
the CDNC value (drops per volume unit) or the iSSA emis-
sion (kg per area unit of particles of specific size). For stages
1 and 2, a common scaling value is used in every oceanic
region involved in the intervention. So, for example, for an
iSSA intervention involving regions NEP, SEP, and SEA, the
same sea salt mass per area unit is injected into each of the
three regions to avoid too many permutations of forcing and
to expose differing sensitivities in each region. Future studies
might use differing perturbation amplitudes region by region
to optimize a particular outcome, but that is beyond the scope
of the present protocol.

Our strong preference is that the perturbation be intro-
duced using a sea spray source similar to that proposed by
Latham et al. (2013) that is capable of affecting clouds via
emissions of 50-100 nm dry diameter soluble aerosol. Some
models may find it difficult to specify this type of sea salt
emission source, so it is also acceptable (but deprecated) to
directly perturb CDNC in clouds in the specified regions.

We anticipate that perturbations of the same amplitude (in
iSSA emissions or CDNC) introduced in two different mod-
els will produce different forcing. Our primary interest is
in evaluating the climate responses to total (direct and in-
direct) forcing of similar amplitudes, so the protocol allows
the perturbation amplitude across models to differ. A vari-
able controlling the amplitude of the perturbation within all
regions is chosen to produce a similar globally averaged forc-
ing when applied concurrently to the NEP, SEP, and SEA
regions identified in Fig. 1 and Table 3. This produces forc-
ing that is largely distributed over the stratus/stratocumulus
regions off California, Chile—Peru, and Namibia, where stra-
tus and trade cumulus clouds are commonly observed. These
regions have often been focused on in past studies, e.g., in
JBH2009, JH2012, Rasch et al. (2009), and Hill and Ming
(2012). Our protocol formalizes the choice of regions, and
the amplitude of the forcing imposed in the three regions so
that the global forcing is approximately the same when each
model is forced in those three regions.

For consistency, we use the same size perturbation strength
(in iSSA or CDNC) in each region where MCB is imple-
mented for the regions described in Table 3 to assess model
responses to forcing in those regions. We anticipate that both
forcing and responses will differ from one region to an-
other because background aerosol amounts and meteorolog-
ical regimes differ from one region to another.

The mid-latitude regions in the south and North Pacific
Ocean (SP and NP) and in the northern polar ocean region
(NO) contain many clouds driven very strongly by mid-
latitude dynamical features and so have not been a focus
of MCB studies to date (although they were used in Rasch
et al., 2009, and Haywood et al., 2023, hereafter HEA2023,
among others). These regions also have a high fraction of
marine low clouds that may be viable targets for MCB, as in-
dicated by recent observational studies showing significant
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Table 3. The regions to be evaluated that have persistent low clouds
susceptible to aerosols. Each region occupies about 4 % of the
global ocean except NO (2 %). Interventions are introduced only
over columns containing open-ocean fractions exceeding 90 %. See
also Fig. 1 and the main text for more details.

Region (abbreviation)  Latitude range Longitude range

NE Pacific (NEP) 0-30°N 110-150°W
SE Pacific (SEP) 0-30°S 70-110°W

SE Atlantic (SEA) 0-30°S 15°E-25°W

N Pacific (NP) 30-50°N 170°E-120°'W
S Pacific (SP) 30-50°S 90-170°W
Northern oceans (NO)  60-90°N 0-360°W

cloud brightening with aerosol perturbations (Mace et al.,
2023; Chen et al., 2022; Murray-Watson and Gryspeerdt,
2022). As such, we also include these regions in our proto-
col. The SP and NP regions are included for some of the sim-
ulations to understand what leverage one might achieve with
forcing further from the Equator. These clouds are typically
composed of both liquid droplets and ice crystals, which
adds additional complexity to the microphysics that govern
their evolution and their radiative properties (e.g., Matus and
L’Ecuyer, 2017).

3.2 Calibration procedure

This protocol requests that the MCB perturbation be cali-
brated to produce a target global annually averaged effective
radiative forcing (ERF) from the combination of cloud and
(for MCB introduced through an iSSA perturbation) direct
aerosol radiative forcing of about —1.8 W m~2 in the fixed
SST simulations with the intervention in the NEP, SEP, and
SEA regions concurrently, which constitutes the first stage of
our protocol (see Table 2). This targeted total global forcing’s
magnitude is about half of the amplitude (and of opposite
sign) of that associated with a CO, doubling.

The nominal MCB perturbation is achieved by starting
with a series of short (1-5-year) fixed sea surface tempera-
ture (SST) simulations to identify the required amplitude of
the perturbation (with respect to a control simulation using
prescribed Atmospheric Modelling Intercomparison Project
(AMIP) or climatological SSTs for the decade around year
2000) needed to reach the target global forcing. For mod-
els using specified CDNCs to achieve the forcing, we sug-
gest that CDNC perturbations be introduced by starting with
a CDNC perturbation of 375cm™ in each region and then
scaling the perturbation up or down using short CDNC sim-
ulations until the forcing produced from the three regions
reaches a target of about —1.8 W m~2. Models using a sea-
spray source should start by setting injected sea salt emis-
sions to about 50 Tg yr~! (NaCl; ignoring contribution from
other salts and organics) in each region (150 Tgyr~! for the

https://doi.org/10.5194/gmd-17-7963-2024

7971

Figure 1. The MCB regions. Also see Table 3 for information about
the regions.

sum of NEP, SEP, and SEA) and then scaling the emission
rate up or down to achieve that same target.

Because the protocol allows for a lot of flexibility in how
the MCB forcing is introduced, there can be substantial dif-
ferences between models in the resulting partitioning be-
tween direct (clear-sky) and indirect (cloudy-sky) forcing
within each region. Temporal variations in forcing may also
differ because of variations in the seasonal cycle of the clouds
and climate. The MCB perturbations are introduced so the
cloud responses are primarily local and possibly somewhat
downstream when introduced as an iSSA perturbation. For
the rest of the paper, the perturbation nominal value is that
which produces (by specifying either the iSSA emissions
rate, kg m~2s~!, or CDNC value, drops per Cm3) a total
forcing (ERF) of about —1.8 Wm~2 from concurrent inter-
ventions in the NEP, SEP, and SEA regions in a simulation
with prescribed SSTs. This value is a pretty rough estimate
of the forcing because it does not take into account natu-
ral interannual variability of climate variables nor variations
in SSTs, the background concentration of aerosols, or other
factors/feedbacks that might cause variations in ERF, but it
is sufficient to make sure that models are producing about
the same ERF, and it allows us to establish the nonlinear-
ity in response to the perturbation amplitude (examples are
shown in Sect. 3.3). We suggest that the same perturbation
value (e.g., iSSA emissions rate per square meter or in-cloud
CDNC value) be used for the simulations involving pertur-
bations in other regions, so when more regions are included
in an intervention, the global forcing with perturbations us-
ing a nominal value could be quite different. In the models
considered here, a larger areal extent of the perturbation pro-
duces stronger (more negative) forcing (than —1.8 Wm~2)
since the introduced perturbation produces negative forcing
in all regions.

3.3 An outline of the protocol’s experiments and a few
illustrative results

This section provides text detailing the motivation behind the
experiments, provides caveats, and shows some illustrative
examples of conclusions that can be gleaned from those sim-
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ulations. Three models were used for the examples because
we were familiar with them and had the expertise, capability
and resources to run the simulations. A brief description of
the models, and details of the implementation of the MCB
perturbation for each model is provided in Sect. Al in the
Appendix. Some notes describing the requested model out-
put are provided in Sect. A3 in the Appendix.

Table 4 lists the simulations (experiments) needed to com-
plete stages 1 and 2 of the protocol. Modelers interested in
participating are encouraged to perform all the stage 1 sim-
ulations and at least simulations E3, E4 — NEP, E4 — SEP,
E4 — SEA, and E4 — NEP + SEP + SEA from stage 2, which
explore model response intervention in the three subtropi-
cal marine regions traditionally considered for MCB when
forcing is imposed individually and concurrently. This allows
for some evaluation of interactions between regions and ad-
ditivity of interventions to be explored. Participation in ex-
periments E4 — NP, E4 — SP, and E4 — NO is strongly en-
couraged because they provide information about responses
to MCB intervention at mid- and high latitudes. Exper-
iment E4 — NEP + SEP + NP + SP would be optional for
most groups. It allows modelers to compare results using a
different collection of regions chosen to match (Haywood
et al., 2023). More discussion of the experimental design
with some example results is provided in Sect. 3.3.1 and
3.3.2.

3.3.1 MCB-REG-S1 - simulations using prescribed sea
surface temperatures

Experiment El is used to define the fixed SST control sim-
ulations. The E2-cal experiments are meant to establish the
range of forcing (in the absence of feedbacks) that can be
produced by a particular perturbation strategy and to pro-
vide estimates of the nominal perturbation value needed to
produce substantial cooling for a specific perturbation strat-
egy. These simulations also expose differences in the mod-
eled aerosol-cloud-radiation interactions (e.g., changes in
cloud drop size, LWP, or CF) under the differing perturbation
strategies but not circulation changes. Once the nominal per-
turbation value is known, the other E2 simulations are then
used to produce quantitative estimates of the ERF produced
from iSSA or CDNC perturbations in a range of regions and
to establish whether the ERF operates in an approximately
additive manner (when perturbations are introduced concur-
rently with fixed SSTs). The perturbation amplitude is ex-
pected to be approximately the same in each region, but the
radiative (e.g., due to differing baseline aerosol concentra-
tions or CDNC) and circulation responses may differ from
region to region, and the total response depends on the choice
of regions and number of regions involved in the interven-
tion.

Figure 2 provides an example of the substantial differences
between the E3SMv2, CESM2, and UKESM1 models in the
cloud responses to a range of iSSA perturbations introduced
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within the NEP, SEP, and SEA regions. The CESM2 model
required iSSA emissions of approximately 7.5 Tgyr~! to
achieve a forcing of about —1.8 W m~2, and the forcing is al-
most entirely from the cloud response to the iSSA emissions.
The E3SMv2 and UKESMI1 models require much stronger
emissions (up to a factor of 10 higher than CESM2), and
much of the total ERF is due to direct sunlight reflection by
the added aerosols (see more discussion of this topic near
Fig. 5). Table 5 shows estimates of the required CDNC per-
turbation and iSSA emissions needed to reach the target forc-
ing for those models. E3SMv2 is not able to achieve that
forcing until CDNC is increased to 2000 drops cm™3. If the
E3SMv2 model is correctly representing the change in cloud
albedo produced by this aerosol perturbation, it appears un-
likely that the target forcing could be achieved through feasi-
ble iSSA emissions in these three regions only since such
CDNCs are only present in exceedingly polluted environ-
ments (e.g., Quan et al., 2011). Ramanathan et al. (2001, see
their Fig. 5) summarizes different observational datasets for
marine low clouds; this analysis suggests that it is rare to find
cases with CDNC > 500 drops cm 3 even when aerosol con-
centrations rise into the low thousands per cubic centimeter.

The E3SMv2 configurations using iSSA scenarios can ac-
tually achieve the target forcing with substantially lower
CDNC changes than the simulations where CDNC is per-
turbed directly for a few different reasons. First, overwriting
the calculated CDNC with a prescribed value can lead to re-
strictive and internally inconsistent states within a model in
terms of cloud drop size distribution properties that govern
cloud microphysical and radiative processes. Most models
will attempt to iron out those inconsistencies as each pro-
cess parameterization is invoked and particular cloud prop-
erties are subsequently used, but the adjustments are imper-
fect, particularly when concentrations are specified that are
well outside the range of values the model would produce
for a particular (meteorological and aerosol) regime. These
inconsistencies are not apparent when the perturbation is in-
troduced as an aerosol source. Secondly, the sea salt aerosol
can spread via atmospheric transport and turbulence and oc-
cupy a somewhat larger region and depth than when the per-
turbation is induced as a CDNC perturbation. Those slightly
more extensive cloud changes also contribute to the forcing.
Thirdly, the aerosol direct effect can be very important in
achieving a target forcing, and the CDNC perturbation strat-
egy does not capture this forcing component.

Question Q7 in Table 1 considers the additivity of cloud
and circulation responses to perturbations when they are in-
troduced separately or concurrently in different regions. An
estimate of the forcing introduced by a perturbation in a set
of regions can be made by adding the changes that develop in
simulations when perturbations are introduced one at a time
in individual regions. Hereafter, we call such an estimate a
synthetic estimate that can be compared to the true response
in a simulation produced by perturbing the same regions si-
multaneously (concurrently). Figure 3 shows the spatial pat-
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Table 4. Table of experiments; Y2000AF means the simulation is run with anthropogenic forcing and SSTs for the decade centered on year
2000. SSP-baseline is ideally the SSP2-4.5 scenario.

Simulation ID Model configuration Run length Rationale

Stage 1

E1l Fixed SST, Y2000AF 15-year simulation Control runs

E2 —cal Fixed SST, Y2000AF and MCB  multiple short (< 5-year) simulations  Calibration to establish the
model’s nominal perturbation
value when MCB is introduced
in NEP-SEP-SEA
(see Sect. 3.2)

E2 — NEP Fixed SST, Y2000AF and MCB  15-year simulation ERF in NEP

E2 — SEP Fixed SST, Y2000AF and MCB  15-year simulation ERF in SEP

E2 — SEA Fixed SST, Y2000AF and MCB  15-year simulation ERF in SEA

E2 — NP Fixed SST, Y2000AF and MCB  15-year simulation ERF in NP

E2 — SP Fixed SST, Y2000AF and MCB  15-year simulation ERF in SP

E2 -NO Fixed SST, Y2000AF and MCB  15-year simulation ERF in NO

E2 — NEP + SEP + SEA Fixed SST, Y2000AF and MCB  15-year simulation ERF in NEP + SEP + SEA

Stage 2

E3 Coupled, SSP245 30- to 80-year simulation Control runs

E4 — NEP Coupled, SSP245 and MCB 30- to 80-year simulation ERF in NEP

E4 — SEP Coupled, SSP245 and MCB 30- to 80-year simulation ERF in SEP

E4 — SEA Coupled, SSP245 and MCB 30- to 80-year simulation ERF in SEA

E4 — NP Coupled, SSP245 and MCB 30- to 80-year simulation ERF in NP

E4 — SP Coupled, SSP245 and MCB 30- to 80-year simulation ERF in SP

E4 —NO Coupled, SSP245 and MCB 30- to 80-year simulation ERF in NO

E4 — NEP + SEP + SEA Coupled, SSP245 and MCB 30- to 80-year simulation ERF in NEP 4 SEP + SEA

E4 —NEP+ SEP+NP+SP  Coupled, SSP245 and MCB 30- to 80-year simulation ERF in NEP + SEP + NP + SP

terns of the synthetic and concurrent forcing for iSSA per-
turbations in CESM2 and E3SMv2 for injections in NEP,
SEP, and SEA. There are no statistically significant differ-
ences between the synthetic and concurrent global averages
for E3SMv2 and CESM2 as the differences defined by the
5 % and 95 % range between the two estimates using boot-
strapping overlap with zero for each model (indicated in the
panel title shown in Fig. 3e, f).

Figure 4 shows the globally averaged forcing response of
the three models to iSSA when introduced independently in
each of the six regions and for two combinations of the re-
gions (both concurrent and synthetic estimates). Estimates
are provided for both NEP + SEP + SEA regions shown in
Fig. 3 as well as the NEP + SEP + NP 4 SP regions that are
a part of the stage 2 simulations. The forced response varies
by region. In UKESMI, the larger responses are found in the
Southern Hemisphere (SP, SEA, and SEP), with a smaller
response in the NEP and NP regions; the NO region occu-
pies a much smaller areal extent, and since the emissions
are also proportional to the region of ice-free ocean, the
smaller response there is not surprising. Thus, we see little
evidence for significant non-additivity in the ERF with the
inclusion of iSSA perturbations in different regions. The syn-
thetic method provides a reasonable estimate of forcing.
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Table 5. Nominal CDNC values or iSSA emission rates and associ-
ated effective radiative forcing values for NEP, SEP, and SEA fixed
SST simulations.

Model Strategy  Perturbation amplitude  Estimated forcing
CESM2  CDNC  600cm™3 —1.8Wm2
CESM2 iSSA 2.5Tg yr_1 perregion —1.8W m—2
E3SMv2 CDNC  2000cm™3 ~1.8Wm2
E3SMv2  iSSA 16 Tgyr ! perregion  —1.8Wm™2
UKESMI1  iSSA 25Tgyr ! perregion  —1.7Wm™2

Table 5 and Fig. 5 show how strongly the atmospheric re-
sponse to sea spray emissions differs in three models cali-
brated to produce approximately the same global forcing in
the three regions most frequently considered for MCB (NEP,
SEP, and SEA). UKESM1 (synthetic estimate) requires ap-
proximately 10 times higher iSSA perturbation than CESM2
to get the same forcing. The emissions required to achieve a
target forcing in the UKESM1 and E3SMv2 models are more
similar, and the models’ cloud responses are also closer. Be-
cause the CESM2 boundary layer clouds are so susceptible to
aerosols, the total forcing has been achieved with a smaller
change in clear-sky radiative fluxes in that model than the
other two models, which require much larger iSSA emis-
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NEP + SEP + SEA Sea Salt Emission vs. ERF
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Figure 2. Shortwave ERF estimated from fixed SST simulations for NEP-SEP-SEA emissions simultaneously (CESM2 and E3SMv2) or
computed as the sum of individual regional experiments (SYN) (UKESM1). Dashed lines for CESM2 and E3SMv2 show the clear-sky
component of the forcing. Small dots show all-sky ERF computed from shorter 1-year testing simulations.

sions. The clear-sky aerosol forcing is about 20 %, 40 %, and
70 % of the total forcing in CESM2, E3SMv2, and UKESM1,
respectively, and in E3SMv2 and UKESM1, the direct forc-
ing is colocated with the aerosol emissions, while in CESM2,
the only differences are found in high latitudes, where inter-
annual variability is very large. Much of the cloud response
in CESM2 occurs through changes in cloud cover, while the
other two models have a relatively muted response in this
field. The CESM2 also produces a much larger response
through increases in the cloud liquid water path (LWP).

3.3.2 MCB-REG-S2 - coupled simulations

The impact of CI in a coupled climate model framework
can be assessed using a variety of strategies. One straight-
forward method used here compares simulations with (fixed
or varying) GHG forcing and (fixed or varying) CI forcing to
baseline simulations without an SRM intervention. Other ap-
proaches are also useful, for example, by comparing model
runs with CI to a pre-industrial period or period prior to
the beginning of the intervention. Modelers have also often
compared the CI+ GHG simulations to a simulations with
weaker GHG forcing (Haywood et al., 2023).

Our simulations show that the MCB global mean cool-
ing effect does not significantly change when comparing the
MCB effect under early- versus mid-21st-century SSP2-4.5
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warming in CESM2, and the difference in response is mod-
est in E3SMv2. The MCB cooling pattern is also very sim-
ilar between these periods, though statistically significant
differences are apparent in the north Atlantic for CESM2
(Fig. ASe, f in the Appendix). Based on this, the details of
the GHG forcing trajectory and the choice of baseline ap-
pear to be secondary in answering some of the questions in
Table 1. The CESM2 simulations do show some nonlineari-
ties between the GHG and MCB in the Northeast Pacific (see
also Wan et al., 2024), so the baseline scenario may influence
the response in some models. These issues are considered in
more detail in the text discussing results shown in Figs. 10
and 11 and in Sect. 4. Our protocol encourages the use of
the SSP2-4.5 (Riahi et al., 2017) or a similar scenario (e.g.,
RCP4.5) with coupled ocean, sea-ice, and land model com-
ponents. The critical features to participate in this assessment
protocol are to use MCB forcings that are of similar ampli-
tudes in common regions. Our experimental design and eval-
uation strategy is a variant of that used in GeoMIP studies
to date, extending it by allowing for an SSP scenario to be
used as a control (the experiment listed as E3 in Table 4) and
the perturbation simulation (listed as experiments E4 plus a
qualifier in Table 4) that includes the control’s GHG forcing
as well as forcing from the MCB intervention. Our prefer-
ence for the E4 experiments is to impose a fixed MCB forcing
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Figure 3. Top-of-the-atmosphere radiative flux anomalies from fixed SST simulations. iSSA emissions in CESM2 at 2.5 Tgyr—

1 per region

(a, ¢, e) and E3SMv2 at 16.5Tg yr_1 per region (b, d, f) in NEP, SEP, and SEA simultaneously (a, b) versus the sum of ERF fields when
aerosol is emitted in each region separately (the synthetic estimate; ¢, d) and the difference between the two (e, f). Non-significant grid points
by the ¢ statistic and false detection rate test are masked with white. The title of each panel displays the global mean ERF and the 5th-95th

percentile range of the bootstrap resampled mean.

superimposed upon an SSP2-4.5 baseline simulation similar
to the G7 cirrus thinning protocol, first described in Kravitz
et al. (2015), but we also allow for and discuss some simu-
lations using time-varying emissions intended to counteract
a time-varying target forcing, as in the G6 experiments de-
scribed in Kravitz et al. (2015) or HEA2023. We note that
the pattern of response in some climate variables is broadly
similar for simulations using CDNC and iSSA perturbations
in CESM2 and E3SMv2 if the location and strength of the
radiative forcing are similar (e.g., temperature — Fig. A3 and
precipitation — Fig. A4), but more study would be useful to
assess whether the CDNC perturbation method is a robust
framework for evaluating MCB impacts.

Figure 6 shows the time series of global annual aver-
age surface temperature (TS) in CESM2 and E3SMv2 for
a series of control and perturbation simulations using the
SSP2-4.5 scenario for the baseline and control, with pertur-
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bations capable of producing an additional approximately
—1.8Wm™2 MCB intervention when introduced concur-
rently in the NEP, SEP, and SEA regions. The simulations’
global average TS change also appears quite insensitive to
whether MCB is introduced as a CDNC or iSSA perturba-
tion. The differences between the two perturbation strate-
gies are no larger than the variability revealed from the three
members of the control ensemble of CESM2, at least for this
measure of climate change. The CESM2 model surface tem-
perature response to MCB is somewhat larger than in the
E3SMv2 model for a similar ERF, and the adjustment oc-
curs more rapidly, presumably because of different ocean
model characteristics. The globally averaged TS response to
the instantaneous application of the MCB forcing appears
quite quickly (within a couple of years), and the increase in
temperature from the growing GHG forcing reappears after
20 years or so.

Geosci. Model Dev., 17, 7963-7994, 2024
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Figure 4. Effective radiative forcing (ERF) computed from the top-
of-atmosphere downward shortwave and longwave radiative flux
anomalies in fixed SST simulations for sea salt emissions in differ-
ent regions and models. Error bars show the 2-standard-deviation
error range. The nominal single-region emission rate shown
in the legend (CESM2=2.5Tgyr"!, E3SMv2=16.5Tgyr"!,
UKESM1 =25Tg yrfl) is one-third of the emission rate that
causes ERF=—1.8 Wm~2 when emissions are imposed in NEP,
SEP, and SEA simultaneously. Thus, NEP, SEP, and SEA emissions
are 3 times the nominal values and NEP, SEP, NP, and SP emissions
are 4 times the nominal value. Concurrent NEP, SEP, and SEA data
are not available for UKESM1.

Figure 7 shows the precipitation response in UKESMI1,
E3SMv2, and CESM2 for interventions introduced in indi-
vidual regions through iSSA perturbations for short coupled
simulations (averages of years 5—15 are shown). The CESM2
and E3SMv2 simulations use the nominal iSSA perturba-
tion designed to generate the target (—1.8 Wm™2) forcing
when it is applied concurrently in the NEP, SEP, and SEA re-
gions. The UKESM1 model used a somewhat stronger nomi-
nal emission magnitude of 50 Tg yr~!, which would produce
a forcing of about —2.3 W m~2 (see upper panel of Fig. 3).

There are many precipitation responses common to all
three models when the forcing is introduced in individual re-
gions. The Intertropical Convergence Zone (ITCZ) generally
shifts away from the hemisphere where MCB forcing is in-
troduced, particularly over tropical oceans. Such a response
to a cooling from radiative forcing is also found in idealized
GCM studies (Kang et al., 2009). There is also a strong La
Nina-like response to MCB forcing in the SEP and SP re-
gions in all three models, with an eastward shift in warm-
pool precipitation. All three models also show a precipita-
tion reduction in eastern Amazonia when MCB is imposed
in the SEA region, much like the opposite phase of an At-

Geosci. Model Dev., 17, 7963-7994, 2024

P. J. Rasch et al.: MCB-REG protocol

lantic El Nifio event that is observed in nature when warmer
waters occupy the Southeast Atlantic (Valles-Casanova et al.,
2020). The CESM2 model has a particularly large response
compared to either E3ASMv2 or UKESM1. All three models
suggest that MCB forcing in the SEA region would introduce
circulation changes that would be partially compensated for
by MCB forcing in the SEP and SP region.

Many of the features found in the surface temperature re-
sponse are consistent with the precipitation response (Fig. 8),
which is consistent with Lindzen and Nigam (1987), but
there are also important differences. Surface temperature
changes over land differ between models (e.g., over eastern
China and much of North America) as do changes over the
oceans around Australia and at high latitudes. It is not clear
whether these differences are associated with natural vari-
ability, and multiple realizations (ensembles) will be impor-
tant to assess the statistical significance of these results. We
do not perform that kind of assessment here.

We find substantial differences in the global mean sur-
face temperature (GMST) sensitivity to MCB depending on
the intervention location and model, suggesting a substan-
tial role of the feedback pattern effect. Notably, across the
three models, the SEA forcing produces weaker global cool-
ing than other regions, while SEP and SP forcings show
stronger global cooling. Thus, the global efficiency of a given
MCB intervention depends on not only the susceptibility of
the clouds to the MCB aerosol perturbations, but also the
strength of the underlying radiative feedbacks operating with
each region. The forcing produced by MCB in the NO re-
gion is substantially weaker than that produced by MCB im-
posed at lower latitudes because the area is smaller, the sur-
face is often ice-covered and the sunlight weaker, so induced
changes in circulation features associated with precipitation
and temperature changes are quite small compared to the im-
pacts from forcing in other regions at these timescales al-
though there is some evidence for shifts in the ITCZ along
with the expected local Arctic cooling. Other signatures are
likely to require longer simulations or larger ensembles since
the Arctic climate (particularly sea-ice extent and thickness)
is extremely sensitive to small changes in the energy budget
and terms contributing to those changes, and the Arctic is
also a region of strong natural variability.

It is important to assess the utility of synthetic estimates of
climate responses (as described in Sect. 3.3.1 for fixed SST
simulations) to make rough estimates of the climate response
to particular combinations of forcings in multiple regions for
coupled simulations. This is a key assumption made when
creating SRM controllers, and large nonlinearity will play a
role in MCB controller design. Using this methodology for
coupled simulations is not as straightforward as when it is
used to look at cloud and radiative responses in the fixed SST
simulations because the different regions can interact much
more strongly via thermodynamic and circulation changes
when oceans are allowed to respond, more components of
the climate system are allowed to interact, feedbacks operate,
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Figure 5. Forcings and cloud responses produced by iSSA perturbations in fixed SST simulations designed to produce similar global, annual
average forcing in three models. Changes in shortwave (all-sky and clear-sky) fluxes, cloud cover, and liquid water path (LWP) are shown
by rows, respectively, for the UKESM1, E3SMv2, and CESM2 models (left to right by column, respectively). A synthetic estimate is used
for UKESMI1, and the cloud cover field estimated as the maximum cloud cover at pressures > 850 hPa. GA stands for global average.

and some of the interactions operate on longer timescales.
Some climate features respond relatively slowly to radiative
perturbations (on timescales of 30-50 years) and other fea-
tures (e.g., polar features involve sea ice and ice sheets) are
governed by very delicate balances between processes, so
identifying impacts during short simulations is less reliable,
and longer simulations or large ensembles (Kay et al., 2015;
Tilmes et al., 2018) are likely to be necessary.

In spite of the reliance on single realizations and short
runs in many of our example figures, we think that syn-
thetic estimates from shorter runs can provide good first-
order estimates of the response, and the use of longer runs
or ensembles will certainly improve the situation. Figure 9
shows an example of the similarity in the surface temper-
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ature (TS) response in the synthetic estimate compared to
that with MCB concurrently introduced in the NEP, SEP, and
SEA regions for years 10-30 in an SSP2-4.5 scenario using
CESM2 and E3SMv2. The synthetic estimate corresponds
quite closely to the response to concurrent forcing in terms
of the general pattern and amplitude of the surface temper-
ature change for CESM2. However, E3SMv2 shows signif-
icant non-additivity, and the synthetic estimate cools more
than the concurrent response by 0.3 K. The strong responses
to the SEP forcing seen in the tropical precipitation features
of Fig. 7 are also evident in the surface temperature response,
and there is a noteworthy signal in the North Pacific where
the Kuroshio Current contributes to the North Pacific Gyre
as well.

Geosci. Model Dev., 17, 7963-7994, 2024
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Figure 6. CESM2 and E3SMv2 time series of global averaged sur-
face temperature change (with respect to the year 2015 annual aver-
age of the ensemble mean) for control (solid) and perturbation (dot-
ted) simulations. CESM2 simulations are shown in purple shades,
and E3SMv2 in orange shades. Multiple ensemble members for
some simulations are displayed to provide a sense of the model in-
ternal variability.

To provide some evidence that synthetic estimates of the
climate response are useful for other combinations of re-
gions, Figs. 10 and 11 show the estimated responses in sur-
face temperature and precipitation when the three models are
forced with iSSA emissions in the four Pacific regions used
in HEA2023 (and experiment E4 — NEP 4 SEP 4 NP + SP
in Table 4). Both concurrent and synthetic estimates are dis-
played. The CESM2 and E3SMv2 responses have been es-
timated using the standard procedure by combining sim-
ulations made with nominal emissions confined to a sin-
gle region and comparing to a simulation made with the
same emissions per region in all four regions concurrently
(where all used constant emissions added to an SSP2-4.5
simulation). The methodology used for constructing the
UKESM1 estimate differed because existing simulations
from HEA2023 were exploited (their MCB simulations used
a different background GHG scenario and they used time-
varying iSSA emissions). Details of the strategies used to
generate the UKESM1 estimates shown in Figs. 10 and 11
are provided in Sect. A2 in the Appendix.

The synthetic estimates of the responses generally produce
a reasonable depiction of the responses to concurrent forc-
ing even when the estimate is produced with different GHG
baselines, as is the case with the UKESM1 model. When
comparing the synthetic estimate of the climate response to
the corresponding concurrent estimate, it is clear that the
magnitude of the synthetic estimate is always stronger (for
both temperature and precipitation) in all three models, but
the large-scale patterns match quite closely. Globally aver-
aged temperatures differ by 0.6, 0.3, and 0.1 K, and corre-
lation coefficients are 0.91, 0.93, and 0.74 in the E3SMv?2,
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CESM2, and UKESM1 models, respectively, with similar or
better agreement in precipitation fields. There are also many
small differences between the three models, some of which
are likely due to natural variability that cannot be reduced
without the use of ensembles. We have not evaluated ensem-
bles and longer runs here, but they should play an important
role in a more systematic evaluation of models participating
in an intercomparison. The La Nifia-like response to forcing
in the three region simulations noted above in the Fig. 9 re-
sponse is also present in the Pacific four-region simulation,
but the response appears stronger (decreases in central Pa-
cific precipitation and increases over northern Australia). All
models show a weak cooling (or a warming) in the north
Atlantic and North Pacific suggestive of a strengthening of
the meridional overturning circulation resulting from MCB
intervention. It is interesting to note that the patterns and
amplitude of the concurrent and synthetic estimates of the
MCB responses for the UKESM1 model agree quite closely
in spite of differences in the UKESM1 simulation setup al-
though the correlation is lower in that comparison than found
in E3SMv2 and CESM2. Therefore, the details of the GHG
forcing do not appear to matter a great deal to eliciting the
MCB response, and even the details of the MCB forcing may
not be crucial in getting a rough idea of the response. CESM2
is also clearly the most sensitive to MCB forcing. It shows the
largest response in the global averaged changes, and the am-
plitude of the anomalies (the positive and negative changes)
in temperature and precipitation at the regional level is also
much larger than for the other two models.

4 Summary and next steps

This paper describes the MCB-REG modeling protocol de-
signed to help understand climate impacts of marine cloud
brightening (MCB) climate intervention (CI). The simula-
tions requested in the protocol are not intended to assess con-
sequences from a realistic MCB implementation designed to
minimize climate impacts over the globe but instead to pro-
vide understanding about the kinds of responses produced by
MCB interventions in particular regions and provide rough
estimates of the impacts from concurrent interventions in
multiple regions. They are useful early steps in those more
ambitious studies. Six regions are specified as candidates for
MCB intervention in a simple, unambiguous way that can
be easily implemented in models run with different resolu-
tions and grid structures. The albedo change within regions
is achieved by changing the in-cloud drop number concen-
tration or by adding emissions of sea salt aerosol in a size
range believed to be optimal for MCB. A calibration step is
employed to reach a common nominal global MCB forcing
across models to allow for differences between models to be
assessed more easily and to identify the relative importance
of the forcing from cloudy- and clear-sky regions at forcing
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Figure 7. Precipitation responses produced through iSSA perturbations in coupled simulations for three models with similar forcing
(columns) when MCB is implemented in the regions indicated by red boxes (rows).

levels intended to counter a large fraction of the forcing from
a doubling of GHG concentrations.

Once the calibration step is complete, coupled simula-
tions with forcing in individual regions and combinations
of regions are used to derive estimates of the climate im-
pacts. Synthetic estimates constructed by linearly superpos-
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ing responses from simulations with forcing in individual
regions can be calculated to approximate the climate im-
pacts produced when MCB interventions are introduced in
multiple regions. Examples were provided from simulations
with three different climate models (CESM2, E3SMv2, and
UKESMI1), and those examples suggest that the synthetic es-
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Figure 8. Surface temperature responses produced through iSSA perturbations in coupled simulations for three models with similar forcing
(columns) when MCB is implemented in the regions indicated by red boxes (rows).

timates of the climate responses can be useful surrogates for
responses in simulations when the intervention is introduced
concurrently in multiple regions. We consider combinations
of three and four regions in our example simulations. The
most striking feature in terms of differences in response is
the high sensitivity of CESM2 clouds and the resulting ra-
diative forcing of aerosol injection. This response in CESM?2

Geosci. Model Dev., 17, 7963-7994, 2024

is manifested through a large increase in the cloud fraction
when compared to E3SMv2 and UKESM1. While it might
be tempting to view CESM2 as an outlier, there is growing
evidence from machine learning techniques applied to effu-
sive volcanic eruptions that cloud fractions are strongly per-
turbed (Chen et al., 2022; Y. Chen et al., 2024). Thus, it is
plausible that it is UKESM1 and ESMv?2 that are inadequate
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Figure 9. CESM2 7.5Tg yr_1 (a, ¢, ) and E3SMv2 49Tg yr_1 (b, d, f) 2m temperature (K) response comparison between simulations
in which iSSA are applied in the NEP, SEP, and SEA regions concurrently (a, b) versus the synthetic estimate computed by summing the
response to each region individually (¢, d). Red boxes display the emission regions. Panels (e) and (f) display the difference between the top
two rows (the non-additivity in the response). Grid points that are not statistically significant by the Student ¢ test are hatched. The mean
GMST anomaly and the bootstrap resampled 5th—95th percentile range are displayed in the titles of each panel.

in terms of the impact on radiative forcing. These results are
very important in themselves as they translate into emission
rates that vary by around an order of magnitude, which would
have strong implications on the feasibility of MCB as a prac-
tical method of climate intervention.

We also explored how important the use of a common
baseline scenario (e.g., the SSP scenario) is to an accurate
estimation of the climate response. Our initial evaluation in-
dicates that the choice of SSP is not critical, provided that
the evaluation is against control (baseline) simulations with-
out an intervention and the evaluation is for a common in-
terval (of years), in contrast to the more frequent method
of assessment comparing simulations with an intervention
against a previous interval of years (often a present-day or
pre-industrial interval of years).
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Our example assessments are simple and somewhat super-
ficial. They are meant to stimulate more studies of these (and
hopefully additional) simulations in order to provide a deeper
understanding. For example, our first look at the simulations
indicates it would be useful to understand why the introduc-
tion of such different salt amounts is needed in different mod-
els even when two of the models (E3SMv2 and CESM2)
share a common lineage for the cloud, aerosol, and radi-
ation parameterizations (though the parameterizations have
diverged in many ways). It would be interesting to explore
the reasons for the disagreement in this relatively restricted
experimental setup. Comparisons with observations and LES
simulations would also help, but reducing uncertainty and
improving the representation of cloud aerosol processes suf-
ficiently to inform better understanding of MCB is likely to

Geosci. Model Dev., 17, 7963-7994, 2024
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Figure 10. Surface temperature response to forcing in the NEP, SEP, SP, and NP regions of CESM2, UKESM1, and E3SMv2 from iSSA
emissions. Panels (a)—(c) show the synthetic estimate and panels (d)—(f) show the response when the forcing is induced concurrently. Area
weighted Pearson correlation coefficients are shown in brackets following the model name in column titles. The UKESM1 synthetic esti-
mate uses an SSP5-8.5 scenario and averages decades 7 and 8 of model simulations for constructing the concurrent response estimate (see

additional discussion in Appendix A2). GA indicates global average.
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Figure 11. Precipitation responses to forcing in the NEP, SEP, SP, and NP regions of CESM2, UKESM 1, and E3SMv2 from iSSA emissions.

Other details as in Fig. 10.

also require expanded observations of the marine atmosphere
and controlled studies of cloud aerosol processes (e.g., Wood
et al., 2017).

The models do appear to produce many common response
signatures when forcing is introduced in these regions, sup-
porting the robustness of these responses. It should be possi-
ble to use these simulations to improve the understanding of
climate responses to radiative forcing in these regions and to
guide more MCB research. A more rigorous and comprehen-
sive community activity will require longer simulations and
more ensembles in order to yield insights into climate im-
pacts that manifest on longer timescales and to identify the
role of natural variability in obscuring the signatures of the
climate impacts and responses.

Geosci. Model Dev., 17, 7963-7994, 2024

This protocol defines in detail the first two stages of an ef-
fort and lays the groundwork for subsequent stages. In these
stages, the same magnitude of MCB emissions (with simi-
lar mass/number per area unit) was used in any region that
was active. After further understanding of responses is de-
veloped through the use of ensembles and longer simula-
tions, and the robustness of the synthetic estimates of cli-
mate impacts is more fully quantified, the next steps could
examine whether different amplitude emissions in different
regions would be useful to optimize the climate response for
different climate targets and whether the same signatures (re-
sponses) occur across models. Initially, it might be interest-
ing to prescribe the amplitude of constant-in-time emissions
in individual regions after an offline calculation is made to
estimate the required amplitude in each region and to evalu-

https://doi.org/10.5194/gmd-17-7963-2024



P. J. Rasch et al.: MCB-REG protocol

ate whether synthetic estimates of climate impacts are robust
and whether simple inverse estimates of the requisite emis-
sion amplitudes are useful. It will also be useful to examine
the cloud and circulation responses to iSSA interventions in
other regions. The recent work of C. C. Chen et al. (2024) has
shown that interventions at higher latitudes, in less suscepti-
ble clouds, and over larger areal extents can produce quite
different circulation responses in CESM2 that do not exhibit
the strong teleconnection signatures seen when seeding the
subtropical marine stratocumulus decks. It will be interest-
ing to see whether those results are robust across other mod-
els and which features of the C. C. Chen et al. (2024) al-
ternate seeding strategy are most important (different region,
different time of year, different areal extent, etc.) in produc-
ing the differing circulation response signatures. When these
issues are resolved, it will be time for a more sophisticated in-
tercomparison using time-varying emissions that involve ei-
ther human or machine-based algorithms that vary the ampli-
tude of intervention in time (i.e., the use of controllers) along
with peak shaving intervention strategies similar to those in
Richter et al. (2022).

Appendix A
Al Model descriptions
Al.1l E3SMv2

Energy Exascale Earth System Model (E3SM) is a fully cou-
pled Earth system model developed by the US Department
of Energy (DOE) (Leung et al., 2020). Version 2 of E3SM
(E3SMv2) has evolved significantly from earlier versions, es-
pecially in terms of fidelity measured by cloud and climate
sensitivity metrics (Ma et al., 2022; Golaz et al., 2022). The
E3SMv2 Atmosphere Model (EAMv2) has 72 vertical layers
with a model top at approximately 60 km and horizontal res-
olution of 110km. The E3SMv2 Land Model (ELMv2) has
a horizontal resolution of 165 km. The ocean component (the
Model for Prediction Across Scales—Ocean, MPAS-Ocean)
in E3SMv2 has 60 vertical layers, and its mesh spacing varies
between 30 km (at the Equator and poles) and 60 km (in the
mid-latitudes). Aerosols in E3SMv2 are simulated by the
four-mode version of Modal Aerosol Module (MAM4) (Liu
et al., 2016; Wang et al., 2020). Among the major aerosol
components represented in MAM4, sea salt aerosol is rep-
resented in the Aitken, accumulation, and coarse mode with
particle emission size (diameter) ranges of 0.02-0.08, 0.08—
1.0, and 1.0-10.0 um, respectively. The emission flux of nat-
ural sea salt is determined by first dividing the particle dis-
tribution into 31 size bins following the parameterization
of Martensson et al. (2003) and Monahan et al. (1986) and
then redistributing the emissions into the three MAM4 size
modes. In the E3SMv2 MCB experiments for this study, we
emit the additional sea salt particles into size bins with a di-
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ameter of 0.082 and 0.104 um that lead to an increase in sea
salt emissions primarily in the accumulation mode.

Al2 CESM2

Community Earth System Model 2 (CESM2.1) is a fully cou-
pled Earth system model developed by the University Corpo-
ration for Atmospheric Research, National Center for Atmo-
spheric Research, and other community members. CESM2
is described in Danabasoglu et al. (2020), and the production
release version 2.1.4 is used here. The atmosphere compo-
nent is the low-top Community Atmosphere Model 6 config-
uration, which has 32 vertical layers with a model top at ap-
proximately 40 km, and we use the finite-volume dynamical
core with a horizontal resolution of 0.9° latitude by 1.25° lon-
gitude. The land component is the Community Land Model
5 (also at 0.9 x 1.25° resolution). The ocean component is
the Parallel Ocean Program version 2 (POP) that uses the
displaced Greenland pole 1° grid. Aerosols in CESM2.1 are
also simulated by MAM4, and the sea salt aerosol emission
parameterization is the same as in E3SMv2 although numer-
ous settings (for example, the mode widths) differ between
models. Similarly, the MCB iSSA particles are emitted into
size bins with dry diameters of 0.082 and 0.104 pum.

Al13 UKESM1

UKESMLI is a fully coupled Earth system model developed
jointly by the UK’s Met Office and Natural Environment Re-
search Council. The model is described by Sellar et al. (2019)
and was used to deliver simulations for the Coupled Model
Intercomparison Project Phase 6 (Eyring et al., 2016). The
atmosphere model component (Walters et al., 2019) has 85
levels with a model top at approximately 85 km and hori-
zontal resolution of 1.25° in latitude by 1.875° in longitude.
This is coupled to an ocean model (Storkey et al., 2018)
of 75 levels and 1° resolution. Other components simulate
tropospheric and stratospheric chemistry (Archibald et al.,
2020), vegetation and land surface (Best et al., 2011), ocean
biogeochemistry (Yool et al., 2013), and sea ice (Ridley
et al., 2018). Aerosols are simulated by the GLOMAP-mode
scheme (Mann et al., 2010) using five log-normal modes for
sulfate, sea salt, and black and organic carbon, while a sec-
tional scheme is used to simulate mineral dust (Sellar et al.,
2019).

A2 Info on the use of UKESM1 simulations

This section provides a little extra detail about how sim-
ulations from HEA2023 were used in this study. As with
CESM2 and E3SMv2, in HEA2023, a set of stage 1 calibra-
tion runs and single region simulations to estimate forcing
were performed. The results of forcing produced by varying
emissions in each region are shown in Table 4. Coupled sim-
ulations with emissions in single regions at a nominal emis-
sion rate were then made in a similar manner to experiments
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E4-X of Table 4 (where X represents the region abbreviation
for the six different regions) with an SSP2-4.5 scenario as its
baseline, but HEA2023 used a constant (50 Tgyr~! per re-
gion) iSSA emission rate for their nominal emissions. That
emission rate would be considered “on the high side” if the
guiding intent had been to produce a —1.8 W m~2 forcing for
the NEP + SEP + SEA region. The two rightmost columns of
Table A1 show the synthetic estimates of forcing for the three
and four regions considered for this study. The synthetic es-
timates suggest that an emission rate of 25 Tgyr~! per re-
gion would produce a forcing closest to our target nominal
forcing. Emissions at 50 Tgyr~! per region would produce
a forcing of approximately —2.42 W m~2 if used over three
regions and —3 W m™? if used in the four-region area.

The only coupled simulations performed in HEA2023
that generated a climate perturbation by applying concur-
rent emissions in multiple areas employed time-varying iSSA
emissions and MCB forcing introduced on top of an SSP5-
8.5 scenario. The iSSA emissions were adjusted manually
each decade during the simulations to make the global av-
eraged surface temperature approximately agree with the
global averaged temperature following an SSP2-4.5 scenario.
In this way, time-varying MCB emissions were used to par-
tially compensate time-varying GHG forcing. Figures Al
and A2 display the emissions in the Pacific regions (SEP,
NEP, SP, and NP) needed to achieve the required cooling.
Figure 2 and Table A1 indicate that to achieve a —1.8 W m™2
forcing globally, about 100 Tgyr~! would be needed (or
about 25 Tgyr~! per region), and Fig. A2 indicates this oc-
curs during the decade starting in 2071.

Because of these choices, both GHG and MCB forcing
amplitudes differed compared to simulations and results pro-
duced with the other two models. Synthetic estimates of the
climate response were produced by summing the changes in
climate features from the simulations with four individual
regions with 50 Tg yr~! per region emissions and then com-
pared to UKESM1 simulation changes averaged over the sev-
enth and eighth decades of the GGMCB simulations (which
also emitted approximately 50 Tg yr~! per region when aver-
aged over those 2 decades). Since emissions at this amplitude
in the four regions produce a stronger forcing than used in the
E3SMv2 and CESM2 simulations, one might anticipate that
the climate response would also be somewhat larger. We use
these strategies to display the estimates for surface tempera-
ture and precipitation changes in Figs. 10 and 11.
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Figure A1. UKESMI1 concurrent emissions per decade in regions
SEP, NEP, SP, and NP.
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Figure A2. UKESMI1 synthetic estimates of forcing per decade for
concurrent emissions in regions SEP, NEP, SP, and NP.
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CESM2 E3SMv2
(a) (2025-2044) (b) (2025-2044)
CDNC = 600cm™2 CDNC = 2000cm™3
GMST = -1.06 [-1.22, -0.86] C GMST =-0.94 [-0.99, -0.89] C

iSSA

(c) SSA=7.5Tgyr! (d) SSA = 49Tg yr™!
GMST = -0.94 [-0.99, -0.89] C GMST = -1.00 [-1.07, -0.91] C

(e) Differences (f) Difference
GMST =0.03[-0.01, 0.07] C GMST = 0.06 [0.00, 0.11] C

- O

-32 -2 -08 04 1.6 2.8 -32 -2 -08 04 1.6 2.8
Temperature (°C) Temperature (°C)

Difference

Figure A3. Comparison of 2m air temperature response to NEP + SEP + SEA MCB using CDNC (a, b) versus iSSA (¢, d) and their
difference (e, f) for the 2025-2044 anomaly from SSP2-4.5. For CESM2 (a, ¢, e), we compare CDNC = 600 em™3 t0 iSSA =7.5 Tg yr_l,
and for E3SMv2, we compare CDNC = 2000 em™3 t0 iSSA =49 Tg yrfl , which all produce similar ERF magnitudes. A dashed red contour
denotes the —10 W m™—2 contour of the top-of-atmosphere downward radiative flux anomaly from the associated fixed SST simulation for
each simulation to indicate the slight differences in the pattern of forcing between CDNC and iSSA simulations. Masked grid points denote
values that are not significant according to the Student ¢ test and false detection rate. Bootstrap resampled mean and 5th-95th percentile
range of global mean surface temperature anomalies are shown above each panel.
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CESM2
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Figure A4. As in Fig. A3 but for precipitation (mmd™ b,
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CESM2 E3SMv2

(a) 2025-2034 (b) 2025-2034
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Figure AS. Comparison of CESM2 CDNC of 600 cm™3 (a, ¢, e) and E3SMv2 CDNC of 2000 cm—3 (b, d, f) NEP + SEP + SEA simultane-
ous forcing response in the early 21st century (2025-2034; a and b) versus the mid-century period (2055-2064; ¢ and d) and their difference
(e, f). Hatching denotes grid points that are not significant by the Student 7 test and false detection rate. Bootstrap resampled mean and

5th—95th percentile range of global mean surface temperature anomalies are shown above each panel.
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Table A1. MCB forcing produced by varying emission rates (per region) with emissions in single regions in fixed SST simulations (W m~2).
The rightmost two columns display synthetic estimates of the forcing that would be produced by emissions in the NEP + SEP + SEA and
NEP + SEP + SP + NP regions (labeled S123 and S1245, respectively).

Emission rate

[Tgyr 1] NEP  SEP  SEA NP SP  SI123 S1245
0 0 0 0 0 0 0 0
5 —008 —026 —009 —024 —023 —043 —0.81
12,5 —0.15 —041 -032 —033 -038 —087 —1.27
25 —043 —0.60 —052 —046 —057 —155 —2.06
50 —059 —093 —090 —059 —085 —242 —296
100 —097 —149 —136 —085 —1.02 -38 —433

A3 Recommended output

We recommend that participating models provide data
for atmosphere, ocean, and land variables that are useful
in diagnosing climate impacts, aerosol-cloud interac-
tions, and clear-sky aerosol and radiative forcing. The
Climate Model Intercomparison Project (CMIP) tier-1
variables provide a valuable starting point for the data
requested  (https://cmip6dr.github.io/Data_Request_Home/
and https://github.com/cmip6dr/data_request_snapshots/
blob/main/Release/dreqPy/docs/CMIP6_MIP_tables.xlsx,
last access: 30 October 2024). We request that the datasets
follow the Climate and Forecast (CF) metadata conventions
(https://cfconventions.org/, last access: 30 October 2024) but
do not require the data be converted to the more restrictive
CMIP variable naming conventions or use the climate model
output rewriter (CMOR; see, e.g., https://cmor.llnl.gov/, last
access: 30 October 2024). Model output can be provided in
the netCDF or Zarr file formats.
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A4

Acronyms

Table A2. Acronyms used more than once in the study.

Acronym Definition

ARISE-SAI Assessing Responses and Impacts of Solar climate intervention on the Earth
system with Stratospheric Aerosol Injection

CDNC Cloud drop number concentration

CDR Carbon dioxide removal

CESM2 Community Earth System Model (version 2)

CF Cloud fraction

CI Climate intervention

CO, Carbon dioxide

El,E2, E3, E4 Experiment number

E3SMv2 Energy Exascale Earth System Model (version 2)

ENSO El Nifilo—Southern Oscillation

GCM General circulation model

GeoMIP Geoengineering Model Intercomparison Project

GHG Greenhouse gas

GMST Global mean surface temperature

iSSA Injected sea salt aerosol (50—100 nm particles with a narrow size distribution)

LES Large-eddy simulation

LWP Liquid water path

MCB Marine cloud brightening

MSB Marine sky brightening

RCP Representative concentration pathway

SAI Stratospheric aerosol injection

SSA Sea salt aerosol (with the wide size distribution commonly observed outdoors)

SRM Solar radiation management

SST Sea surface temperature

SSp Shared socioeconomic pathway

TS Surface temperature

UKESM1 United Kingdom Earth System Model (version 1)
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Code and data availability. E3SMv2 source code
for maintenance branch 2.0 may be accessed at
https://doi.org/10.11578/E3SM/dc.20240930.1 (E3SM-CODE,
2024). CESM2 source code (version 2.1) is accessed at
https://github.com/ESCOMP/CESM  (CESM-CODE,  2024).
Details of how to access and run UKESM1 can be found at https:
/lcms.ncas.ac.uk/unified-model/configurations/ukesm/relnotes-1.1/
(NCAS Computational Modelling Services, 2023). Source code
modifications, model configuration information, and simulation
output for all models except the CESMv2 control simulations
appearing in this paper, as well as scripts used to produce the
figures that are displayed in this study are provided on Zenodo at
https://doi.org/10.5281/zenodo.10914383 (Hirasawa et al., 2024).
Data for the CESMv2 control simulations are available from
https://doi.org/10.26024/j23t-pc83 (Phillips et al., 2024).

https://doi.org/10.5194/gmd-17-7963-2024

Author contributions. PJR wrote first draft of protocol, designed
the simulations, created figures, and drafted the paper. All authors
commented on and improved the first draft of protocol and the
manuscript. HH, MW, and AJ carried out simulations, created fig-
ures, and wrote parts of the paper. SJD, RW, HW, and JH co-
designed the simulations and helped with the interpretation of re-
sults. HH and MW created the time series of CESM2 and E3SMv2
datasets and archived all the data. HS gave input regarding simula-
tion design.

Competing interests. The contact author has declared that none of
the authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. While Copernicus Publications makes ev-
ery effort to include appropriate place names, the final responsibility
lies with the authors.

Geosci. Model Dev., 17, 7963-7994, 2024


https://doi.org/10.11578/E3SM/dc.20240930.1
https://github.com/ESCOMP/CESM
https://cms.ncas.ac.uk/unified-model/configurations/ukesm/relnotes-1.1/
https://cms.ncas.ac.uk/unified-model/configurations/ukesm/relnotes-1.1/
https://doi.org/10.5281/zenodo.10914383
https://doi.org/10.26024/j23t-pc83

7990

Acknowledgements. We thank Linda Hedges (SilverLining) and
Brian Dobbins (NCAR) for AWS technical support. We thank Jean-
Francois Lamarque for discussion and comments about the protocol
and contents of the paper and Ben Kravitz, two anonymous review-
ers, and the editor for their help during the review process.

Financial support. Support for Philip J. Rasch, Haruki Hirasawa,
Sarah Doherty, and Rob Wood was provided by SilverLining’s Safe
Climate Research Initiative (SCRI) and through the University of
Washington’s Marine Cloud Brightening Program, which is funded
by the generous support of a growing consortium of individual and
foundation donors. Andy Jones and Jim Haywood were also sup-
ported by SilverLining’s SCRI and the Met Office Hadley Centre
Climate Programme funded by the Department for Science, Inno-
vation and Technology (DSIT). Mingxuan Wu and Hailong Wang
were supported by SilverLining’s SCRI subcontract to the Pacific
Northwest National Laboratory (PNNL). This publication is par-
tially funded by the Cooperative Institute for Climate, Ocean, &
Ecosystem Studies (CICOES) under NOAA cooperative agreement
no. NA20OAR4320271 (contribution no. 2024-1351). Computa-
tional resources were provided by Amazon Web Services (AWS).
The Community Earth System Model (CESM) project is supported
primarily by the National Science Foundation. The E3SMv2 project
is supported by the Office of Biological and Environmental Re-
search, Office of Science, US Department of Energy (DOE). The
Pacific Northwest National Laboratory (PNNL) is operated for the
DOE by Battelle Memorial Institute under contract no. DE-ACO05-
76RLO1830.

Review statement. This paper was edited by Yang Tian and re-
viewed by Ben Kravitz and two anonymous referees.

References

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.

Ahlm, L., Jones, A., Stjern, C. W., Muri, H., Kravitz, B., and
Kristjansson, J. E.: Marine cloud brightening — as effec-
tive without clouds, Atmos. Chem. Phys., 17, 13071-13087,
https://doi.org/10.5194/acp-17-13071-2017, 2017.

Alterskjaer, K., Kristjansson, J. E., Boucher, O., Muri, H.,
Niemeier, U., Schmidt, H., Schulz, M., and Timmreck, C.:
Sea-Salt Injections into the Low-Latitude Marine Bound-
ary Layer: The Transient Response in Three Earth Sys-
tem Models, J. Geophys. Res.-Atmos., 118, 12,195-12,206,
https://doi.org/10.1002/2013JD020432, 2013.

Archibald, A. T., O’Connor, F. M., Abraham, N. L., Archer-
Nicholls, S., Chipperfield, M. P., Dalvi, M., Folberth, G. A., Den-
nison, F., Dhomse, S. S., Griffiths, P. T., Hardacre, C., Hewitt, A.
J., Hill, R. S., Johnson, C. E., Keeble, J., Kohler, M. O., Morgen-
stern, O., Mulcahy, J. P., Ordéiiez, C., Pope, R. J., Rumbold, S.
T., Russo, M. R., Savage, N. H., Sellar, A., Stringer, M., Turnock,
S. T., Wild, O., and Zeng, G.: Description and evaluation of
the UKCA stratosphere—troposphere chemistry scheme (Strat-

Geosci. Model Dev., 17, 7963-7994, 2024

P. J. Rasch et al.: MCB-REG protocol

Trop vn 1.0) implemented in UKESM1, Geosci. Model Dev., 13,
1223-1266, https://doi.org/10.5194/gmd-13-1223-2020, 2020.
Bala, G., Duffy, P. B., and Taylor, K. E.: Impact of
Geoengineering  Schemes on the Global Hydrologi-
cal Cycle, P. Natl. Acad. Sci. USA, 105, 7664-7669,

https://doi.org/10.1073/pnas.0711648105, 2008.

Best, M. J., Pryor, M., Clark, D. B., Rooney, G. G., Essery, R. L.
H., Ménard, C. B., Edwards, J. M., Hendry, M. A., Porson, A.,
Gedney, N., Mercado, L. M., Sitch, S., Blyth, E., Boucher, O.,
Cox, P. M., Grimmond, C. S. B., and Harding, R. J.: The Joint
UK Land Environment Simulator (JULES), model description —
Part 1: Energy and water fluxes, Geosci. Model Dev., 4, 677-699,
https://doi.org/10.5194/gmd-4-677-2011, 2011.

Boucher, O., Kleinschmitt, C., and Myhre, G.: Quasi-Additivity
of the Radiative Effects of Marine Cloud Brightening and
Stratospheric Sulfate Aerosol Injection, Geophys. Res. Lett., 44,
11158-11165, https://doi.org/10.1002/2017GL0O74647, 2017.

Budyko, M. L.: Climate and Life, Academic Press, ISBN 0-12-
139450-6, 1974.

Carslaw, K. S. (Ed.): Aerosols and Climate, Elsevier, Amsterdam
Kidlington Cambridge, MA, ISBN 978-0-12-819766-0, 2022.
CESM-CODE: CESM source code, https://github.5Scom/ESCOMP/

CESM, GitHub [code], last access: 30 October 2024.

Chen, C.-C., Richter, J. H., Lee, W. R., MacMartin, D. G., and
Kravitz, B.: Rethinking the Susceptibility-Based Strategy for
Marine Cloud Brightening Climate Intervention: Experiment
With CESM2 and Its Implications, Geophys. Res. Lett., 51,
€2024GL108860, https://doi.org/10.1029/2024GL 108860, 2024.

Chen, Y., Haywood, J., Wang, Y., Malavelle, F., Jordan, G., Par-
tridge, D., Fieldsend, J., De Leeuw, J., Schmidt, A., Cho, N., Ore-
opoulos, L., Platnick, S., Grosvenor, D., Field, P., and Lohmann,
U.: Machine Learning Reveals Climate Forcing from Aerosols
Is Dominated by Increased Cloud Cover, Nat. Geosci., 15, 609—
614, https://doi.org/10.1038/s41561-022-00991-6, 2022.

Chen, Y., Haywood, J., Wang, Y., Malavelle, F., Jordan,
G., Peace, A., Partridge, D. G., Cho, N., Oreopoulos, L.,
Grosvenor, D., Field, P, Allan, R. P, and Lohmann, U.:
Substantial cooling effect from aerosol-induced increase in
tropical marine cloud cover, Nat. Geosci., 17, 404410,
https://doi.org/10.1038/541561-024-01427-z, 2024.

Chun, J.-Y., Wood, R., Blossey, P., and Doherty, S. J.: Microphys-
ical, macrophysical, and radiative responses of subtropical ma-
rine clouds to aerosol injections, Atmos. Chem. Phys., 23, 1345—
1368, https://doi.org/10.5194/acp-23-1345-2023, 2023.

Connolly, P. J., McFiggans, G. B., Wood, R., and Tsiamis, A.: Fac-
tors Determining the Most Efficient Spray Distribution for Ma-
rine Cloud Brightening, Philos. T. R. Soc. A, 372, 20140056,
https://doi.org/10.1098/rsta.2014.0056, 2014.

Danabasoglu, G., Lamarque, J.-F., Bacmeister, J., Bailey, D. A.,
DuVivier, A. K., Edwards, J., Emmons, L. K., Fasullo, J., Gar-
cia, R., Gettelman, A., Hannay, C., Holland, M. M., Large,
W. G., Lauritzen, P. H., Lawrence, D. M., Lenaerts, J. T. M.,
Lindsay, K., Lipscomb, W. H., Mills, M. J., Neale, R., Ole-
son, K. W., Otto-Bliesner, B., Phillips, A. S., Sacks, W., Tilmes,
S., van Kampenhout, L., Vertenstein, M., Bertini, A., Dennis,
J., Deser, C., Fischer, C., Fox-Kemper, B., Kay, J. E., Kinni-
son, D., Kushner, P. J., Larson, V. E., Long, M. C., Mickel-
son, S., Moore, J. K., Nienhouse, E., Polvani, L., Rasch, P. J.,
and Strand, W. G.: The Community Earth System Model Ver-

https://doi.org/10.5194/gmd-17-7963-2024


https://doi.org/10.1038/nature03174
https://doi.org/10.5194/acp-17-13071-2017
https://doi.org/10.1002/2013JD020432
https://doi.org/10.5194/gmd-13-1223-2020
https://doi.org/10.1073/pnas.0711648105
https://doi.org/10.5194/gmd-4-677-2011
https://doi.org/10.1002/2017GL074647
https://github.5 com/ESCOMP/CESM
https://github.5 com/ESCOMP/CESM
https://doi.org/10.1029/2024GL108860
https://doi.org/10.1038/s41561-022-00991-6
https://doi.org/10.1038/s41561-024-01427-z
https://doi.org/10.5194/acp-23-1345-2023
https://doi.org/10.1098/rsta.2014.0056

P. J. Rasch et al.: MCB-REG protocol

sion 2 (CESM2), J. Adv. Model. Earth Sy., 12, e2019MS001916,
https://doi.org/10.1029/2019MS001916, 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, P. Natl. Acad. Sci. USA, 119,
€2118379119, https://doi.org/10.1073/pnas.2118379119, 2022.

E3SM-CODE: Energy Exascale Earth System Model
v3.0.1, E3SM source code repository [code],
https://doi.org/10.11578/E3SM/dc.20240930.1, last access:

30 October 2024.

Eyring, V., Bony, S., Meehl, G. A., Senior, C. A., Stevens, B.,
Stouffer, R. J., and Taylor, K. E.: Overview of the Coupled
Model Intercomparison Project Phase 6 (CMIP6) experimen-
tal design and organization, Geosci. Model Dev., 9, 1937-1958,
https://doi.org/10.5194/gmd-9-1937-2016, 2016.

Ghan, S., Wang, M., Zhang, S., Ferrachat, S., Gettelman, A., Gries-
feller, J., Kipling, Z., Lohmann, U., Morrison, H., Neubauer,
D., Partridge, D. G., Stier, P., Takemura, T., Wang, H., and
Zhang, K.: Challenges in constraining anthropogenic aerosol ef-
fects on cloud radiative forcing using present-day spatiotem-
poral variability, P. Natl. Acad. Sci. USA, 113, 5804-5811,
https://doi.org/10.1073/pnas.1514036113, 2016.

Golaz, J.-C., Van Roekel, L. P, Zheng, X., Roberts, A. F., Wolfe,
J. D., Lin, W., Bradley, A. M., Tang, Q., Maltrud, M. E.,
Forsyth, R. M., Zhang, C., Zhou, T., Zhang, K., Zender, C. S.,
Wu, M., Wang, H., Turner, A. K., Singh, B., Richter, J. H.,
Qin, Y., Petersen, M. R., Mametjanov, A., Ma, P.-L., Larson,
V. E., Krishna, J., Keen, N. D., Jeffery, N., Hunke, E. C., Han-
nah, W. M., Guba, O., Griffin, B. M., Feng, Y., Engwirda, D.,
Di Vittorio, A. V., Dang, C., Conlon, L. M., Chen, C.-C.-J.,
Brunke, M. A., Bisht, G., Benedict, J. J., Asay-Davis, X. S.,
Zhang, Y., Zhang, M., Zeng, X., Xie, S., Wolfram, P. J., Vo,
T., Veneziani, M., Tesfa, T. K., Sreepathi, S., Salinger, A. G.,
Reeves Eyre, J. E. J., Prather, M. J., Mahajan, S., Li, Q., Jones,
P. W,, Jacob, R. L., Huebler, G. W., Huang, X., Hillman, B. R.,
Harrop, B. E., Foucar, J. G., Fang, Y., Comeau, D. S., Cald-
well, P. M., Bartoletti, T., Balaguru, K., Taylor, M. A., McCoy,
R. B., Leung, L. R., and Bader, D. C.: The DOE E3SM Model
Version 2: Overview of the Physical Model and Initial Model
Evaluation, J. Adv. Model. Earth Sy., 14, €2022MS003156,
https://doi.org/10.1029/2022MS003156, 2022.

Haywood, J. M., Jones, A., Jones, A. C., Halloran, P., and Rasch, P.
J.: Climate intervention using marine cloud brightening (MCB)
compared with stratospheric aerosol injection (SAI) in the
UKESMI1 climate model, Atmos. Chem. Phys., 23, 15305-
15324, https://doi.org/10.5194/acp-23-15305-2023, 2023.

Henry, M., Haywood, J., Jones, A., Dalvi, M., Wells, A., Visioni,
D., Bednarz, E. M., MacMartin, D. G., Lee, W., and Tye, M.
R.: Comparison of UKESM1 and CESM2 simulations using the
same multi-target stratospheric aerosol injection strategy, Atmos.
Chem. Phys., 23, 13369-13385, https://doi.org/10.5194/acp-23-
13369-2023, 2023.

Hill, S. and Ming, Y.: Nonlinear Climate Response to Regional
Brightening of Tropical Marine Stratocumulus, Geophys. Res.
Lett., 39, L15707, https://doi.org/10.1029/2012GL052064, 2012.

Hirasawa, H., Rasch, P., Wu, M., and Wang, H.: Data for: A pro-
tocol for model intercomparison of impacts of Marine Cloud

https://doi.org/10.5194/gmd-17-7963-2024

7991

Brightening Climate Intervention, Zenodo [code and data set],
https://doi.org/10.5281/zenodo.10914383, 2024.

Horowitz, H. M., Holmes, C., Wright, A., Sherwen, T., Wang,
X., Evans, M., Huang, J., Jaeglé, L., Chen, Q., Zhai, S., and
Alexander, B.: Effects of Sea Salt Aerosol Emissions for Ma-
rine Cloud Brightening on Atmospheric Chemistry: Implications
for Radiative Forcing, Geophys. Res. Lett., 47, e2019GL085838,
https://doi.org/10.1029/2019GL085838, 2020.

IEAWEO22: World Energy Outlook 2022, Interna-
tional  Energy Agency, https://iea.blob.core.windows.
net/assets/c282400e-00b0-4edf-9a8e-6f2ca6536ec8/
WorldEnergyOutlook2022.pdf (last access: 30 October 2024),
2022.

IPCC: Climate Change 2021 — The Physical Science Basis:
Working Group I Contribution to the Sixth Assessment Re-
port of the Intergovernmental Panel on Climate Change, Cam-
bridge University Press, 1 edn., ISBN 978-1-00-915789-6,
https://doi.org/10.1017/9781009157896, 2021.

Jenkins, A. K. L., Forster, P. M., and Jackson, L. S.: The ef-
fects of timing and rate of marine cloud brightening aerosol
injection on albedo changes during the diurnal cycle of ma-
rine stratocumulus clouds, Atmos. Chem. Phys., 13, 1659-1673,
https://doi.org/10.5194/acp-13-1659-2013, 2013.

Jones, A. and Haywood, J. M.: Sea-spray geoengineering in
the HadGEM2-ES earth-system model: radiative impact and
climate response, Atmos. Chem. Phys., 12, 10887-10898,
https://doi.org/10.5194/acp-12-10887-2012, 2012.

Jones, A., Haywood, J., and Boucher, O.: Climate Impacts of Geo-
engineering Marine Stratocumulus Clouds, J. Geophys. Res.,
114, D10106, https://doi.org/10.1029/2008JD011450, 2009.

Kang, S. M., Frierson, D. M. W., and Held, I. M.: The Trop-
ical Response to Extratropical Thermal Forcing in an Ide-
alized GCM: The Importance of Radiative Feedbacks and
Convective Parameterization, J. Atmos. Sci., 66, 2812-2827,
https://doi.org/10.1175/2009JAS2924.1, 2009.

Kay, J. E., Deser, C., Phillips, A., Mai, A., Hannay, C., Strand,
G., Arblaster, J. M., Bates, S. C., Danabasoglu, G., Edwards,
J., Holland, M., Kushner, P., Lamarque, J.-F., Lawrence, D.,
Lindsay, K., Middleton, A., Munoz, E., Neale, R., Oleson, K.,
Polvani, L., and Vertenstein, M.: The Community Earth Sys-
tem Model (CESM) Large Ensemble Project: A Community Re-
source for Studying Climate Change in the Presence of Inter-
nal Climate Variability, B. Am. Meteorol. Soc., 96, 1333-1349,
https://doi.org/10.1175/BAMS-D-13-00255.1, 2015.

Khatri, P., Yoshida, K., and Hayasaka, T.: Aerosol Effects
on Water Cloud Properties in Different Atmospheric
Regimes, J. Geophys. Res.-Atmos., 128, ¢2023JD039729,
https://doi.org/10.1029/20231D039729, 2023.

Korhonen, H., Carslaw, K. S., and Romakkaniemi, S.: Enhance-
ment of marine cloud albedo via controlled sea spray injections:
a global model study of the influence of emission rates, mi-
crophysics and transport, Atmos. Chem. Phys., 10, 4133-4143,
https://doi.org/10.5194/acp-10-4133-2010, 2010.

Kravitz, B., Robock, A., Boucher, O., Schmidt, H., Taylor, K. E.,
Stenchikov, G., and Schulz, M.: The Geoengineering Model In-
tercomparison Project (GeoMIP), Atmos. Sci. Lett., 12, 162—
167, https://doi.org/10.1002/as1.316, 2011.

Kravitz, B., Forster, P. M., Jones, A., Robock, A., Alterskjaer, K.,
Boucher, O., Jenkins, A. K. L., Korhonen, H., Kristjansson, J. E.,

Geosci. Model Dev., 17, 7963-7994, 2024


https://doi.org/10.1029/2019MS001916
https://doi.org/10.1073/pnas.2118379119
https://doi.org/10.11578/E3SM/dc.20240930.1
https://doi.org/10.5194/gmd-9-1937-2016
https://doi.org/10.1073/pnas.1514036113
https://doi.org/10.1029/2022MS003156
https://doi.org/10.5194/acp-23-15305-2023
https://doi.org/10.5194/acp-23-13369-2023
https://doi.org/10.5194/acp-23-13369-2023
https://doi.org/10.1029/2012GL052064
https://doi.org/10.5281/zenodo.10914383
https://doi.org/10.1029/2019GL085838
https://iea.blob.core.windows.net/assets/c282400e-00b0-4edf-9a8e-6f2ca6536ec8/WorldEnergyOutlook2022.pdf
https://iea.blob.core.windows.net/assets/c282400e-00b0-4edf-9a8e-6f2ca6536ec8/WorldEnergyOutlook2022.pdf
https://iea.blob.core.windows.net/assets/c282400e-00b0-4edf-9a8e-6f2ca6536ec8/WorldEnergyOutlook2022.pdf
https://doi.org/10.1017/9781009157896
https://doi.org/10.5194/acp-13-1659-2013
https://doi.org/10.5194/acp-12-10887-2012
https://doi.org/10.1029/2008JD011450
https://doi.org/10.1175/2009JAS2924.1
https://doi.org/10.1175/BAMS-D-13-00255.1
https://doi.org/10.1029/2023JD039729
https://doi.org/10.5194/acp-10-4133-2010
https://doi.org/10.1002/asl.316

7992

Muri, H., Niemeier, U., Partanen, A.-1., Rasch, P. J., Wang, H.,
and Watanabe, S.: Sea Spray Geoengineering Experiments in
the Geoengineering Model Intercomparison Project (GeoMIP):
Experimental Design and Preliminary Results: GEOMIP MA-
RINE CLOUD BRIGHTENING, J. Geophys. Res.-Atmos., 118,
11175-11186, https://doi.org/10.1002/jgrd.50856, 2013.

Kravitz, B., Robock, A., Tilmes, S., Boucher, O., English, J. M.,
Irvine, P. J., Jones, A., Lawrence, M. G., MacCracken, M.,
Muri, H., Moore, J. C., Niemeier, U., Phipps, S. J., Sillmann, J.,
Storelvmo, T., Wang, H., and Watanabe, S.: The Geoengineering
Model Intercomparison Project Phase 6 (GeoMIP6): simulation
design and preliminary results, Geosci. Model Dev., 8, 3379-
3392, https://doi.org/10.5194/gmd-8-3379-2015, 2015.

Kravitz, B., MacMartin, D. G., Mills, M. J., Richter, J. H.,
Tilmes, S., Lamarque, J.-F., Tribbia, J. J., and Vitt, F.:
First Simulations of Designing Stratospheric Sulfate Aerosol
Geoengineering to Meet Multiple Simultaneous Climate
Objectives, J. Geophys. Res.-Atmos., 122, 12616-12634,
https://doi.org/10.1002/2017JD026874, 2017.

Latham, J.: Control of Global Warming?, Nature, 347, 339-340,
https://doi.org/10.1038/347339b0, 1990.

Latham, J., Kleypas, J., Hauser, R., Parkes, B., and Gadian, A.: Can
Marine Cloud Brightening Reduce Coral Bleaching?: Can Ma-
rine Cloud Brightening Reduce Coral Bleaching?, Atmos. Sci.
Lett., 14, 214-219, https://doi.org/10.1002/as12.442, 2013.

Leung, L. R., Bader, D. C., Taylor, M. A., and McCoy, R. B.: An
Introduction to the E3SM Special Collection: Goals, Science
Drivers, Development, and Analysis, J. Adv. Model. Earth Sy.,
12, €2019MS001821, https://doi.org/10.1029/2019MS001821,
2020.

Lindzen, R. S. and Nigam, S.: On the Role of Sea Sur-

face Temperature Gradients in Forcing Low-Level
Winds and Convergence in the Tropics, J. Atmos.
Sci., 44, 2418-2436, https://doi.org/10.1175/1520-

0469(1987)044<2418:0TROSS>2.0.CO;2, 1987.

Liu, X., Ma, P-L., Wang, H., Tilmes, S., Singh, B., Easter, R. C.,
Ghan, S. J., and Rasch, P. J.: Description and evaluation of a
new four-mode version of the Modal Aerosol Module (MAM4)
within version 5.3 of the Community Atmosphere Model,
Geosci. Model Dev., 9, 505-522, https://doi.org/10.5194/gmd-9-
505-2016, 2016.

Ma, P-L., Harrop, B. E., Larson, V. E., Neale, R. B., Gettelman,
A., Morrison, H., Wang, H., Zhang, K., Klein, S. A., Zelinka,
M. D., Zhang, Y., Qian, Y., Yoon, J.-H., Jones, C. R., Huang,
M., Tai, S.-L., Singh, B., Bogenschutz, P. A., Zheng, X., Lin,
W., Quaas, J., Chepfer, H., Brunke, M. A., Zeng, X., Miilmen-
stadt, J., Hagos, S., Zhang, Z., Song, H., Liu, X., Pritchard, M.
S., Wan, H., Wang, J., Tang, Q., Caldwell, P. M., Fan, J., Berg,
L. K., Fast, J. D., Taylor, M. A., Golaz, J.-C., Xie, S., Rasch, P.
J., and Leung, L. R.: Better calibration of cloud parameteriza-
tions and subgrid effects increases the fidelity of the E3SM At-
mosphere Model version 1, Geosci. Model Dev., 15, 2881-2916,
https://doi.org/10.5194/gmd-15-2881-2022, 2022.

Mace, G. G., Benson, S., Humphries, R., Gombert, P. M.,
and Sterner, E.: Natural marine cloud brightening in the
Southern Ocean, Atmos. Chem. Phys., 23, 1677-1685,
https://doi.org/10.5194/acp-23-1677-2023, 2023.

MacMartin, D. G., Kravitz, B., Keith, D. W., and Jarvis, A.: Dy-
namics of the Coupled Human—Climate System Resulting from

Geosci. Model Dev., 17, 7963-7994, 2024

P. J. Rasch et al.: MCB-REG protocol

Closed-Loop Control of Solar Geoengineering, Clim. Dynam.,
43, 243-258, https://doi.org/10.1007/s00382-013-1822-9, 2014.

MacMartin, D. G., Visioni, D., Kravitz, B., Richter, J., Fel-
genhauer, T., Lee, W. R., Morrow, D. R., Parson, E. A,
and Sugiyama, M.: Scenarios for Modeling Solar Radiation
Modification, P. Natl. Acad. Sci. USA, 119, 2202230119,
https://doi.org/10.1073/pnas.2202230119, 2022.

Malavelle, F. F., Haywood, J. M., Jones, A., Gettelman, A., Clarisse,
L., Bauduin, S., Allan, R. P, Karset, I. H. H., Kristjansson, J. E.,
Oreopoulos, L., Cho, N., Lee, D., Bellouin, N., Boucher, O.,
Grosvenor, D. P., Carslaw, K. S., Dhomse, S., Mann, G. W.,
Schmidt, A., Coe, H., Hartley, M. E., Dalvi, M., Hill, A. A.,
Johnson, B. T., Johnson, C. E., Knight, J. R., O’Connor, F. M.,
Partridge, D. G., Stier, P., Myhre, G., Platnick, S., Stephens,
G. L., Takahashi, H., and Thordarson, T.: Strong Constraints
on Aerosol-Cloud Interactions from Volcanic Eruptions, Nature,
546, 485-491, https://doi.org/10.1038/nature22974, 2017.

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, Geosci. Model Deyv., 3, 519-551,
https://doi.org/10.5194/gmd-3-519-2010, 2010.

Masson-Delmotte, V. and et al: Summary for Policymakers. In:
Climate Change 2021: The Physical Science Basis. Contri-
bution of Working Group I to the Sixth Assessment Report
of the Intergovernmental Panel on Climate Change, in: Cli-
mate Change 2021: The Physical Science Basis. Contribution
of Working Group I to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change, 40 pp., Cam-
bridge University Press, https://www.ipcc.ch/report/ar6/wgl/
downloads/report/IPCC_AR6_WGI_SPM_final.pdf (last access:
30 October 2024), 2021.

Matus, A. V. and L’Ecuyer, T. S.: The Role of Cloud Phase in
Earth’s Radiation Budget, J. Geophys. Res.-Atmos., 122, 2559—
2578, https://doi.org/10.1002/2016JD025951, 2017.

Mcnutt, M., Abdalati, A., Caldeira, K., Doney, S. C., Falkowski,
P, Fetter, S., Fleming, J. R., Hamburg, S., Morgan, M. G.,
Penner, J. E., Pierrehumbert, R., Rasch, P. J., Russell, L. M.,
Snow, J., Titley, D., and Wilcox, J.: Climate Intervention: Car-
bon Dioxide Removal and Reliable Sequestration, National
Academies Press, Washington, D.C., ISBN 978-0-309-30529-7,
https://doi.org/10.17226/18805, 2015a.

Mcnutt, M., Abdalati, W., Caldeira, K., Doney, S. C., Falkowski,
P, Fetter, S., Fleming, J. R., Hamburg, S., Morgan, M. G., Pen-
ner, J. E., Pierrehumbert, R., Rasch, P. J., Russell, L. M., Snow,
J., Titley, D., and Wilcox, J.: Climate Intervention: Reflecting
Sunlight to Cool Earth, National Academies Press, Washington,
D.C.,ISBN 978-0-309-31482-4, https://doi.org/10.17226/18988,
2015b.

Monahan, E. C., Spiel, D. E., Davidson, K. L.: A Model of Ma-
rine Aerosol Generation Via Whitecaps and Wave Disruption, in:
Oceanic Whitecaps. Oceanographic Sciences Library, edited by:
Monahan, E. C. and Niocaill, G. M., vol 2. Springer, Dordrecht,
https://doi.org/10.1007/978-94-009-4668-2_16, 1986.

Moss, R. H., Babiker, M., Brinkman, S., Calvo, E., Carter, T., Ed-
monds, J. A., Elgizouli, I., Emori, S., Lin, E., Hibbard, K., Jones,
R., Kainuma, M., Kelleher, J., Lamarque, J. F., Manning, M.,
Matthews, B., Meehl, J., Meyer, L., Mitchell, J., Nakicenovic, N.,

https://doi.org/10.5194/gmd-17-7963-2024


https://doi.org/10.1002/jgrd.50856
https://doi.org/10.5194/gmd-8-3379-2015
https://doi.org/10.1002/2017JD026874
https://doi.org/10.1038/347339b0
https://doi.org/10.1002/asl2.442
https://doi.org/10.1029/2019MS001821
https://doi.org/10.1175/1520-0469(1987)044<2418:OTROSS>2.0.CO;2
https://doi.org/10.1175/1520-0469(1987)044<2418:OTROSS>2.0.CO;2
https://doi.org/10.5194/gmd-9-505-2016
https://doi.org/10.5194/gmd-9-505-2016
https://doi.org/10.5194/gmd-15-2881-2022
https://doi.org/10.5194/acp-23-1677-2023
https://doi.org/10.1007/s00382-013-1822-9
https://doi.org/10.1073/pnas.2202230119
https://doi.org/10.1038/nature22974
https://doi.org/10.5194/gmd-3-519-2010
https://www.ipcc.ch/report/ar6/wg1/downloads/report/IPCC_AR6_WGI_SPM_final.pdf
https://www.ipcc.ch/report/ar6/wg1/downloads/report/IPCC_AR6_WGI_SPM_final.pdf
https://doi.org/10.1002/2016JD025951
https://doi.org/10.17226/18805
https://doi.org/10.17226/18988
https://doi.org/10.1007/978-94-009-4668-2_16

P. J. Rasch et al.: MCB-REG protocol

O’Neill, B., Pichs, R., Riahi, K., Rose, S., Runci, P. J., Stouffer,
R., VanVuuren, D., Weyant, J., Wilbanks, T., van Ypersele, J. P,
and Zurek, M.: Towards New Scenarios for Analysis of Emis-
sions, Climate Change, Impacts, and Response Strategies, Tech-
nical Summary, Intergovernmental Panel on Climate Change,
Geneva, Switzerland, https://www.osti.gov/biblio/940991 (last
access: 30 October 2024), 2008.

Martensson, E. M., Nilsson, E. D., de Leeuw, G., Cohen, L. H., and
Hansson, H.-C.: Laboratory simulations and parameterization of
the primary marine aerosol production, J. Geophys. Res., 108,
4297, https://doi.org/10.1029/2002JD002263, 2003.

Murray-Watson, R. J. and Gryspeerdt, E.: Stability-dependent in-
creases in liquid water with droplet number in the Arctic, At-
mos. Chem. Phys., 22, 5743-5756, https://doi.org/10.5194/acp-
22-5743-2022, 2022.

National Academies of Sciences, Engineering, and Medicine:
Reflecting Sunlight: Recommendations for Solar Geo-
engineering Research and Research Governance, National
Academies Press, Washington, D.C., ISBN 978-0-309-67605-2,
https://doi.org/10.17226/25762, 2021.

NCAS Computational Modelling Services: https://cms.ncas.ac.uk/
unified-model/configurations/ukesm/relnotes-1.1/ (last access:
30 October 2024), 2023.

Partanen, A.-1., Kokkola, H., Romakkaniemi, S., Kerminen, V.-M.,
Lehtinen, K. E. J., Bergman, T., Arola, A., and Korhonen, H.:
Direct and Indirect Effects of Sea Spray Geoengineering and the
Role of Injected Particle Size, J. Geophys. Res.-Atmos., 117,
D02203, https://doi.org/10.1029/2011JD016428, 2012.

Phillips, A., Simpson, 1., and Rosenbloom, N.: Data for CESM2
SSP2-4.5 with Modified Biomass Burning Emissions, Climate
Data Gateway [data set], https://doi.org/10.26024/j23t-pc83,
2024.

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, Atmos. Chem.
Phys., 18, 17475-17488, https://doi.org/10.5194/acp-18-17475-
2018, 2018.

Quaas, J., Boucher, O., Bellouin, N., and Kinne, S.: Satellite-
Based Estimate of the Direct and Indirect Aerosol Cli-
mate Forcing, J. Geophys. Res.-Atmos., 113, D05204,
https://doi.org/10.1029/2007JD008962, 2008.

Quan, J., Zhang, Q., He, H., Liu, J.,, Huang, M., and Jin,
H.: Analysis of the formation of fog and haze in North
China Plain (NCP), Atmos. Chem. Phys., 11, 8205-8214,
https://doi.org/10.5194/acp-11-8205-2011, 2011.

Ramanathan, V., Crutzen, P. J., Kiehl, J. T., and Rosenfeld, D.:
Aerosols, Climate, and the Hydrological Cycle, Science, 294,
2119-2124, https://doi.org/10.1126/science.1064034, 2001.

Rasch, P. J., Crutzen, P. J., and Coleman, D. B.: Exploring the Geo-
engineering of Climate Using Stratospheric Sulfate Aerosols:
The Role of Particle Size, Geophys. Res. Lett., 35, L02809,
https://doi.org/10.1029/2007GL032179, 2008.

Rasch, P. J., Latham, J., and Chen, C.-C. J.: Geoengineering
by Cloud Seeding: Influence on Sea Ice and Climate System,
Environ. Res. Lett., 4, 045112, https://doi.org/10.1088/1748-
9326/4/4/045112, 2009.

Riahi, K., van Vuuren, D. P., Kriegler, E., Edmonds, J., O’Neill,
B. C., Fujimori, S., Bauer, N., Calvin, K., Dellink, R., Fricko,
0., Lutz, W., Popp, A., Cuaresma, J. C., Kc, S., Leimbach, M.,

https://doi.org/10.5194/gmd-17-7963-2024

7993

Jiang, L., Kram, T., Rao, S., Emmerling, J., Ebi, K., Hasegawa,
T., Havlik, P., Humpendder, F., Da Silva, L. A., Smith, S., Ste-
hfest, E., Bosetti, V., Eom, J., Gernaat, D., Masui, T., Rogelj, J.,
Strefler, J., Drouet, L., Krey, V., Luderer, G., Harmsen, M., Taka-
hashi, K., Baumstark, L., Doelman, J. C., Kainuma, M., Klimont,
Z., Marangoni, G., Lotze-Campen, H., Obersteiner, M., Tabeau,
A., and Tavoni, M.: The Shared Socioeconomic Pathways and
Their Energy, Land Use, and Greenhouse Gas Emissions Impli-
cations: An Overview, Global Environmental Change, 42, 153—
168, https://doi.org/10.1016/j.gloenvcha.2016.05.009, 2017.

Richter, J. H., Visioni, D., MacMartin, D. G., Bailey, D. A.,
Rosenbloom, N., Dobbins, B., Lee, W. R., Tye, M., and
Lamarque, J.-F.: Assessing Responses and Impacts of Solar
climate intervention on the Earth system with stratospheric
aerosol injection (ARISE-SAI): protocol and initial results from
the first simulations, Geosci. Model Dev., 15, 8221-8243,
https://doi.org/10.5194/gmd-15-8221-2022, 2022.

Ridley, J. K., Blockley, E. W., Keen, A. B., Rae, J. G. L,
West, A. E., and Schroeder, D.: The sea ice model compo-
nent of HadGEM3-GC3.1, Geosci. Model Dev., 11, 713-723,
https://doi.org/10.5194/gmd-11-713-2018, 2018.

Russell, L. M., Rasch, P. J., Mace, G. M., Jackson, R. B., Shepherd,
J., Liss, P, Leinen, M., Schimel, D., Vaughan, N. E., Janetos,
A. C., Boyd, P. W., Norby, R. J., Caldeira, K., Merikanto, J., Ar-
taxo, P., Melillo, J., and Morgan, M. G.: Ecosystem Impacts of
Geoengineering: A Review for Developing a Science Plan, AM-
BIO, 41, 350-369, https://doi.org/10.1007/s13280-012-0258-5,
2012.

Seinfeld, J. H., Bretherton, C., Carslaw, K. S., Coe, H., DeMott,
P. J., Dunlea, E. J., Feingold, G., Ghan, S., Guenther, A. B.,
Kahn, R., Kraucunas, I., Kreidenweis, S. M., Molina, M. J.,
Nenes, A., Penner, J. E., Prather, K. A., Ramanathan, V., Ra-
maswamy, V., Rasch, P. J., Ravishankara, A. R., Rosenfeld,
D., Stephens, G., and Wood, R.: Improving Our Fundamen-
tal Understanding of the Role of Aerosol-cloud Interactions in
the Climate System, P. Natl. Acad. Sci. USA, 113, 5781-5790,
https://doi.org/10.1073/pnas.1514043113, 2016.

Sellar, A. A., Jones, C. G., Mulcahy, J. P, Tang, Y., Yool,
A., Wiltshire, A., O’Connor, F. M., Stringer, M., Hill, R,
Palmieri, J., Woodward, S., de Mora, L., Kuhlbrodt, T., Rum-
bold, S. T., Kelley, D. 1., Ellis, R., Johnson, C. E., Walton,
J., Abraham, N. L., Andrews, M. B., Andrews, T., Archibald,
A. T., Berthou, S., Burke, E., Blockley, E., Carslaw, K., Dalvi,
M., Edwards, J., Folberth, G. A., Gedney, N., Griffiths, P. T,
Harper, A. B., Hendry, M. A., Hewitt, A. J., Johnson, B., Jones,
A., Jones, C. D., Keeble, J., Liddicoat, S., Morgenstern, O.,
Parker, R. J., Predoi, V., Robertson, E., Siahaan, A., Smith,
R. S., Swaminathan, R., Woodhouse, M. T., Zeng, G., and Zer-
roukat, M.: UKESM1: Description and Evaluation of the U.K.
Earth System Model, J. Adv. Model. Earth Sy., 11, 4513-4558,
https://doi.org/10.1029/2019MS001739, 2019.

Slingo, A.: Sensitivity of the Earth’s Radiation Bud-
get to Changes in Low Clouds, Nature, 343, 49-51,
https://doi.org/10.1038/343049a0, 1990.

Stevens, B. and Feingold, G.: Untangling Aerosol Effects on Clouds
and Precipitation in a Buffered System, Nature, 461, 607-613,
https://doi.org/10.1038/nature08281, 2009.

Stjern, C. W., Muri, H., Ahlm, L., Boucher, O., Cole, J. N. S.,
Ji, D., Jones, A., Haywood, J., Kravitz, B., Lenton, A., Moore,

Geosci. Model Dev., 17, 7963-7994, 2024


https://www.osti.gov/biblio/940991
https://doi.org/10.1029/2002JD002263
https://doi.org/10.5194/acp-22-5743-2022
https://doi.org/10.5194/acp-22-5743-2022
https://doi.org/10.17226/25762
https://cms.ncas.ac.uk/unified-model/configurations/ukesm/relnotes-1.1/
https://cms.ncas.ac.uk/unified-model/configurations/ukesm/relnotes-1.1/
https://doi.org/10.1029/2011JD016428
https://doi.org/10.26024/j23t-pc83
https://doi.org/10.5194/acp-18-17475-2018
https://doi.org/10.5194/acp-18-17475-2018
https://doi.org/10.1029/2007JD008962
https://doi.org/10.5194/acp-11-8205-2011
https://doi.org/10.1126/science.1064034
https://doi.org/10.1029/2007GL032179
https://doi.org/10.1088/1748-9326/4/4/045112
https://doi.org/10.1088/1748-9326/4/4/045112
https://doi.org/10.1016/j.gloenvcha.2016.05.009
https://doi.org/10.5194/gmd-15-8221-2022
https://doi.org/10.5194/gmd-11-713-2018
https://doi.org/10.1007/s13280-012-0258-5
https://doi.org/10.1073/pnas.1514043113
https://doi.org/10.1029/2019MS001739
https://doi.org/10.1038/343049a0
https://doi.org/10.1038/nature08281

7994

J. C., Niemeier, U., Phipps, S. J., Schmidt, H., Watanabe, S.,
and Kristjdnsson, J. E.: Response to marine cloud brightening
in a multi-model ensemble, Atmos. Chem. Phys., 18, 621-634,
https://doi.org/10.5194/acp-18-621-2018, 2018.

Storkey, D., Blaker, A. T., Mathiot, P., Megann, A., Aksenov,
Y., Blockley, E. W., Calvert, D., Graham, T., Hewitt, H.
T., Hyder, P., Kuhlbrodt, T., Rae, J. G. L., and Sinha, B.:
UK Global Ocean GO6 and GO7: a traceable hierarchy
of model resolutions, Geosci. Model Dev., 11, 3187-3213,
https://doi.org/10.5194/gmd-11-3187-2018, 2018.

Tilmes, S., Richter, J. H., Kravitz, B., MacMartin, D. G., Mills,
M. J., Simpson, I. R., Glanville, A. S., Fasullo, J. T., Phillips,
A. S., Lamarque, J.-F.,, Tribbia, J., Edwards, J., Mickelson, S.,
and Ghosh, S.: CESM1(WACCM) Stratospheric Aerosol Geo-
engineering Large Ensemble Project, B. Am. Meteorol. Soc., 99,
2361-2371, https://doi.org/10.1175/BAMS-D-17-0267.1, 2018.

Trisos, C. H., Amatulli, G., Gurevitch, J., Robock, A., Xia, L., and
Zambri, B.: Potentially Dangerous Consequences for Biodiver-
sity of Solar Geoengineering Implementation and Termination,
Nat. Ecol. Evol., 2, 475-482, https://doi.org/10.1038/s41559-
017-0431-0, 2018.

Twomey, S.: The Influence of Pollution on the
Shortwave  Albedo of Clouds, J. Atmos. Sci.,
34, 1149-1152, https://doi.org/10.1175/1520-
0469(1977)034<1149:TIOPOT>2.0.CO;2, 1977.

Valles-Casanova, 1., Lee, S.-K., Foltz, G. R., and Pelegri,
J. L.: On the Spatiotemporal Diversity of Atlantic Nifio
and Associated Rainfall Variability Over West Africa and
South America, Geophys. Res. Lett., 47, €2020GL087108,
https://doi.org/10.1029/2020GL087108, 2020.

Visioni, D., Kravitz, B., Robock, A., Tilmes, S., Haywood, J.,
Boucher, O., Lawrence, M., Irvine, P., Niemeier, U., Xia, L.,
Chiodo, G., Lennard, C., Watanabe, S., Moore, J. C., and Muri,
H.: Opinion: The scientific and community-building roles of
the Geoengineering Model Intercomparison Project (GeoMIP) —
past, present, and future, Atmos. Chem. Phys., 23, 5149-5176,
https://doi.org/10.5194/acp-23-5149-2023, 2023.

Visioni, D., Robock, A., Haywood, J., Henry, M., Tilmes, S., Mac-
Martin, D. G., Kravitz, B., Doherty, S. J., Moore, J., Lennard,
C., Watanabe, S., Muri, H., Niemeier, U., Boucher, O., Syed,
A., Egbebiyi, T. S., Séférian, R., and Quaglia, I.: G6-1.5K-
SAI a new Geoengineering Model Intercomparison Project (Ge-
oMIP) experiment integrating recent advances in solar radia-
tion modification studies, Geosci. Model Dev., 17, 2583-2596,
https://doi.org/10.5194/gmd-17-2583-2024, 2024.

Walters, D., Baran, A. J., Boutle, 1., Brooks, M., Earnshaw, P., Ed-
wards, J., Furtado, K., Hill, P., Lock, A., Manners, J., Morcrette,
C., Mulcahy, J., Sanchez, C., Smith, C., Stratton, R., Tennant,
W., Tomassini, L., Van Weverberg, K., Vosper, S., Willett, M.,
Browse, J., Bushell, A., Carslaw, K., Dalvi, M., Essery, R., Ged-
ney, N., Hardiman, S., Johnson, B., Johnson, C., Jones, A., Jones,
C., Mann, G., Milton, S., Rumbold, H., Sellar, A., Ujiie, M.,
Whitall, M., Williams, K., and Zerroukat, M.: The Met Office
Unified Model Global Atmosphere 7.0/7.1 and JULES Global
Land 7.0 configurations, Geosci. Model Deyv., 12, 1909-1963,
https://doi.org/10.5194/gmd-12-1909-2019, 2019.

Wan, J. S., Chen, C.-C. J., Tilmes, S., Luongo, M. T., Richter, J.
H., and Ricke, K.: Diminished efficacy of regional marine cloud

Geosci. Model Dev., 17, 7963-7994, 2024

P. J. Rasch et al.: MCB-REG protocol

brightening in a warmer world, Nat. Clim. Chang., 14, 808-814,
https://doi.org/10.1038/s41558-024-02046-7, 2024.

Wang, H. and Feingold, G.: Modeling Mesoscale Cellular Struc-
tures and Drizzle in Marine Stratocumulus. Part II: The Mi-
crophysics and Dynamics of the Boundary Region between
Open and Closed Cells, J. Atmos. Sci., 66, 3257-3275,
https://doi.org/10.1175/2009JAS3120.1, 2009.

Wang, H., Feingold, G., Wood, R., and Kazil, J.: Modelling mi-
crophysical and meteorological controls on precipitation and
cloud cellular structures in Southeast Pacific stratocumulus, At-
mos. Chem. Phys., 10, 6347-6362, https://doi.org/10.5194/acp-
10-6347-2010, 2010.

Wang, H., Rasch, P. J., and Feingold, G.: Manipulating marine
stratocumulus cloud amount and albedo: a process-modelling
study of aerosol-cloud-precipitation interactions in response to
injection of cloud condensation nuclei, Atmos. Chem. Phys., 11,
4237-4249, https://doi.org/10.5194/acp-11-4237-2011, 2011.

Wang, H., Easter, R. C., Zhang, R., Ma, P.-L., Singh, B., Zhang,
K., Ganguly, D., Rasch, P. J., Burrows, S. M., Ghan, S. J., Lou,
S., Qian, Y., Yang, Y., Feng, Y., Flanner, M., Leung, L. R., Liu,
X., Shrivastava, M., Sun, J., Tang, Q., Xie, S., and Yoon, J.-
H.: Aerosols in the E3SM Version 1: New Developments and
Their Impacts on Radiative Forcing, J. Adv. Model. Earth Sy.,
12, e2019MS001851, https://doi.org/10.1029/2019MS001851,
2020.

Wells, A. F., Henry, M., Bednarz, E. M., MacMartin, D. G.,
Jones, A., Dalvi, M., and Haywood, J. M.: Identifying Cli-
mate Impacts From Different Stratospheric Aerosol Injection
Strategies in UKESM1, Earth’s Future, 12, e2023EF004358,
https://doi.org/10.1029/2023EF004358, 2024.

Wood, R.: Cancellation of Aerosol Indirect Effects in Marine Stra-
tocumulus through Cloud Thinning, J. Atmos. Sci., 64, 2657-
2669, https://doi.org/10.1175/JAS3942.1, 2007.

Wood, R.: Assessing the potential efficacy of marine cloud bright-
ening for cooling Earth using a simple heuristic model, Atmos.
Chem. Phys., 21, 14507-14533, https://doi.org/10.5194/acp-21-
14507-2021, 2021.

Wood, R., Ackerman, T., Rasch, P, and Wanser, K.: Could
Geoengineering Research Help Answer One of the Biggest
Questions in Climate Science?, Earth’s Future, 5, 659-663,
https://doi.org/10.1002/2017EF000601, 2017.

Xue, H., Feingold, G., and Stevens, B.: Aerosol Effects
on Clouds, Precipitation, and the Organization of Shal-
low Cumulus Convection, J. Atmos. Sci.,, 65, 392-406,
https://doi.org/10.1175/2007JAS2428.1, 2008.

Yool, A., Popova, E. E., and Anderson, T. R.: MEDUSA-2.0: an
intermediate complexity biogeochemical model of the marine
carbon cycle for climate change and ocean acidification studies,
Geosci. Model Deyv., 6, 1767-1811, https://doi.org/10.5194/gmd-
6-1767-2013, 2013.

Yuan, T., Song, H., Wood, R., Oreopoulos, L., Platnick, S.,
Wang, C., Yu, H., Meyer, K., and Wilcox, E.: Obser-
vational Evidence of Strong Forcing from Aerosol Effect
on Low Cloud Coverage, Science Advances, 9, eadh7716,
https://doi.org/10.1126/sciadv.adh7716, 2023.

https://doi.org/10.5194/gmd-17-7963-2024


https://doi.org/10.5194/acp-18-621-2018
https://doi.org/10.5194/gmd-11-3187-2018
https://doi.org/10.1175/BAMS-D-17-0267.1
https://doi.org/10.1038/s41559-017-0431-0
https://doi.org/10.1038/s41559-017-0431-0
https://doi.org/10.1175/1520-0469(1977)034<1149:TIOPOT>2.0.CO;2
https://doi.org/10.1175/1520-0469(1977)034<1149:TIOPOT>2.0.CO;2
https://doi.org/10.1029/2020GL087108
https://doi.org/10.5194/acp-23-5149-2023
https://doi.org/10.5194/gmd-17-2583-2024
https://doi.org/10.5194/gmd-12-1909-2019
https://doi.org/10.1038/s41558-024-02046-7
https://doi.org/10.1175/2009JAS3120.1
https://doi.org/10.5194/acp-10-6347-2010
https://doi.org/10.5194/acp-10-6347-2010
https://doi.org/10.5194/acp-11-4237-2011
https://doi.org/10.1029/2019MS001851
https://doi.org/10.1029/2023EF004358
https://doi.org/10.1175/JAS3942.1
https://doi.org/10.5194/acp-21-14507-2021
https://doi.org/10.5194/acp-21-14507-2021
https://doi.org/10.1002/2017EF000601
https://doi.org/10.1175/2007JAS2428.1
https://doi.org/10.5194/gmd-6-1767-2013
https://doi.org/10.5194/gmd-6-1767-2013
https://doi.org/10.1126/sciadv.adh7716

	Abstract
	Introduction
	Background motivating the protocol
	Review of previous modeling studies of SRM impacts
	Limitations and strengths of global models for MCB evaluation
	Considerations influencing the protocol design

	The MCB-REG protocol
	Configurations, setup, and experiments
	Calibration procedure
	An outline of the protocol's experiments and a few illustrative results
	MCB-REG-S1 – simulations using prescribed sea surface temperatures
	MCB-REG-S2 – coupled simulations


	Summary and next steps
	Appendix A
	Appendix A1: Model descriptions
	Appendix A1.1: E3SMv2
	Appendix A1.2: CESM2
	Appendix A1.3: UKESM1

	Appendix A2: Info on the use of UKESM1 simulations
	Appendix A3: Recommended output
	Appendix A4: Acronyms

	Code and data availability
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

