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Reviewer Report for the Proposal “Field Study of a Controlled-Release
Sea Salt Aerosol Plume”

Prepared on 31 December 2023
Dilip Ganguly (Indian Institute of Technology Delhi)
Nicolds Huneeus (Universidad de Chile, Chile)
Jim Hurrell (Colorado State University)
Armin Sorooshian (University of Arizona)

Paul Wennberg (California Institute of Technology)

Summary

A committee of six chosen by the project team was contacted to serve as volunteer reviewers for
a proposal to conduct a field effort focused on marine cloud brightening. This work was conducted
confidentially among the team of reviewers and the project team was not involved with influencing
any aspect of this report; they strictly just introduced the reviewers to one another and asked them
to work together to reach the point of preparing and sharing a report with the project team. Four
of the volunteer members submitted independent reviewer comments to a shared google drive,
then Armin Sorooshian organized the comments into this single report. The report was then shared
with the entire reviewer committee for editing and commenting. This version reflects the final
edited report with unanimous approval from the committee.

The structure of the report below follows the same order of questions that the committee was asked
to address (shown in black font), followed at the end by a recommendation as to whether a doppler
lidar would be a useful addition (as the committee was requested to do).

Detailed Reviewer Responses

1. the value of the stated scientific objectives, within the larger goals of the MCB Program,
including how it could eventually contribute to a reduction in the currently large
uncertainty in present-day climate forcing through aerosol-cloud interactions and
improving projections of the impacts of proposed marine cloud brightening;

The committee felt the proposal was well-written, justified, and consistent in terms of the scientific
goals and activities (observations and modelling) planned for this first experiment. Given that such
interactions have been extensively studied in the field previously and, yet, major uncertainties
remain, is a strong motivation for undertaking emissions experiments with well characterized
aerosol inputs together with proper analysis of the meteorology. The proposed observational and
modeling activities could improve not only our understanding of the potential of MCB, but also



reduce key uncertainties in present and future climate forcing related to aerosol-cloud interactions.
The data collected would be of relevance to global-scale modelers as well as others. In general,
the measurements resulting from this experiment will represent an important database that can help
reduce the uncertainty on aerosol-cloud interactions.

Having said all this, at least one committee member believed it would have been better if the
proposal sea salt aerosol plume experiment could have been examined with more knowledge of
the CACIE experiment. Apparently, there is already a document on CACIE. Also, another member
commented that given the general applicability of this study to knowledge of current climate (e.g.,
how much has the reduction in shipping sulfur emissions forced the post 2020 climate), they were
surprised that the proposal is so focused on the MCB motivation — perhaps this is a deliberate effort
at building a permissions structure for such experiments? Having this as the central motivation
does add risks (see e.g., SCOPEX).

ii. whether the planned observations, modeling and analyses are suitable to meet these
objectives;

The committee felt that the proposal plan seems adequate. The different activities planned for this
first experiment are suitable for the stated objectives. The planned observations and modeling
activities are rationale and grounded in firm science. They should yield new insights. One reviewer
noted that they appreciate that uncertainties are stated and understood throughout the proposal.,
commenting “It will therefore be important to understand whether aerosols produced by a spray
system using filtered sea water have similar hygroscopicity to natural sea spray aerosol or behave
more like pure sodium chloride. Ascertaining this information will be important in determining
the CCN activity of the injected aerosol, which is critical for determining the concentration of
cloud droplets formed during activation at cloud base.”

This aerosol plume experiment is a first step towards achieving the scientific objectives set for the
CACIE experiment. An important aspect of this experiment is to have atmospheric conditions
similar to those in marine stratocumulus regions, since it will make it easier to apply these results
to the CACIE experiment. Several actions and precautions are taken to ensure these conditions,
but it is not clear from the main document how likely or often these conditions will occur over the
4-6 weeks planned duration of the experiment.

iii. whether any intentional emissions included in the study could produce a measurable
impact on weather or climate;

The reviewers had no concerns with the injection of sea salt aerosol. However, there was some
surprise amongst reviewers that the proposed site is directly upwind of a large urban area. Is there
concern that the much larger input of urban aerosol will substantially reduce the signal to noise of
the experiments? Was it not possible to find a less impacted site?



iv. the feasibility of conducting the planned observations, modeling and analyses as described
in the field study plan;

All reviewers felt the project plan is ambitious and were unclear on the personnel and time involved
to do everything. In particular, the amount of data to be collected is substantial and not trivial to
analyze. Do the investigators have the resources to examine all the data in a comprehensive way?
It is difficult to evaluate the feasibility of completing all the planned activities. No information
was provided on the members of the team that will be involved in the experiment and therefore it
is difficult to determine if the expertise is there to deal with the all the unforeseen events that occur
in all field campaigns. Is a team member familiar with each one of the instruments that will be
used in the experiment? What about the modelling?

One reviewer noted that it would help to have more information on the site location. Is there local
resistance or concerns (whether founded or unfounded) around issues like local air quality, etc.?
How many options exist, and how do different options affect the field study plan?

Lastly, one reviewer questioned whether the data will be made public.

v. any proposed improvements to the study plan;

The reviewers noted a couple areas where more information would be helpful. This includes
desiring more information on how easily the results from the proposed land-based site can be
translated to marine areas. Aside from simpler logistics and potentially reduced costs using the
proposed site, what are the ambient conditions over the proposed site (e.g., are there elevated levels
of pollutants from humans)? What are the possible limitations?

One reviewer was unsure if the representation of the tethered balloon system in Figure 7 is how it
will be at the end, but just in case the proposers aim to use a spherical balloon for the experiment,
it is suggested to use something with a more aerodynamical shape, like a zeppelin. Spherical
balloons deform easily with even moderate wind velocities risking the buoyancy of the system.
Maybe it has been considered and is just not indicated in the document, but is there any sensor
proposed to be included to measure the height of the payload of the tethered balloon, or will it be
estimated somehow?

vi. any additional areas of scientific or safety concern raised by SRB members;

The reviewers did not identify additional areas of concern.

vii. any comments on the characterization of the study.



Overall, the reviewers felt the proposal was well done and well thought out. Science objectives
seem to be within reach.

All reviewers commented that a doppler lidar would certainly be a valuable addition. One reviewer
stated that the lack of a secured deployment of a doppler lidar is a big risk.



Sea, Air & Space Museum Alameda, California

20 March 2024

To Whom it May Concern,

My name is Laura Fies and | am Executive Director of the USS Hornet Sea, Air & Space Museum,
the host site for the Marine Cloud Brightening project being undertaken by the University of
Washington, SilverLining, and other partners.

As the study has been described to us, creating a mist of salt water that will be monitored for the
length of our Flight Deck (with additional monitoring stations potentially located in our visitor
parking lot), the Hornet Museum is comfortable with the project operating during the hours that
the Museum is closed to the public and while the Museum is open to the public so long as
signage is posted alerting our visitors to the spray.

We do not have any concerns about any effects to our staff, volunteers, or visitors (especially as
visitors will be given the active choice to engage with the project should it be active during the
Museum’s public hours) or to our artifacts and historic vessel. This is due to the in-depth
conversations that we have had with project representatives as well as the fact that the active
material used is salt water—something the Museum is used to managing and mitigating on our
historic Flight Deck. Nothing within this project exceeds a scale or use of machinery, power, or
materials beyond the Museum's usual restoration and operational use or goes beyond the scope
of our Use Permit as defined within our pier rental agreement with the City of Alameda.

We are looking forward to hosting the Marine Cloud Brightening project, particularly in terms of
their interest in outreach and education. The Museum sees an average of 14,000 students
through our educational programming every year, and we are excited to integrate information
about this groundbreaking research in accompaniment to our traditional STEM workshops.

Best,
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Laura Fies

Executive Director
USS Hornet Sea, Air & Space Museum
Laura.Fies@uss-hornet.org

www.uss-hornet.org 707 W Hornet Ave,, Alameda CA, 94501



National Weather Service forecasts and warnings for Alameda, California will be checked
3, 2, and 1 day in advance of any operational days, as well as in the mornings of operational
days, before commencing operations.



INFORMATION PROVIDED UNDER THE PROVISIONS
OF THE
PAPERWORK REDUCTION ACT OF 1995

The Paperwork Reduction Act o f1995 requires that individuals or organizations be provided with the
following information if they provide information on paper forms which are collected by the Federal
Government.

1. Public Law 92-205, enacted December 18, 1971 (amended by Public Law 94-490, Section 6(b),
October 15, 1976) requires that all non-federal weather modification activities in the United States and
its territories be reported to the Secretary of Commerce. The National Oceanic and Atmospheric
Administration has implemented the Act and the current reporting requirements are published in the
Code of Federal Regulations (15 CFR 908).

2. Theintent of the program is to increase expertise in the field of weather modification, to allow
scientists and other concerned persons to have access to information on current and past efforts at
weather modification, to help avoid unneeded and wasteful duplications, to aid in preventing territorial
overlapping of weather modification operations, to provide data to assess possible harmful or
dangerous activities, and to furnish information to check both desirable and undesirable atmospheric
changes against records of weather modification efforts. To meet this objective, information is collected
on the location and size of the target area, names and addresses of sponsors and operators, beginning
and ending dates of the project, specific purpose, description of apparatus and seeding agents to be
used, number of days of operations, number of hours of operations of each type of weather
modification apparatus, and total amount of seeing agent used.

3. AFederal agency may not conduct or sponsor, and a person is not required to respond to, nor shall a
person be subject to a penalty for failure to comply with an information collection subject to the
requirements of the Paperwork Reduction Act of 1995 unless the information collection has a currently
valid OMB Control Number. The approved OMB Control Number for this information collection is 0648-
0025. Without this approval, we could not conduct this information collection. Public reporting for this
information collection is estimated to be approximately 30 minutes per response, including the time for
reviewing instructions, searching existing data sources, gathering and maintaining the data needed, and
completing and reviewing the information collection. All responses to this information collection are
mandatory pursuant to Public Law 92-205, enacted December 18, 1971 (amended by Public Law 94-490,
Section 6(b), October 15, 1976). Send comments regarding this burden estimate or any other aspect of
this information collection, including suggestions for reducing this burden to the OAR Weather Program
Office at Weather.Modification@noaa.gov.
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1 Motivation

Climate forcing from anthropogenic aerosol emissions via aerosol-cloud interactions is estimated to be
between about 10% and 40% that of anthropogenic forcing from greenhouse gases (GHGs) and of
opposite sign (Forster et al., 2021), providing an important but highly uncertain offset to GHG climate
warming (Figure 1). While the magnitude of present-day climate forcing through aerosol-cloud
interactions is highly uncertain (Seinfeld et al., 2016; Bellouin et al., 2019), theoretical and observational
studies indicate that aerosols can significantly increase albedo via aerosol-cloud interactions (Twomey
1977; Chen et al., 2014; Diamond et al., 2020; Chen et al., 2022).

The observed impacts of aerosols on clouds led to 0

the hypothesis that marine cloud brightening o0
(MCB), i.e., the targeted addition of aerosols with '
optimized size and concentration to specific low _ 04
marine clouds, could be used to reduce climate 08
warming and associated impacts (Latham 1990; % -0.8
Latham et al., 2012). The clouds expected to be é A
most susceptible to the addition of aerosols are 3 s
clean stratocumulus clouds (Oreopoulos et al., Lo
2008; Alterskjaer et al., 2012), which cover about o
20% of the Earth’s oceans (Wood, 2012). These 16
clouds are therefore the focus of intentional 181 BRF,; from individual ERF,q N
marine cloud brightening (MCB) studies. It is also -  GMIP6 models | IPCC ARG
estlmz'ated th'at 'apprOX|'mate|y 60% of 'pres?nt-day Figure 1. Global model estimates of climate forcing
effective radiative forcing from pollution via . . s

. - . by aerosol-cloud interactions (ERF,) vary widely.
aerosol-cloud interactions (ACI) occurs in Shown here are estimates of ERFaci from 17 CMIP6
stratocumulus clouds (Diamond et al., 2020). global models (blue bars; from Table 6 of Smith et
However, major questions remain regarding the al., 2020) as well as the best estimate (green bar)
role of cloud macrophysical adjustments to and range (gray line) in ERF,. as assessed in IPCC
aerosol perturbations, which, depending upon the ARG (Forster et al., 2021). For reference, ERF by
meteorological and cloud state, can either greenhouse gases is assessed in AR6 as +3.84 W/m’
augment or offset cloud brightening from (range: +3.46-4.22 W/m?).

increases in cloud droplet number concentration

identified by Twomey, depending upon the meteorological and cloud state (H. Wang et al., 2011;
Bellouin et al., 2019; Chen et al., 2022), and which were the basis for the original MCB concept. Better
quantifying stratocumulus cloud responses to the addition of aerosols under different meteorological
and background aerosol conditions will help reduce uncertainties in present-day ACI climate forcing,
and therefore the rate of planetary warming due to increasing greenhouse gases alone, as well as
being critical to determining whether MCB could feasibly be used as a way to predictably and reliably
slow climate warming.

Prior observations and utility of controlled perturbation experiments

The importance of ACI as a climate forcing mechanism and the persistent uncertainty in this forcing
(IPCC, 2001; IPCC, 2007; IPCC, 2013; IPCC, 2021), has motivated numerous field studies of how pollution
and biomass burning smoke are altering cloud properties (e.g. MASE | and II?, VOCALS-REX 20082, E-

1 Marine Stratus/Stratocumulus Experiment (2005 & 2007)
2 VAMOS Ocean-Cloud-Atmosphere-Land Study (2008)



PEACE?, CSET#, ORACLES®, LASIC®, ACE-ENA’, TRACER®, ESCAPE®). These campaigns, coupled with
modeling across a range of scales (M. Wang et al., 2011; Wyant et al., 2015; Glassmeier et al., 2019) and
analysis of satellite data (Chen et al., 2014; Wang et al., 2012; McCoy et al., 2017) have significantly
advanced our understanding of aerosol impacts on clouds. However, establishing quantitative causal
connections from these observations is hindered by co-variability between changes in aerosol and
cloud properties (Stevens and Feingold 2009), because both are sensitive to variations in atmospheric
transport and meteorology, as well as to local sources of aerosols, heat, and moisture. This makes it
challenging to untangle aerosol-driven effects on clouds from those due to meteorology.

A notable exception to this co-variability occurs with ship tracks, where cloud albedo changes are
confined to narrow corridors defined by the addition of aerosols from transiting cargo ships (Figure 2).
These ship tracks provide a type of natural experiment that allows for more effective distinction of
aerosol-driven changes in clouds (Christensen et al., 2022), by contrasting the cloud properties and
cloud evolution in and adjacent to the track. As such, ship tracks have been the focus of a number of
field studies (e.g. MAST in 1994, Durkee et al., 2000a; MASE in 2005 & 2007, Lu et al, 2007, 2009;
ACRUISE, ongoing). Such studies provided some of the first evidence of precipitation suppression in ship
tracks (Ferek et al., 2000) and that liquid water path often decreases in ship tracks (Coakley and Walsh
2002). But the mechanisms for cloud
adjustments involve both cloud responses
to precipitation suppression and more
efficient entrainment mixing (Ackerman et
al. 2004; Wood 2007). Precipitation
formation and cloud top entrainment are
poorly understood processes and are
especially difficult to accurately represent
in low resolution global models (Stephens
et al., 2010; Guo et al., 2011).

While ship tracks provide a convenient
“natural experiment” demonstrating how
low marine clouds respond to aerosol
injections, relying on such observations of
opportunity makes planning the sampling
of specific cloud and aerosol regimes
difficult. The aerosol particles driving the
cloud changes are also from poorly
characterized and variable sources. This
limits the ability to build statistics on cloud
responses under given cloud,
meteorological and/or background aerosol
conditions. Given the complexity of cloud

Figure 2. Ship tracks are a highly visible manifestation of
how aerosol emissions can alter clouds, here leading to
visibly brightened tracks of clouds in the stratocumulus
deck off the west coast of North America. [Credit: NASA
Earth Observatory]

3 Eastern Pacific Emitted Aerosol Cloud Experiment (2011)

4 Cloud System Evolution over the Trades (2015)

> ObseRvations of Aerosols above CLouds and their intEractionS (2016-2018)

6 Layered Atlantic Smoke Interactions with Clouds (2016 & 2017)

7 Aerosol and Cloud Experiments in the Eastern North Atlantic (2017-2018)

& Tracking Aerosol Convection interactions Experiment (2021)

9 Experiment of Sea Breeze Convection, Aerosols, Precipitation, and Environment (2022)



responses to aerosols, and the fact that perturbations are occurring in the context of a naturally
evolving and variable cloud field, sampling sufficient to build statistics will be essential to reducing
uncertainties in aerosol-cloud interactions.

Planned emissive field studies

In the interest of having better observational constraints on aerosol-cloud interactions, we have
proposed a field study design that builds on those used for previous field campaigns, with the
important difference of being able to control the aerosol perturbation to the cloud. Using a consistent
and well-characterized aerosol source will allow us to more definitively separate cloud changes driven
by aerosol-cloud covariability associated with meteorology from those driven by local sources driving
aerosol-cloud interactions. Systematically conducting such controlled-perturbation studies over a range
of background aerosol and meteorological conditions will further allow for building statistical
relationships between aerosol perturbations and cloud responses over a range of timescales.

Important questions also remain about how different meteorological conditions typical in regions of
low marine clouds affect transport of aerosol from the surface to cloud base, how well these transport
processes can be constrained with observations, and how well even higher-resolution (e.g. large-eddy
simulating) models represent these processes.

Controlled-aerosol Aerosol-Cloud Interaction Experiment (CACIE)

The aerosol-cloud interaction study we have proposed, the Controlled-aerosol Aerosol-Cloud Interaction
Experiment (CACIE), is described in a separate document.

The CACIE experiment characteristics include:

i) using a single, well-characterized source of aerosols emitted at a rate sufficient to produce a
measurable cloud perturbation

ii) a study design targeting process-level insights, with a focus on processes indicated to be
important in cloud-resolving modeling simulations, and

iii) building statistics on cloud responses to the generated aerosol across a range of conditions, and
co-analyzing the observed responses with simulations of the observed cases.

This requires the use of a spray system capable of generating a plume of aerosol that:

e is well-characterized (aerosol composition, size and number concentration),
e will be efficiently transported to cloud base, and
e will produce a significant cloud perturbation.

The proposed CACIE study involves use of a spray system that would produce sea salt aerosol optimized
for marine cloud brightening, targeted for use in marine stratocumulus regions. As described below in
more detail, this spray system must be capable of producing a plume of at least 10*° sea salt particles
per second of sea salt that, just downstream?? (i.e. ~200 m) of the spray system, is in the ~10-200 nm
dry diameter size range (Connolly et al., 2014; Wood, 2021), and that fewer than 0.1-0.2% of the
particles exceed 2 um dry diameter. Further, it must be shown that evaporative cooling of the spray
droplets in the plume will not prevent the plume from mixing up to cloud base (i.e., up to 1-2km
altitude) without significant loss of the generated aerosols under the atmospheric boundary layer

10 As shown by Wood (2021) (see their Figure 11), for the size and concentration of aerosols produced by this spray
system, the effect of coagulation on particle number concentrations is insignificant within a few 10’s of meters
downstream of the spray system, due to the rapid dilution of the plume. Thus, the aerosol size distribution within
~100-200m downstream of the spray system will likely be representative of the aerosol size at cloud base.



conditions typical in regions of marine stratocumulus. A spray system designed to meet these
requirements, CARI, the Cloud Aerosol Research Instrument, has been developed as part of the
University of Washington Marine Cloud Brightening (MCB) Program.

Herein we further describe:

e the basis for the performance requirements we’ve set for the CARI system, and
e the field studies we propose, which care designed to
o assure that CARI meets the above requirements and
O addresses science questions about the evolution and transport of the aerosols within
the marine boundary layer.

Land-based controlled-aerosol-release studies

There are several overarching science questions that are driving the development of land-based
controlled aerosol release studies:

e Can aerosol production rates be determined using observations of the aerosol size distribution
at sites 100-1000 m downstream of the spray system?

e (Can coagulation rates immediately downwind of the spray system be constrained through
combined analysis of observations and model simulations?

e How does the aerosol size distribution in the plume evolve under different meteorological
conditions, such as different wind speeds, background turbulence levels, and relative
humidities?

e How do we optimize our measurement suite to be able to constrain the energy costs associated
with the spray system?

Joint analysis of observations of the generated aerosol plume and multi-scale modeling will be used to
test our understanding of the aerosol evolution and transport in the boundary layer (see Section 5).
Results of the study will also be useful for developing improved representation of the transport of a
surface-generated plume in models across a range of scales, including the large-eddy simulations (LES)
being used to study the potential efficacy of marine cloud brightening (e.g. Glassmeier et al., 2019;
Wood, 2021; Hoffmann and Feingold, 2021) and, ultimately, in global models being used to study the
climate impacts of MCB.

2 Requirements for generated aerosol

Aerosol-cloud interactions driving spray system requirements

Aerosol-cloud interactions affect cloud albedo initially through changes in cloud microphysical
properties (droplet size and droplet number concentration), which in turn can trigger cloud
macrophysical responses (total amount of cloud water and how long the cloud lasts, and therefore cloud
fraction). It is well-established that adding sub-micron sized aerosols to clean, low clouds increases the
number of cloud droplets in the cloud (Martin et al., 1994), increasing the cloud water surface area; for
a cloud with a given amount of liquid, this increases the cloud albedo (the Twomey effect; Twomey,
1974). The increase in albedo with aerosol concentration is largest for clouds with otherwise low
concentrations of cloud-condensation nuclei (CCN) because the effect asymptotes at higher
concentrations of CCN. Aerosol increases in clouds are therefore expected to be most effective at
producing a negative radiative forcing in regions with low concentrations of background aerosols.



The original idea of intentional marine cloud brightening was based on the idea of leveraging the
Twomey effect (Latham 1990). We now know that the decrease in cloud droplet size with the Twomey
effect in turn leads to other cloud responses. In contrast to the Twomey effect, which always produces a
negative radiative forcing, these cloud responses can either act to increase or decrease cloud albedo.
Smaller droplets at the cloud top can lead to increases in droplet evaporation. The associated
evaporative cooling adds to cloud-top turbulence and entrainment of dry, lower free-troposphere air,
decreasing humidity in the cloud (Wang et al., 2003; Xue and Feingold, 2006; Jiang et al., 2006; Small et
al. 2009; Dagan et al, 2017). In addition, smaller droplets sediment more slowly so more of the cloud
water is present in the entrainment zone at cloud top, leading to more cloud-top evaporative and
radiative cooling, again increasing the cloud-top entrainment rate (Ackerman et al., 2004; Bretherton et
al., 2007; Chen et al., 2014; Michibata et al., 2016; Sato et al., 2018). Both processes can lead to a
reduction in cloud liquid water path (LWP), offsetting or possibly even overwhelming Twomey
brightening.

On the other hand, reduced cloud droplet size also suppresses precipitation. This reduces moisture loss
from the cloud and increases cloud LWP and cloud lifetime and therefore, with time, cloud fraction
(Albrecht, 1989; Erfani et al., 2022). This effect appears to be particularly strong in clouds with very low
initial aerosol concentrations (H. Wang et al., 2011; Erfani et al., 2022), which are precisely the clouds
that are also most susceptible to Twomey brightening and are therefore ideal candidates for marine
cloud brightening. The net effect of these cloud responses on cloud reflectivity and lifetime depends
strongly on the background aerosol and meteorological conditions, as well as on the size and
concentration of the aerosol added to the cloud.

Aerosol size

Requirements on the size and concentration of aerosols targeting marine cloud brightening have been
determined based on two types of simulations. Parcel model simulations can account in detail for cloud
droplet activation as a function of aerosol size distribution and background meteorological conditions.
Parcel models are suitable for running simulations over a large range of meteorological, aerosol size and
aerosol concentration combinations because of their lower computational demands. However, they
cannot account for the dynamical responses to changes in cloud droplet number concentrations that
drive cloud macrophysical responses. Doing so requires the use of large-eddy simulating (LES) models,
which are more computationally expensive but can resolve most of the dynamical processes that drive
cloud evolution, as well as representing cloud microphysical responses to change in aerosol
concentrations. Depending on the LES model and the simulation set-up, they can account to varying
degrees for how aerosol size affects cloud responses.

Parcel model studies by Connolly et al. (2014) and Wood (2021) show that aerosols in the 30-60 nm dry
diameter range are most efficient at producing cloud brightening through the Twomey effect, where
efficiency is measured in terms of forcing per mass of sea salt injected. Using a heuristic model that
allows exploration of how cloud droplet number concentration (CDNC) changes as a function of the sub-
cloud aerosol size distribution, aerosol concentration and updraft speed Wood (2021) simulated the
aerosol perturbation from a collection of point sprayers, accounting for plume overlap. Based on typical
clean marine stratocumulus conditions, that study found that the most efficient forcing is produced
when a single sprayer is able to produce 10'°-10'® aerosol per second of 30-60 nm dry diameter,
assuming there is negligible scavenging of the aerosol between the spray system and cloud base.

Aerosols smaller than 30 nm dry diameter are less effective at activating as cloud condensation nuclei
(CCN), and at higher mass injection rates (see discussion below) the larger number of smaller particles
suppresses cloud supersaturation (Alterskjeer and Kristjansson, 2013; Wood, 2021). At sizes larger than
60 nm, the aerosols are even more effective as CCN, but the forcing produced for a given mass injection



drops off, quite rapidly above 100 nm dry diameter. Injecting aerosols of much large sizes (>2000 nm;
i.e. “giant CCN”) can induce clouds to precipitate, losing water mass; injecting a sufficient number of
these larger aerosols can offset brightening through the Twomey effect by the smaller aerosols, or even
lead to sufficient cloud loss that there is scene dimming (Feingold et al., 1999; Hoffmann and Feingold,
2021). The addition of giant CCN to clouds can induce precipitation even at very low (e.g., 103 cm?3)
concentrations in stratocumulus with low to moderate accumulation mode aerosol concentrations
(Feingold et al., 1999), exactly the types of clouds likely to be targeted with MCB. As these
concentrations of giant CCN can already be present in the ambient environment (Woodcock 1953;
Jensen and Lee, 2008), injections for MCB should aim to minimize adding aerosol of this size to cloud
base.

Aerosol concentration

For the first field studies of aerosol-cloud interactions proposed as part of the CACIE study, the goal is to
produce a measurable change in cloud droplet number concentration (N.) and cloud albedo (o) with a
single plume of sea salt aerosol. Assuming a fixed cloud LWP, the Twomey effect produces a cloud
albedo that increases with cloud droplet number concentration as:

da la(l-a)
dN, 3 N,

(1]

(Platnick and Twomey, 1994; Quaas et al., 2008). Clean to moderately polluted marine boundary layers
typically have cloud droplet concentrations, N., ranging from about 30 cm™ to 150 cm (Wood 2012,
Latham et al., 2012). For a typical marine stratocumulus cloud albedo, a=0.45 (Wood 2021), the increase
in albedo (Aa) through the Twomey effect as a function of a perturbation (AN,) in cloud droplet number
can be calculated by integrating Eqn. [1]. This calculation shows that producing Aa. in the range 0.05 to
0.15 (i.e., about a 10-30% increase) through the Twomey effect alone would require that the spray
system be capable of producing AN, values of about 10 cm? (for a background N, of 30 cm?3) to 125 cm?
(for a background N, of 150 cm3).

Based on the analyses of Connolly et al. (2014) and Wood (2021), sea salt aerosols in the 10-200 nm dry
diameter size range will act as effective CCN. As a first-order approximation we therefore set AN, equal
to the change in the number concentration of aerosols in this size range, AN, at cloud base —i.e. we

Figure 3. An injection rate of at least
10%° particles st is needed in order to
increase aerosol concentrations at
cloud-base by >10 cm3, as shown
here for calculations using a parcel
model. Here, it is assumed that the
plume rapidly fills the assumed 1 km
deep PBL, laterally spreads at a rate
of 1.85 km hr! (Wood 2021), and that
Y=10m ¢ N=101s there are no aerosol sinks. For
reference, at these wind speeds an
aerosol plume of neutral buoyancy
injected at the ocean surface would
take about 20 min to reach cloud
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assume that all injected aerosol in this size range act as CCN. Wood (2021) calculated the required
emissions rate from a point-source spray system in order to achieve ranges in AN, at cloud base as a
function of time after injection under typical conditions in marine stratocumulus regions. That study
shows that achieving AN, at cloud base of >30 cm™ for 2-3 hours following injection requires an injection
rate of 10° particles s or more (Figure 3), when injecting aerosol into a boundary layer with 4-10 m st
winds (typical of marine stratocumulus regions), and under the assumptions that the aerosol rapidly
(within 10-20 min; Chosson et al., 2008) mixes through the shallow (<2 km deep) boundary layers
typical in these regions, and that the plume has a horizontal spreading rate of 1.85 km hr (based on LES
studies and previous estimates of plume spreading in the literature; see Wood 2021). With time the
plume mixes laterally, so that sustaining the aerosol perturbation for longer would require injecting
between ~3x10"° and 10 particles s™.

Producing a plume of salt particles that has a sufficient number of smaller (<200 nm dry diameter)
particles to achieve a significant cloud brightening while simultaneously producing very few larger
particles presents both engineering and scientific challenges. Particle concentrations will necessarily be
extremely high in the region immediately downwind of the sprayer, leading to the potential for
excessive particle-particle coagulation (Turco and Yu, 1997). To minimize coagulation, turbulence
present in the ambient flow will be required to facilitate mixing of air from the sprayer with ambient air
to produce the dilution necessary.

Aerosol composition

The efficacy of an aerosol as a cloud condensation nucleus is dictated primarily by its size, and only
secondarily by its composition (Dusek et al., 2006; Petters and Kreidenweis, 2007). Nonetheless, more
hygroscopic aerosol will more efficiently nucleate cloud droplets. Sea salt is highly hygroscopic, available
in abundance and naturally occurring in the marine environment, and it is non-toxic. As such, it is
effectively the only aerosol being considered for use in marine cloud brightening, and thus is the only
aerosol that we propose using in the spray system for our studies. Nevertheless, it is becoming
increasingly understood that sea spray aerosol often contains quantities of marine organic materials,
and that these can reduce the hygroscopicity by coating the inorganic salts (e.g., Saliba et al., 2021). It
will therefore be important to understand whether aerosols produced by a spray system using filtered
sea water have similar hygroscopicity to natural sea spray aerosol, or behave more like pure sodium
chloride. Ascertaining this information will be important in determining the CCN activity of the injected
aerosol, which is critical for determining the concentration of cloud droplets formed during activation at
cloud base.

Summary of spray system requirements

In sum, based on studies to date a spray system optimized to brighten marine stratocumulus clouds
will need to produce:
a) 10'°-10° particles s of sea salt aerosol in the nominal 10-200 nm dry diameter size range,
ideally with a peak in the size distribution near 30-60 nm dry diameter
b) an aerosol plume that is sufficiently buoyant to effectively mix vertically through the marine
boundary layer downstream of the spray system, so it reaches cloud base, and
c) an aerosol plume where fewer than 0.1-0.2% of the generated aerosol particles have dry
diameters larger than 2000 nm.
For initial testing of whether the system meets these aerosol and plume requirements, we further
specify that it be able to produce:
d) an aerosol plume meeting these aerosol size and injection rate requirements for at least 30 min
of continual operation.
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