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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 

i. 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. 
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To Whom it May Concern, 

My name is Laura Fies and I 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, 

 

 

Laura Fies 

Executive Director 

USS Hornet Sea, Air & Space Museum 

Laura.Fies@uss-hornet.org 



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. The intent 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. A Federal 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 
the hypothesis that marine cloud brightening 
(MCB), i.e., the targeted addition of aerosols with 
optimized size and concentration to specific low 
marine clouds, could be used to reduce climate 
warming and associated impacts (Latham 1990; 
Latham et al., 2012). The clouds expected to be 
most susceptible to the addition of aerosols are 
clean stratocumulus clouds (Oreopoulos et al., 
2008; Alterskjaer et al., 2012), which cover about 
20% of the Earth’s oceans (Wood, 2012). These 
clouds are therefore the focus of intentional 
marine cloud brightening (MCB) studies. It is also 
estimated that approximately 60% of present-day 
effective radiative forcing from pollution via 
aerosol-cloud interactions (ACI) occurs in 
stratocumulus clouds (Diamond et al., 2020). 
However, major questions remain regarding the 
role of cloud macrophysical adjustments to 
aerosol perturbations, which, depending upon the 
meteorological and cloud state, can either 
augment or offset cloud brightening from 
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 I and II1, VOCALS-REX 20082, E-

 
1 Marine Stratus/Stratocumulus Experiment (2005 & 2007) 
2 VAMOS Ocean-Cloud-Atmosphere-Land Study (2008) 
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Figure 1. Global model estimates of climate forcing 
by aerosol-cloud interactions (ERFaci) vary widely. 
Shown here are estimates of ERFaci from 17 CMIP6 
global models (blue bars; from Table 6 of Smith et 
al., 2020) as well as the best estimate (green bar) 
and range (gray line) in ERFaci as assessed in IPCC 
AR6 (Forster et al., 2021). For reference, ERF by 
greenhouse gases is assessed in AR6 as +3.84 W/m2 
(range: +3.46-4.22 W/m2). 
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PEACE3, CSET4, ORACLES5, LASIC6, ACE-ENA7, TRACER8, ESCAPE9). 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 

 
3 Eastern Pacific Emitted Aerosol Cloud Experiment (2011) 
4 Cloud System Evolution over the Trades (2015) 
5 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) 
8 Tracking Aerosol Convection interactions Experiment (2021) 
9 Experiment of Sea Breeze Convection, Aerosols, Precipitation, and Environment (2022) 

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] 
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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: 

• is well-characterized (aerosol composition, size and number concentration), 
• will be efficiently transported to cloud base, and 
• 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 1015 sea salt particles 
per second of sea salt that, just downstream10 (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 µm 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. 
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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: 

• the basis for the performance requirements we’ve set for the CARI system, and  
• 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:  

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

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

• 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? 

• 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.  
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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 1015-1016 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 (Alterskjær 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 
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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., 10-3 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 (Nc) and cloud albedo (a) 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: 
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(Platnick and Twomey, 1994; Quaas et al., 2008). Clean to moderately polluted marine boundary layers 
typically have cloud droplet concentrations, Nc, ranging from about 30 cm-3 to 150 cm-3 (Wood 2012, 
Latham et al., 2012). For a typical marine stratocumulus cloud albedo, a=0.45 (Wood 2021), the increase 
in albedo (Da) through the Twomey effect as a function of a perturbation (DNc) in cloud droplet number 
can be calculated by integrating Eqn. [1]. This calculation shows that producing Da 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 DNc values of about 10 cm-3 (for a background Nc of 30 cm-3) to 125 cm-3 
(for a background Nc of 150 cm-3).   

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 DNc equal 
to the change in the number concentration of aerosols in this size range, DNa, at cloud base – i.e. we 

Figure 3. An injection rate of at least 
1015 particles s-1 is needed in order to 
increase aerosol concentrations at 
cloud-base by >10 cm-3, 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-1 (Wood 2021), and that 
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 
base. [Calculations done following 
the analysis of Wood, 2021] 
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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 DNa at cloud base as a 
function of time after injection under typical conditions in marine stratocumulus regions. That study 
shows that achieving DNa at cloud base of >30 cm-3 for 2-3 hours following injection requires an injection 
rate of 1015 particles s-1 or more (Figure 3), when injecting aerosol into a boundary layer with 4-10 m s-1 
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-1 (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 ~3x1015 and 1016 particles s-1.  

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) 1015-1016 particles s-1 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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We note that the aerosol specified above is quite a bit smaller than that in pollution or biomass burning 
plumes, where aerosols typically have dry mean diameters of ~100-300 nm. In this regard it is not a 
perfect proxy for current anthropogenic aerosol; however, as the aerosol size is optimized specifically 
for cloud brightening, observing the microphysical aerosol-cloud interactions and cloud responses to 
this aerosol can help place an upper limit on the negative radiative forcing driven by the less-optimally 
sized pollution and biomass burning aerosol.  

 

3 Cloud Aerosol Research Instrument (CARI) description  
 

The spray system to be used in this study, CARI, has 
an array of individual nozzles to generate the 
needed size and concentration of sea salt aerosols. 
The array of nozzles is installed in the front end to 
generate a plume propelled forward by a fan 
installed on the back end (Figure 4). 

Aerosols produced by the nozzles incorporated into 
CARI have been measured in an enclosed space 
(volume: approx. 355 m3), using a 4-nozzle matrix. 
During these indoor studies, the particle size and 
concentration of the generated aerosol were 
continuously measured for approximately one 
hour, having achieved a high degree of mixing 
inside the test chamber three to five minutes 
after emission. The aerosol measured in these 
studies has an initial geometric mean diameter of 
50 nm with a geometrical standard deviation of 
~2.5 (Figure 5). The generated aerosol size and 
concentration shows very little dependence on 
ambient relative humidity (RH) in the indoor space, for RH ranging from 30% to 80%.  

Each nozzle can produce up to 5 x 1012 sea salt crystals per second in the desired dry diameter size range 
of 10-200 nm, with fewer than 0.2% of the generated aerosols in the undesired >2000 nm diameter size. 
Further improvement of single-nozzle performance is currently being investigated by the team. 

These indoor studies also indicate that having multiple nozzles run in close proximity, even when they 
are angled towards a common point in space, does not measurably affect the properties of the 
generated aerosol (i.e., the size distribution standard deviation) other than increasing the total aerosol 
throughput. These results suggest that the size of aerosol produced by the full (many nozzle) spray 
system will not differ appreciably from that seen in the indoor tests with a single or just a few nozzles. 
However, these indoor tests can only be operated with a limited number of nozzles running 
simultaneously (up to four); more than this and aerosol concentrations in the enclosed space become 
sufficiently high that aerosol coagulation dynamics affect the aerosol size distribution in ways that are 
not representative of concentrations that will be reached in the outdoor environment. In the outdoor 
environment, the aerosols will rapidly be dispersed through transport and mixing driven by ambient 
winds and atmospheric turbulence, such that it is expected there will not be significant coagulation 
more than a few meters downstream of CARI (Wood 2021). 

Figure 4. The CARI system is similar in design to a snow 
making device, with an array of nozzles and generated 
aerosol accelerated by an integrated fan. (Shown here 
with a sub-set of nozzles 60 in an outer ring only; the 
system can accommodate a total of 250 nozzles.) 
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Based on the ultimate desired aerosol production rate (3´1015-1´1016 particles/sec in the 10-200 nm dry 
diameter size range), CARI is designed to accommodate hundreds of nozzles, with an initial nozzle matrix 
of 250 nozzle units. The CARI system allows for varying the number of nozzles as well as the operating 
condition to accommodate different aerosol generation rates. The study will therefore include 
characterizing how varying the number of nozzles and the operating conditions affect the concentration 
of aerosols in the generated plume. 

 
4 Aerosol plume study location  
 
As noted above, the study described here will take place in a coastal location. We have opted to have 
our initial studies in a coastal location, rather than at sea, due to the greater cost and logistical 
difficulties of an ocean-based study. Conducting the early studies at a land-based site will allow for 
extensive testing and characterization of the CARI system generated sea salt plume and how this plume 
evolves and is transported in an atmospheric boundary layer similar to that in the ocean environment 
before moving to ocean-based studies. 

Site meteorology 

Following emission from CARI, the generated sea salt aerosol and how effectively it is mixed into the 
marine boundary layer and transported to cloud base will be affected by the ambient atmospheric 
conditions. The aerosol size distribution will be most strongly affected by how quickly the plume 
disperses and by the ambient relative humidity, as these two factors affect aerosol coagulation rates. 

Figure 5. The CARI system [bottom left] that would be used on a ship [top left] during the CACIE field studies 
has hundreds of nozzles in order to generate sufficient CCN to measurably perturb cloud droplet number 
concentrations. The individual nozzles incorporated into CARI have been tested individually and in multiples in 
different configurations [center photos] to study the impact on the generated aerosol size and concentration. 
Individual nozzles and arrays of up to four nozzles have been shown in the lab to generate a sea salt aerosol 
size distribution dominated by the desired 30-200 nm dry diameter range [top right], while producing very few 
of the undesirable larger (>2 µm dry diameter) size aerosols [bottom right]. 
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Lofting, dispersal and mixing of the plume vertically in the boundary layer will be affected by 
atmospheric stability and boundary layer winds. 

Ideally, the coastal study described here would take place under conditions where the atmospheric 
boundary-layer winds, thermodynamic structure and relative humidity are similar to that in marine 
stratocumulus regions – the target for MCB and the CACIE study. However, conducting field studies at 
sea generally requires the use of ships, which are costly to operate, and either aircraft or additional 
ships to make the needed measurements at varying locations in the plume downwind of the spray 
system. An alternative suitable in particular for first studies using CARI is a land-based coastal site that is 
consistently influenced by marine air and that is configured to allow for observational platforms located 
at varying distances downwind of the aerosol generation point.  

Desirable characteristics for a coastal land-based site that allows for study of how the generated aerosol 
would behave in marine stratocumulus regions include an atmospheric boundary layer with 
meteorological conditions, and in particular lower tropospheric static stability, comparable to that found 
in the open ocean in marine stratocumulus environments. This would include: 

• boundary layer heights of appox. 500-1000 m (Albrecht et al., 1995; Wood and Hartmann, 2006; 
Wood, 2012) 

• relative humidities of ~70-85% R.H. near the surface, and that ideally remain above 60% R.H. 
throughout the boundary layer (to remain above the sea salt aerosol deliquescence point; see 
discussion below in the context of lidar retrievals) 

• winds ranging from ~2m s-1 to ~10-15 m s-1  

From a practical standpoint, the selected study site would also have winds that are of a consistent and 
predictable direction, so that observing instruments can be set up at relatively fixed locations downwind 
of the spray system. 

A difference between a land site and the marine environment is that solar heating on land can 
appreciably add to lift and turbulence near the surface. Surface heating can be minimized by running the 
studies earlier in the day and preferably on cloudy days. When there is daytime heating, measurements 
earlier in the day would also favor boundary layer humidities more typical of that found in marine 
stratocumulus regions.  

Facilities 

Logistical considerations for the study site include: 
• sufficient space for the CARI system and associated equipment, and for intensive in-situ aerosol 

observations (see description below) for a distance of at least 200 m downwind of the spray 
system 

• the capacity to store and move the equipment needed for the described study (e.g. scales on 
the order of a shipping container) 

• access to 330 KVA, 264 kW, 460 V power and multiple 30A, 120V standard power outlets for 
running the CARI system 

• access to sea water, or a location for storing a tank of sea water 
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Study goals & design 
 

The essential goals of this study are to: 
1. quantify how the size distribution of the generated sea salt aerosol from the CARI spray 

system evolves, 
2. quantify the plume dispersion, mixing and aerosol concentrations under a range of 

atmospheric boundary layer conditions, particularly those similar to that in marine 
stratocumulus regions, at distances from immediately (<10 m) to ~200 m (or ~ 1 minute 
downwind, depending on wind speed) downstream of the system, and 

3. constrain and improve simulations of aerosol transport and evolution over this same range. 

These goals are focused on aerosol characterization within 200 m of the spray system because it is 
expected that aerosol coagulation will rapidly become minimal after emission, so the aerosol size 
distribution within 200 m of the spray system should be representative of the aerosol that will be 
transported to cloud base. Similarly, parcel model studies indicate evaporative cooling would affect 
plume buoyancy only within a few meters of the spray system; beyond this, the plume will have mixed 
with ambient air such that the generated aerosol will be in equilibrium with the ambient humidity. As 
such, observing the plume mixing with ambient air and its transport for the first 200 m downstream of 
the spray system should be sufficient for determining whether negative buoyancy will prevent efficient 
transport of the generated aerosol to cloud base. Making comprehensive measurements of the aerosol 
size at greater distances downstream would also require a logistically complex and more costly field 
study, such as in-situ aerosol measurements from an aircraft. 

As described below, a more limited set of measurement at sites downwind of the main study site may 
be possible. An additional goal to be achieved as conditions and logistics allow is to: 

4. characterize plume dispersion and vertical transport within the boundary layer at distances of 
up to 10 km downstream of the spray system, in order to better quantify efficiency of 
transport to the top of the boundary layer under different conditions. 

 
Combined, these goals will allow us to determine the sensitivity of the generated aerosol plume 
characteristics (size, concentration, plume dispersion and vertical transport) to ambient 
meteorological conditions and system operational conditions, and under what conditions the spray 
system meets the requirements defined in Section 2 above. 
 

Measurements & observed parameters 

The study will employ a mix of near-field (within 200-250 m of the spray system) in-situ observations 
and lidar observations further (~1-10 km) downwind to study the aerosol and plume characteristics and 
evolution (Figure 6 and Table 1). 

Meteorological measurements 

Surface temperature, pressure, humidity, and wind data will be collected using five weather stations 
located from just upwind to a few hundred meters downwind of the spray system. Temperature and 
humidity at various heights above the platform surface will also be measured from in-situ observational 
platforms on a series of scissor lifts (see below) to be located at three different distances downwind of 
the spray system. These will be supplemented by additional atmospheric profile data from the closest 
balloon sonde, released 00Z and 12Z daily by the U.S. National Weather Service.  
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As conditions allow, a miniMPL lidar (see below) will be used to retrieve the atmospheric mixed layer 
height before the sea salt plume is introduced. The atmospheric mixed layer height corresponds to the 
depth over which aerosols emitted at the surface will ultimately be efficiently mixed by the turbulent 
layer of atmosphere adjacent to the earth’s surface (Stull, 1988; Seibert et al., 2000). It can be retrieved 
from surface-based lidar using various methods to identify boundaries between layers with high and low 
aerosol density (e.g., Ware et al., 2016; Solanki et al., 2019). As noted above, a study site that is 
representative of the marine boundary layer will have a quite shallow (500-1000 m deep) and humid 
boundary layer, so surface emissions of aerosols and aerosol precursors will be trapped in the boundary 
layer, and aerosol light scattering will be increased by aerosol humidification. In many cases this may 
produce a sufficient contrast between the air below and above the inversion to allow for mixing height 
retrieval from the miniMPL lidar signal. When such retrievals are possible, the mixed layer height will be 
used as one metric for how representative the study site is of the marine boundary layer in 
stratocumulus regions. 

Aerosol and atmospheric in-situ measurements on tethered balloons 

Instrument packages mounted on scissor lifts (Figure 6) will be located at varying distances downwind of 
CARI to measure near-surface profiles of the atmosphere (T and RH) and of aerosol size and 
concentration. The lift height will be dynamically adjustable to allow for measurement from the surface 
up to a height of 5.5 m for lift located immediately downwind of CARI and to just under 10 m for the 
other two lifts. 

Assuming vertical and horizontal spreading rates are equivalent (i.e. assuming homogeneous isotropic 
turbulence), the aerosol should loft at a rate of about 1 km per hour. If the spreading rate is linear and 
the wind speed is 5 m sec-1, at 100m downstream of the spray system the plume height will be about 6 
m and at 200m will be about 12 m; if spreading follows a log-linear behavior, or the winds lower, it 

 

Figure 6. Observational configuration of the sea-salt spray plume release studies.  
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Scientific Parameter / 
Property Accuracy/Specs Instrument type (#) [location] Notes 

Measurements provided as part of the study 

Temperature  ±0.5C 
HOBOnet Wireless Temp/RH 
Sensor 
(2) [surface, 10m upwind & 
200m downwind from CARI] 
(4) [1-15m altitude on tethered 
balloons] 

Met data for: 
• initializing LES simulations 
• calculating ambient-RH size distributions from 

measured dry aerosol sizes 
Humidity  ±2.5% RH 

Winds 
Speed:  
±2mph (±1.1m/s) 
Direction:±7° 

HOBOnet Anemometer  
(2) [surface, 10m upwind & 
200m downwind from CARI] 

Aerosol size 
distribution  
[5-375nm]  

Size res variable 
(10:1 typical) 

Brechtel miniSEMS  
(4) [1-15m altitude on tethered 
balloons] 

Measurements of dry aerosol size distribution (5nm to 
3µm) from tethered balloons at variable altitudes in the 
plume, at 4 locations within 200m of CARI), and a filter-
based measurement to estimate the concentration of giant 
CCN (aerosols >2µm dry diameter) in both the background 
and generated aerosol. 
All miniaturized instruments to allow deployment on 
tethered balloons. 
Mini GNI instrument(s) will be on loan from the University 
of Hawai’i. 

Aerosol size 
distribution  
[130nm-3µm] 

48 bins 0.15-0.5 
μm; 24 bins 0.5-3 
μm 

Brechtel miniOPC Model 9405 
(4) [1-15m altitude on tethered 
balloons] 

Giant CCN size 
distribution 
[~1-20µm] 

dry salt particle 
size by 
microscope 
analysis 

Mini Giant Nucleus Impactor 
(GNI)+ microscope analysis 
(1) [1-15m altitude on tethered 
balloons] 

Aerosol size 
distribution  
5nm to 1.0µm 

 
SEMS 
(1) [5-10m fixed altitude, tower-
mounted inlet]  

Measurements of dry aerosol size distribution (5nm to 20µm) 
from full-size instruments, allowing for a single, more robust 
measurement of the full aerosol size distribution and cross-
calibration with the instruments on the tethered balloons. 

Aerosol size 
distribution  
0.5µm to 20µm 

 
APS 
(1) [5-10m fixed altitude, tower-
mounted inlet] 

Boundary layer depth target: ±120m 

miniMPL  
(1) [1-10km distance from CARI,  
mobile platform] 

miniMPL vertical range resolution is 30m  

Plume spreading & 
lofting (see notes) Plume boundaries will be set where attention-corrected 

aerosol backscatter is >2x the average background. 

Spatial variation in 
aerosol concentrations 
across plume 

(see notes) 

Capability to retrieve concentrations will depend strongly on 
signal strength and confidence in our ability to constrain S, 
which will in turn depend on variability ability to estimate 
ambient-RH aerosol size distribution. 

Measurements provided by external sources 

Surface temperature 
(SST) outside 
immediate study area 

±2C 

SST from NOAA High-resolution 
Blended Analysis of Daily SST 

Data for initializing LES simulations 

Land surface temperatures from 
NASA MODIS Land Surface 
Temperature (LST) product 

Vertical temperature 
profile surface to 4 km 

±1C @ ~10 m 
vertical resolution 

Temperature & wind profiles 
from Oakland airport soundings 
(available 2x per day at 0 and 
12 UTC, or 4pm and 4am local 
time) 

Vertical wind profile 
surface to 4 km 

±2 m s-1 @ ~10 
m vertical 
resolution 

Table 1. Summary of instruments to be deployed for this study, parameters they will measure, and associated 
notes (top), as well as observables to be provided by external data sources. More detailed descriptions are given 
in the main text.   
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would be somewhat higher. Hence, the scissor lift furthest from the CARI system may not be able to 
reach the top of the plume, but the observational packages on the first two lifts should, and all three will 
be able to reach into the plume. 

Measurements will be made both before, during and after operation of the CARI system, to characterize 
the background conditions, the sea salt plume, and how the two interact.Dry aerosol size and 
concentration will be measured in packages on all three lifts using the miniaturized Scanning Electrical 
Mobility Sizer (mSEMS) (Brechtel Mfg.) and the miniaturized Optical Particle Counter (mOPC) (Brechtel 
Mfg.) with front-end dehumidifiers. The miniaturized version of the SEMS is capable of rapid scans (<~5 
sec for the expected aerosol concentrations) of the aerosol size distribution for aerosol dry diameters of 
5 nm to 375 nm. The mOPC has good overlap in size with the mSEMS, covering 150 nm - 3µm sized 
aerosol.  

A single Mini Giant Nucleus Impactor (Tiang et al., 2021) will also be include in one of the observational 
packages to determine the number of super-micron aerosols being generated by CARI. Combined with 
the measurements from the full-sized SEMS, OPS and APS instruments (see next section) this will allow 
us to quantify whether the CARI system is meeting the requirement that fewer than 0.1-0.2% of 
generated aerosol particles are larger than 2 μm dry diameter. 

Temperature and humidity sensors will also be included in each of the three observational packages. 
This will allow us to quantify the CARI emission impacts on T and RH at various distances downwind of 
the system. Previous studies have quantified how sea salt size varies with humidity (e.g. Zieger et al., 
2017), and these growth factors will be combined with the measured dry aerosol sizes and ambient 
humidity to derive the ambient-RH aerosol size distribution. 

Full-sized aerosol sizing instruments 

While the miniSEMS and miniOPCs to be deployed on the scissor will measure most of the aerosols in 
the size range that will be generated by CARI, ambient aerosol of larger sizes may be present in the 
background atmosphere, and some number of large particles are also expected to be emitted by the 
spray system (Figure 5). The marine environment in particular can have a significant number of coarse-
mode sea salt aerosols, so we need to study whether the generated aerosol plume significantly 
augments the ambient coarse mode aerosol population.  

The background and perturbed aerosol size distribution will therefore also be measured using: 

• Scanning Electrical Mobility Sizer (Model 2100 SEMS; Brechtel Mfg.) [5nm to 1.0µm] 
• Optical Particle Sizer (Model 3330 OPS; TSI, Inc.) [0.3µm-10µm] 
• Aerodynamic Particle Sizer (Model 3321 APS; TSI, Inc.) [0.5µm-20µm]  

These instruments will be located on one of the scissor lifts; to start with, it will be located on the lift 
located about 100 m downwind of CARI, but can be moved to the other lifts for cross-calibration of the 
mSEMS and mOPC instruments.  

The three instruments will be used to measure the aerosol size distribution and concentration in the 
background atmosphere and after introduction of the CARI sea salt plume in order to study how the 
generated aerosol size and concentration are affected by the background aerosol under different 
ambient aerosol and meteorological conditions. In addition, measurements of the background aerosol 
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made with these instruments can be compared to that from the mSEMS and mOPC in order to cross-
calibrate the miniaturized and full-sized instruments.  

 

Plume remote sensing with Lidar 

The in-situ measurements described above will allow characterization of the aerosol size distribution 
and concentration at distances of up to 200 m downstream of CARI, and study of how the size and 
concentration are affected by the ambient meteorology and background aerosol. Also of importance, 
due to its effect on aerosol dilution, and thus coagulation, and its relevance for transporting sprayed 
aerosol to cloud base, is understanding how the aerosol plume disperses in the atmosphere and, in 
particular, how effectively it is transported and mixes vertically.   

The scanning mini Micro Pulse Lidar (miniMPL) 
(Droplet Measurement Technologies) (Figure 7) is 
designed to be easily portable and has low enough 
power requirements that it can be run off a generator 
if wall power is not available. As such, it can be 
mounted on a mobile platform and located at different 
distances downwind of CARI, based on the conditions 
during a given study period, and for measuring the 
plume at different points along its evolution. This 
instrument has a coaxial design with a manufacturer-
calibrated overlap function, with full overlap at 150 m. 
The unit is eye-safe and comes with weather-proof 
housing. It provides fully programmable -10° to 90° 
elevation and -200° to +200° azimuth range scanning, 
so that the plume can be mapped in 3D, and not just 
directly above the instrument. The adjustable 
elevation angle will allow for measuring the lower 
reaches of the plume which, within the first 10 km of 
transport to be studied, is likely to be below the 150m 
range of the instrument’s overlap region, by locating 
the instrument some lateral distance from the plume 
trajectory. 

The miniMPL, as with all elastic-scatter lidars, 
measures the backscatter coefficient – i.e., the amount 
of light scattered in the backward direction. Measured 
or assumed atmospheric density profiles can be used 
to account for the contribution of air molecules to the 

backscatter coefficient. To convert the resulting aerosol backscatter coefficient to an aerosol light 
scattering coefficient or aerosol concentration (Na, our desired quantity) requires knowledge of the 
aerosol lidar ratio, S, defined as the ratio of light scattered by aerosols in the backward (180°) direction 
to the total aerosol light extinction. Aerosol light extinction is the sum of aerosol light scattering and 
light absorption; for sea salt aerosol, light absorption is effectively zero so extinction equals scattering. 
Total light scattering and 180° back-scattered light – and therefore the lidar ratio, S – for spherical 
aerosols with a known size distribution and index of refraction can be calculated using Mie theory.  

Figure 7. The miniaturized MicroPulse 
Lidar instrument built by Droplet 
Measurement Technologies is a widely-
used instrument designed to measure 
tropospheric aerosols. 
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Parcel model calculations indicate that the shape of the dry size distribution of the aerosol measured by 
the lidar should be well-represented by that measured in-situ at the study site, as aerosol coagulation 
largely occurs in the plume within a few meters of the spray system. The index of refraction of pure dry 
sea salt aerosols has also been carefully quantified using laboratory measurements (Irshad et al., 2009). 
However, S must be calculated using the ambient – i.e., hydrated – aerosol size, not the dry size. 
Relative humidity as a function of altitude can be estimated from the surface to the scissor lift height on 
the main platform (Figure 6) and applying typical vertical lapse rates to infer R.H. at higher altitudes.  

Previous studies have investigated the growth of sea salt aerosols of different sizes as a function of R.H. 
(e.g. Zieger et al., 2017), and their parameterizations can be used to calculate the ambient aerosol size 
distribution sensed by the lidar based on the dry size distributions and ambient R.H. Mixing rules can 
also be combined with knowledge of the indices of refraction for dry sea-salt and water to calculate the 
index of refraction of the hydrated aerosol. Finally, we note that the requirement that R.H. in the 
boundary layer at the study site remains above 60% assures that R.H. remains above the deliquescence 
point of sea salt aerosol (which is <60%; Zeng et al., 2013), allowing for an assumption of aerosol 
sphericity and therefore the use of Mie theory to calculate S.  

In sum, the miniMPL will measure 3D distributions of aerosol backscatter, and therefore allow 
measurements of the plume spatial distribution. Using the procedure described above, 3D distributions 
of aerosol concentrations will be retrieved from the backscatter measurements, and uncertainties in 
inputs to the retrievals, such as in the value of S, will be used to quantify uncertainties in the retrieved 
concentrations. As discussed above, when conditions permit miniMPL measurements made preceding 
the sea salt plume release and following its dissipation will also be used to estimate the atmospheric 
mixing height and whether it changed during the studying a given plume, as a metric for characterizing 
the boundary layer and assessing its similarity to the marine boundary layer in marine stratocumulus 
regions. 
 

Study Operations 

A given study period will be 3-6 weeks duration, depending on the suitability of meteorological 
conditions for making observations. Studies will ideally be conducted three to four days per week, to 
allow for data processing and analysis and small engineering modifications on off days, with study days 
selected based on meteorological conditions. As noted above, conditions favoring observations include 
periods with winds consistent in direction and with relative humidities of >60%, though some 
observations will be made in periods with lower humidities in order to study the impact on the 
generated aerosol size. Typically, cooler morning temperatures will favor higher humidities, so it is 
expected that most studies will take place in the morning hours.  

On a given day, CARI will generate aerosol in approximately 30 minute windows, alternating with 
periods to measure background aerosol and humidity. We expect there to be three to four cycles of 
aerosol generation on a given study day, with the meteorological in-situ instruments operating 
continuously across the entire study period on a given day. As dictated by shifting winds, changes in 
wind speed, and scientific priority for observing the plume at different distances downwind of CARI, the 
miniMPL may be moved between aerosol generation cycles and/or study days. 
 

Modeling strategy 

Both a parcel model and large-eddy simulations (LES) have informed this study design. The LES model 
used is the System for Atmospheric Modeling (SAM) version 6.10 (Khairoutdinov and Randall, 2003), 
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modified to include representation of an injected Aitken mode aerosol (Wyant et al., 2022), such as that 
generated by CARI. Simulations with these models, for example, have provided estimates of the 
expected rate at which the sea salt droplets generated by CARI will come to equilibrium with the 
ambient air, the distance downstream of the instrument that coagulation is likely to significantly alter 
the size distribution, and the lateral and vertical mixing and transport rates of the plume under different 
meteorological conditions (see Figure 8). Numerical simulations will also be an integral part of the field 
study itself, both as a tool for studying the role of critical processes in how the aerosol plume evolves 
and for testing and improve model representation of aerosols in aerosol-cloud interaction studies where 
the aerosol orignates from a surface-based point source. 

A particular focus will be on how near-field aerosol microphysical processes affect the generated sea salt 
aerosol size distribution. Aerosol microphysical processes in the very near field after injection occur at 
rates that depend nonlinearly on the aerosol concentration and size. Coagulation is dependent upon the 
dilution of the injected plume by the background air (Stuart et al., 2013). This dilution is controlled by 
turbulent mixing, which is a function of the buoyant and inertial stability of the environment and also 
will be impacted by the fan system in CARI, which is designed to maximize the flow across the nozzles 
and minimize particle concentration.  

 
Figure 8. High resolution LES simulations of tracer plume spreading downwind of an idealized spray system. The LES 
domain in this case is 15x7.5 km, with resolutions of Δx= Δy=5m, Δz=5-25m.  

The initial aerosol size distribution immediately after injection has been determined by testing individual 
nozzles in the laboratory, and by a few nozzles operating at a range of relative angles, but we need to be 
able to quantify how the presence of many nozzles injecting aerosols simultaneously and in close 
proximity influences the aerosol size distribution emerging downstream of the composite sprayer. The 
outdoor measurements will provide important constraints, but numerical modeling is needed to 
understand and ultimately mitigate any coagulation effects, if needed.  

Computational fluid dynamics (CFD) simulations accounting for the CARI system geometry and 
operational parameters and ambient conditions will be used to study: a) how mixing affects droplet 
evaporation, collision and collescence in the first 10 m downwind of CARI and b) the fate of the 
generated droplets under different ambient conditions in the first ~100 m downwind of CARI.  

LES will also be used to study the plume evolution over the entire study site. A size-resolved sectional 
aerosol model would form the base model, but this must be combined with a model that describes the 
turbulent mixing. The simplest turbulent models are Gaussian plume spreading models with 
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spread/dilution rates parameterized as a function of the environmental stability (Pasquill 1961). More 
sophisticated variants of these involve multiple plume shells (e.g., Stuart et al., 2013).  

A yet more realistic approach would be to embed the sectional aerosol scheme (e.g., the Model for 
Simulating Aerosol Interactions and Chemistry, MOSAIC, Zaveri et al., 2008) within a high-resolution 
eddy resolving model, which will then explicitly represent the aerosol dynamic processes within the 
turbulent boundary layer. Through collaboration with the Department of Energy’s Pacific Northwest 
National Laboratory we are planning to collaborate on such simulations, likely within a newly developed 
Python-based large eddy simulation framework (PINACLES, Pressel et al., 2015). It will also be possible to 
take advantage of PINACLES’ newly-developed capability to do runs with heterogeneous ground 
surfaces. The model plume spreading will be constrained using the observed plume structure at various 
distances downstream. We will likely use at least two LES models for our simulations: one with a 
detailed representation of the aerosol size distribution, and one with a much more simplified bulk 
aerosol scheme, with comparison between the two providing insights into the ability of a simple aerosol 
scheme to capture the near-field size distribution evolution.  

A second potentially important effect of injecting seawater droplets is that they are relatively dilute 
compared with the concentration of salt in aerosols at equilibrium with typical near-surface relative 
humidities (typically ~70-80%). Thus, considerable water must be evaporated from the drops in the 
immediate near field of the spray system. This evaporation may produce negative buoyancy and has the 
potential to hinder the rate at which the injected aerosol plume is lofted toward cloud base. To fully 
understand these impacts requires high resolution computational fluid dynamics models that can 
include the effects of individual particles (or representative “super” droplets). Whether or not the LES 
simulations include either a sectional aerosol model or a representation that involves Lagrangian 
superdroplets is an open question that will be explored in test simulations. Key questions involve 
understanding if delayed lofting due to negative buoyancy results in additional particle losses (e.g., to 
dry deposition at the surface) or simply a delay in the time needed to loft particles to cloud base. 

Laboratory testing shows that the aerosol size distribution produced by the single nozzle is rather broad. 
Despite having a modal diameter (of ~50 nm) in the size range that is effective for MCB, these tests also 
show that, while it is a small fraction of the total, a number of the injected salt mass is present in 
particles larger than 1-2 µm (Medrado et al., 2022; Figure 5). The presence of even a small number of 
supermicron (also known as “giant”) cloud condensation nuclei (GCCN) can potentially lead to the 
following negative impacts for MCB efficacy: 

• Supersaturation suppression: Coarse particles provide surface area that lowers the maximum 
supersaturation achieved in a given updraft and reduces the fraction of the smaller particles 
that can activate to form drops, reducing efficiency (see Ghan et al., 1998). 

• Precipitation nuclei: Very large particles (dry diameter, Ddry, > 2 m) can lower the energy barrier 
to forming precipitation because they can initiate the collision-coalescence process (Houghton 
1938; Feingold et al., 1999; Dziekan et al. 2021). Salt particles with Ddry > 2 µm swell to create 
droplets that are around 30 µm diameter at saturation (Hoffmann and Feingold, 2021). This 
leads to cloud water loss, offsetting or possibly overwhelming Twomey brightening. 

• Wasted energy cost: These larger sea salt aerosols contain much mass that, if split up, would 
yield far more effective CCN. Given that laboratory tests currently show that 80-90% of the 
injected mass is in sizes Ddry>1 µm (Medrado et al., 2022), this potentially represents a 
significant waste of energy.  

Lagrangian cloud parcel modeling using size-resolved aerosols and simulating cloud droplet activation 
can address the potential impact of different concentrations of GCCN on supersaturation and 
precipitation formation once the particles have reached cloud base. The size and concentration of GCCN 
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in the ambient, background air and in the generated plume during the outdoor tests will be used as 
initial conditions for the microphysical modeling, which will then be used to drive cycles of nozzle 
improvement and testing with the goal of mitigating the production of supermicron particles (see Wood 
et al., 2022).  

In addition to these process-focused studies, these observations will inform how to more realistically 
represent MCB aerosol injection in cloud-resolving modeling studies. Simulations will be conducted at 
higher resolution to study plume evolution in the near-field, using the same model the MCB Program 
team is using to simulate aerosol-cloud interactions under NOAA’s ERB (Earth’s Radiation Budget) 
program. In that study, the model representation of cloud evolution along trajectories from the 
stratocumulus to the cumulus regime in the NE Pacific is being systematically tested against 
observations, and the impact on cloud evolution is being quantified through a series of runs that include 
aerosol injections. Higher-resolution studies of the near-field evolution of a plume from a point source 
to scales matching the model resolution used in aerosol-cloud interactions will allow more accurate 
representation of the injected aerosol plume characteristics in those studies.  

For this modeling component, Eulerian LES simulations of the observed aerosol and plume evolution will 
be conducted using the SAM model, and possibly also the PINACLES model. Higher-resolution, smaller-
domain simulations will be run focusing on aerosol and plume evolution in the first 1 km and on plume 
mixing and transport within the first ~10 km after emission. The horizontal grid resolution of these runs 
will vary from <5 km for the former runs to 20 m for the later runs. Vertical grid resolution in the SAM 
model gradually varies from 5 m at 400-800 m altitude, where clouds form, to 15 m near the surface and 
to 70 m at the top (1.55 km) of the vertical domain.  

Surface temperatures are specified in the model. For this coastal study, local data on sea surface 
temperature will be used to specify the surface temperature for the parts of the domain covered by 
ocean. Temperatures measured at the five weather stations in the ~100 m x 250 m area where CARI and 
the instruments are located will be used to interpolate the surface temperatures over that domain. Both 
the study site temperature measurements and publicly reported temperature data will be used to 
estimate surface temperatures over the rest of the model domain. For each period of plume 
observations, the model will also be initialized with atmospheric temperature, humidity and wind 
profiles generated using a combination of the meteorological observations made as part of the study 
(described above), merged with temperature, humidity and winds from twice daily nearby weather 
sondes and reanalysis data.  

In the LES, aerosol will be injected into to the single model gridbox corresponding to CARI’s location.  
Initially, the size of the injected aerosol will be based on the dry aerosol size distribution measured in 
the lab, then hydrating to ambient RH using standard sea salt aerosol size growth factors. The number of 
droplets will be scaled by simply linearly scaling from the number produced by a single nozzle to the 
number of nozzles used in the study. We fully expect this to be an iterative process (e.g. to account for 
any impacts on aerosol size or production efficiency) based on measurements made during the field 
studies. The results of the near-field CFD simulations described above will likely also be used to initialize 
the aerosol field in the LES model. The model will then be run in Eulerian mode to simulate the plume 
evolution. The LES model will be able to simulate RH variations in the plume, including the effects of 
initial droplet evaporation as the dilute seawater droplets adjust to their hydrated equilibrium sizes. It is 
possible that the RH may approach or even exceed saturation due to the excess water vapor and 
associated evaporative cooling. In this case, we may need to represent droplet activation in the early 
stages of the plume itself. It is unclear if this will occur, for what duration, and if this impacts the 
eventual aerosol size distribution downwind of the spray system.  
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The simulated aerosol size distribution and gradient in aerosol concentrations will be compared to that 
measured at multiple points in-situ in the first 200 m downwind of the spray system, as described 
above. The simulated plume spatial distribution will also be compared to that retrieved from the 
miniMPL further downstream (at a location varying from 1 to 10 km from CARI, depending on where the 
lidar is located for a given study) as a test of the model representation of aerosol transport (lofting and 
turbulence in particular). In cases when aerosol concentrations can be retrieved from the miniMPL, this 
would provide a further test of the simulated effects of dilution. 

 

Scope of Studies of Generated Aerosol Evolution 

Using the observations and model simulations described above, studies will be conducted of the 
generated sea salt aerosol plume under a range of meteorological and operational conditions, allowing 
us to meet the scientific goals of the study. 

Varying meteorological conditions 

Studies will target a range of meteorological conditions to test how sensitive the plume evolution is to, 
in particular, ambient boundary layer relative humidity, depth, stability and winds. Of most direct 
relevance to the utility of the spray system for the CACIE aerosol-cloud interaction study is determining 
the aerosol and plume evolution when conditions are representative of that in the remote marine 
boundary layer. Studying how sensitive the generated aerosol properties are to more widely varying 
conditions is also of interest since conditions in the remote marine environment may not always be 
“typical” and because this will provide information on the potential utility of the spray system for 
aerosol-cloud interaction studies in other locations. 

During fair weather conditions, coastal sites generally have a diurnally-driven cycle of land-sea breezes, 
with onshore winds increasing in the afternoon. Driven by nighttime cooling and daytime solar heating, 
the boundary layer is generally shallower and more humid in the morning and deeper and drier in the 
afternoon. Cloudier days will have less surface-driven turbulence and convection than sunny days, when 
solar heating of the ground provides a source of surface lift that is not present in the offshore marine 
environment. This naturally allows for studying the generated aerosol plume under a range of 
conditions: 

• In the morning on cloudy days with light (~1-5 m s-1) winds of a consistent direction conditions 
will be optimized to study the generated aerosol plume in conditions most similar to that in 
marine stratocumulus regions. Slower wind speeds will additionally mean instruments located at 
fixed distances downwind of the spray system will observe the aerosol evolution over a longer 
time period after emission, since transport to these instruments will be slower. 

• Comparison of the plume evolution in the morning with that later in the day, and on sunny 
versus cloudy days, will allow us to quantify the sensitivity of the generated aerosol size, 
concentration and vertical transport to ambient relative humidity, winds, turbulence and 
convection. 

Varying background aerosol size and concentration 

As local conditions allow, studies will be done to quantify how the size of the generated aerosol in 
particular, as well as its concentration, is affected by variations in the background aerosol concentration 
and size. At a coastal site, windy days in particular may produce significant coarse mode sea salt aerosol, 
as it would in the more remote marine environment, providing an opportunity to study whether the 
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generated aerosol size distribution is altered through, for example, Brownian diffusion and coagulation 
with ambient coarse-mode aerosol.  

Varying operational conditions 

Studies will also be conducted of how the generated aerosol properties vary under different spray 
system operational conditions. Indoor studies of the nozzles incorporated into CARI have been 
conducted using a solution made from a synthetic seawater (sea-salt ASTM D1141-98 composition and 
DI water) to produce 3.2% to 3.5% salinity, which is typical of ocean water. Eventually the CARI system 
will include a filtration system so it can be run with ambient sea water. This filtration system will be 
designed to filter out any biological material and pollutants in the sea water, so we expect the aerosol 
generated with the sea salt standard solution and filtered sea water will be effectively identical. 
Nonetheless, to avoid any concerns of contaminants of any sort being sprayed in the area of the coastal 
study, the CARI system will initially be operated only using either fresh water or a sea salt standard 
solution of 3.2-3.5% salinity. Later studies may include using CARI with sea water from the open ocean, 
filtered on-site, to test whether the aerosol size and concentration differs when using the sea salt 
standard solution versus filtered ocean water.   

The following studies assessing the effects of varying operational conditions will be run: 

Nozzle matrix scaling effects. Studies will be done of the effects of scaling up from the 4-nozzle matrix 
tested indoors to the full CARI system, which currently includes a 60 nozzle-matrix. The team will first 
run tests using fresh water to assess the proper engineering behavior of the installed equipment (i.e., 
nozzle distribution system, compressed-air system and high-pressure pumps). Following successful 
operation of the system with fresh water only, the 60-nozzle system will be run using the sea salt 
standard solution. Measurements of the generated sea salt aerosol will be compared to those done in a 
laboratory of an individual nozzle and of up to 4 nozzles. Depending on the results using the 60-nozzle 
system, we anticipate scaling up to a 250-nozzle system. Each step in the transition will inform the 
engineering modifications required to accommodate all nozzles and guarantee that the final number, 
placement, and operation of each nozzle is optimized. 

Spray rate and gas-to-liquid ratio variations. The CARI system operates by combining air and sea salt 
solution flows in an array of nozzles. The number of aerosols generated can be varied by changing a) the 
number of nozzles utilized in the spray system and b) the water and air flow rates. Our indoor studies 
show that maintaining a fixed ratio between the air and sea salt solution flows (the “gas to liquid ratio”, 
GLR) will produce a particular aerosol size distribution. This ratio will be varied, and the effects on the 
generated aerosol size and concentration quantified, as both a test of how sensitive the generated 
aerosol is to maintaining a consistent GLR and as a test of the degree to which varying the GLR can be 
used to customize the generated aerosol size. 

Sprayer angle. The design concept of the CARI system is based on that used for snow-making machines. 
These machines operate by having the array of nozzle installed on the front-end of a metallic case, 
generating a plume that is propelled forward by a fan installed on the back end.  The machine allows for 
the rotation of the nozzle matrix from vertical to horizontal position. Studies will be done to evaluate 
how the sprayer orientation impacts the generated aerosol as well as the mixing of the generated 
aerosol into the boundary layer. 
 

Reporting of findings 

Following standard scientific practice, results from the study will be reported through peer-reviewed 
publications and talks and posters at scientific conferences. Data from the field study measurements will 
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be made publicly available either following the acceptance of papers reporting the results or within one 
year of the end of the field study, depending on which occurs first.  



   

   23 

References 
Ackerman, A. S., M. P. Kirkpatrick, D. E. Stevens, O. B. and Toon, 2004: The impact of humidity above stratiform 

clouds on indirect aerosol climate forcing, Nature, 432, 1014–1017. https://doi.org/10.1038/nature03174 

Albrecht, B. A., 1989: Aerosols, Cloud Microphysics, and Fractional Cloudiness, Science, 245, 1227–1230. 
https://doi.org/10.1126/science.245.4923.1227 

Albrecht, B. A., Jensen, M. P., and Syrett, W. J. 1995b: Marine boundary layer structure and fractional cloudiness, J. 
Geophys. Res., 100 (D7), 14 209–14 222. 

Alterskjær, K., Kristjánsson, J. E., & Seland, Ø., 2012: Sensitivity to deliberate sea salt seeding of marine clouds – 
observations and model simulations, Atmos. Chem. Phys., 12(5), 2795–2807. https://doi.org/10.5194/acp-12-
2795-2012 

Bellouin, N., Quaas, J., Gryspeerdt, E., Kinne, S., Stier, P., Watson-Parris, D., Boucher, O., Carslaw, K. S., Christensen, 
M., Daniau, A.-L., Dufresne, J.-L., Feingold, G., Fiedler, S., Forster, P., Gettelman, A., Haywood, J. M., Lohmann, 
U., Malavelle, F., Mauritsen, T., … Stevens, B., 2020: Bounding Global Aerosol Radiative Forcing of Climate 
Change, Reviews of Geophysics, 58(1), e2019RG000660. https://doi.org/10.1029/2019RG000660 

Bretherton, C. S., Blossey, P. N. and Uchida, J., 2007: Cloud droplet sedimentation, entrainment efficiency, and sub-
tropiccal stratocumulus albedo, Geophys. Res. Lett., 34, L03813. https://doi.org/10.1029/2006GL027648  

Chen, Y.-C., Christensen, M. W., Stephens, G. L. and Seinfeld, J. H., 2014: Satellite-based estimate of global aerosol–
cloud radiative forcing by marine warm clouds, Nat. Geosci., 7, 643–646. https://doi.org/10.1038/NGEO2214  

Chen, Y., Haywood, J., Wang, Y., Malavelle, F., Jordan, G., Partridge, D., Fieldsend, J., De Leeuw, J., Schmidt, A., Cho, 
N., Oreopoulos, L., Platnick, S., Grosvenor, D., Field, P., and Lohmann, U., 2022: Machine learning reveals 
climate forcing from aerosols is dominated by increased cloud cover, Nature Geoscience, 1–6. 
https://doi.org/10.1038/s41561-022-00991-6 

Christensen, M. W., Gettelman, A., Cermak, J., Dagan, G., Diamond, M., Douglas, A., Feingold, G., Glassmeier, F., 
Goren, T., Grosvenor, D. P., Gryspeerdt, E., Kahn, R., Li, Z., Ma, P.-L., Malavelle, F., McCoy, I. L., McCoy, D. T., 
McFarquhar, G., Mülmenstädt, J., … Yuan, T., 2022: Opportunistic experiments to constrain aerosol effective 
radiative forcing, Atmos. Chem. Phys., 22(1), 641–674. https://doi.org/10.5194/acp-22-641-2022 

Coakley Jr, J. A., and Walsh, C. D., 2002: Limits to the aerosol indirect radiative effect derived from observations of 
ship tracks, J. Atmos. Sci., 59(3), 668–680. 

Connolly, P. J., McFiggans, G. B., Wood, R., and Tsiamis, A., 2014: Factors determining the most efficient spray 
distribution for marine cloud brightening, Phil. Trans. Royal Soc. A, 372, 20140056, 
https://doi.org/10.1098/rsta.2014.0056  

Dagan, G., Koren, I, Altaratz, O., and Heiblum, R. H., 2017: Time- dependent, non-monotonic response of warm 
convective cloud fields to changes in aerosol loading, Atmos. Chem. Phys., 17, 7435–7444, 
https://doi.org/10.5194/acp-17-7435-2017. 

Diamond, M. S., Director, H. M., Eastman, R., Possner, A., & Wood, R., 2020: Substantial cloud brightening from 
shipping in subtropical low clouds, AGU Advances, 1(1), e2019AV000111. 
https://doi.org/10.1029/2019AV000111 

Durkee, P. A., Noone, K. J., and Bluth, R. T., 2000a: The Monterey Area Ship Track Experiment, J. Atmos. Sci., 
57(16), 2523–2541. https://doi.org/10.1175/1520-0469(2000)057<2523:TMASTE>2.0.CO;2. 

Dusek, U., Frank, G. P., Hildebrandt, L., Curtius, J., Schneider, J., Walter, S., Chand, D., Drewnick, F., Hings, S., Jung, 
D., Borrmann, S., and Andreae, M. O., 2006: Size matters more than chemistry for cloud-nucleating ability of 
aerosol particles, Science, 312(5778), 1375–1378. https://doi.org/10.1126/science.1125261 



   

   24 

Dziekan, P., Jensen, J., Grabowski, W. and Pawlowska, H., 2022: Impact of giant sea salt aerosol particles on 
precipitation in marine cumuli and stratocumuli: Lagrangian cloud model simulations, J. Atmos. Sci., 78, 4127-
4142. https://doi.org/10.1175/JAS-D-21-0041.1  

Erfani, E., Blossey, P. Wood, R., Mohrmann, H., Doherty, S. J., Wyant, M., and O, K.-T., 2022: Simulating aerosol 
lifecycle impacts on the subtropical stratocumulus-to-cumulus transition using large eddy simulations, J. 
Geophys. Res.-Atmos., 127, e2022JD037258. https://doi.org/10.1029/2022JD037258  

Feingold, G., Cotton, W. R., Kreidenweis, S. M. and Davis, J. T., 1999: The Impact of Giant Cloud Condensation 
Nuclei on Drizzle Formation in Stratocumulus: Implications for Cloud Radiative Properties, J. Atmos. Sci., 56, 
4100-4117. 

Ferek, R. J., Garrett, T., Hobbs, P. V., Strader, S., Johnson, D., Taylor, J. P., Nielsen, K., Ackerman, A. S., Kogan, Y., 
Liu, Q., et al., 2000: Drizzle suppression in ship tracks. J. Atmos. Sci., 57(16), 2707–2728. 

Forster, P., Storelvmo, T., Armour, K., Collins, W., Dufresne, J.-L., Frame, D., Lunt, D.J., Mauritsen, T., Palmer, M.D., 
Watanabe, M., Wild, M., and Zhang, H. 2021: The Earth’s Energy Budget, Climate Feedbacks, and Climate 
Sensitivity. In Climate Change 2021: The Physical Science Basis. Contribution of Working Group I to the Sixth 
Assessment Report of the Intergovernmental Panel on Climate Change [Masson-Delmotte, V., P. Zhai, A. 
Pirani, S.L. Connors, C. Péan, S. Berger, N. Caud, Y. Chen, L. Goldfarb, M.I. Gomis, M. Huang, K. Leitzell, E. 
Lonnoy, J.B.R. Matthews, T.K. Maycock, T. WaterfiIld, O. Yelekçi, R. Yu, and B. Zhou (eds.)]. Cambridge 
University Press, Cambridge, United Kingdom and New York, NY, USA, pp. 923–1054, 
https://doi.org/10.1017/9781009157896.009   

Ghan, S. J., Guzman, G., and Abdul-Razzak, H., 1998: Competition between Sea Salt and Sulfate Particles as Cloud 
Condensation Nuclei, J. Atmos. Sci., 55, 3340–3347. 

Glassmeier, F., Hoffmann, F., Johnson, J. S., Yamaguchi, T., Carslaw, K. S., and Feingold, G., 2019: An emulator 
approach to stratocumulus susceptibility. Atmos. Chem. Phys., 19(15), 10191–10203. 
https://doi.org/10.5194/acp-19-10191-2019 

Guo, H., Golaz, J.-C., and Donner, L. J., 2011: Aerosol effects on stratocumulus water paths in a PDF-based 
parameterization, Geophys. Res. Lett., 38(17). https://doi.org/10.1029/2011GL048611 

Hoffmann, F. and Feingold, G., 2021: Cloud Microphysical Implications for Marine Cloud Brightening: The 
Importance of the Seeded Particle Size Distribution, J. Atmos. Sci., 78, 3247-3262, https://doi.org/10.1175/JAS-
D-21-0077.1  

Houghton, H. G., 1938: Problems connected with the condensation and precipitation processes in the atmosphere, 
Bull. Amer. Meteor. Soc., 19, 152–159.  

IPCC, 2001: Climate Change 2001: The Scientific Basis. Contribution of Working Group I to the Third Assessment 
Report of the Intergovernmental Panel on Climate Change [Houghton, J.T., Y. Ding, D.J. Griggs, M. Noguer, P.J. 
van der Linden, X. Dai, K. Maskell, and C.A. Johnson (eds.)]. Cambridge University Press, Cambridge, United 
Kingdom and New York, NY, USA, 881pp.  

IPCC, 2007: Climate Change 2007: The Physical Science Basis. Contribution of Working Group I to the Fourth 
Assessment Report of the Intergovernmental Panel on Climate Change [Solomon, S., D. Qin, M. Manning, Z. 
Chen, M. Marquis, K.B. Averyt, M. Tignor and H.L. Miller (eds.)]. Cambridge University Press, Cambridge, 
United Kingdom and New York, NY, USA, 996 pp. 

IPCC, 2013: Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to the Fifth 
Assessment Report of the Intergovernmental Panel on Climate Change [Stocker, T.F., D. Qin, G.-K. Plattner, M. 
Tignor, S.K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex and P.M. Midgley (eds.)]. Cambridge University Press, 
Cambridge, United Kingdom and New York, NY, USA, 1535 pp. 

IPCC, 2021: Climate Change 2021: The Physical Science Basis. Contribution of Working Group I to the Sixth 
Assessment Report of the Intergovernmental Panel on Climate Change [Masson-Delmotte, V., P. Zhai, A. 
Pirani, S.L. Connors, C. Péan, S. Berger, N. Caud, Y. Chen, L. Goldfarb, M.I. Gomis, M. Huang, K. Leitzell, E. 



   

   25 

Lonnoy, J.B.R. Matthews, T.K. Maycock, T. Waterfield, O. Yelekçi, R. Yu, and B. Zhou (eds.)]. Cambridge 
University Press, Cambridge, United Kingdom and New York, NY, USA, In press, doi:10.1017/9781009157896. 

Irshad, R., Grainger, R. G., Peters, D. M., McPheat, R. A., Smith, K. M. and Thomas, G., 2009: Laboratory 
measurements of the optical properties of sea salt aerosol, Atmos. Chem. Phys., 9, 221–230. 

Jensen, J. B., and Lee, S., 2008: Giant sea-salt aerosols and warm rain formation in marine stratocumulus, J. Atmos. 
Sci., 65(12), 3678–3694. https://doi.org/10.1175/2008JAS2617.1   

Jiang, H., Xue, H., Teller, A., Feingold, G., and Levin, Z., 2006: Aerosol effects on the lifetime of shallow cumulus, 
Geophys. Res. Lett., 33, L14806, https://doi.org/10.1029/2006GL026024 

Latham, J., 1990: Control of global warming?, Nature, 347(6291), 339–340. https://doi.org/10.1038/347339b0 

Latham, J., Bower, K., Choularton, T., Coe, H., Connolly, P., Cooper, G., Craft, T., Foster, J., Gadian, A., Galbraith, L., 
Iacovides, H., Johnston, D., Launder, B., Leslie, B., Meyer, J., Neukermans, A., Ormond, B., Parkes, B., Rasch, P., 
… Wood, R., 2012: Marine cloud brightening, Phil. Trans. Royal Soc. A, 370(1974), 4217–4262. 
https://doi.org/10.1098/rsta.2012.0086 

Lu, M.-L., Conant, W. C., Jonsson, H. H., Varutbangkul, V., Flagan, R. C., and Seinfeld, J. H., 2007: The Marine 
Stratus/Stratocumulus Experiment (MASE): Aerosol-cloud relationships in marine stratocumulus, J. Geophys. 
Res., 112(D10). https://doi.org/10.1029/2006JD007985 

Lu, M.-L., Sorooshian, A., Jonsson, H. H., Feingold, G., Flagan, R. C., and Seinfeld, J. H., 2009: Marine stratocumulus 
aerosol-cloud relationships in the MASE-II experiment: Precipitation susceptibility in eastern Pacific marine 
stratocumulus. J. Geophys. Res., 114(D24). https://doi.org/10.1029/2009JD012774 

Martin, G. M., Johnson, D. W., and Spice, A., 1994: The Measurement and Parameterization of Effective Radius of 
Droplets in Warm Stratocumulus Clouds. J. Atmos Sci., 51(13), 1823–1842. https://doi.org/10.1175/1520-
0469(1994)051<1823:TMAPOE>2.0.CO;2 

McCoy, D. T., Bender, F. A.-M., Mohrmann, J. K. C., Hartmann, D. L., Wood, R., and Grosvenor, D. P., 2017: The 
global aerosol-cloud first indirect effect estimated using MODIS, MERRA, and AeroCom: MODIS-MERRA 
Indirect Effect. J. Geophys. Res. – Atmos., 122(3), 1779–1796. https://doi.org/10.1002/2016JD026141. 

Medrado, J., Shin, J., Garner, S., Wood, R., Doherty, S. J., Neukermans, A., Cooper, G. F., Galbraith, L. K., Jain, S., 
Johnson, D. and Murphy, K., 2022: Aerosolization of seawater using two-phase-flow spray systems to brighten 
marine stratocumulus clouds, AGU 2022 Fall Meeting Poster A15J-1362.  

Michibata, T., Suzuki, K., Sato, Y., and Takemura, T., 2016: The source of discrepancies in aerosol–cloud–
precipitation interactions between GCM and A-Train retrievals, Atmos. Chem. Phys., 16, 15413–15424. 
https://doi.org/10.5194/acp-16-15413-2016. 

Oreopoulos, L., and Platnick, S., 2008: Radiative susceptibility of cloudy atmospheres to droplet number 
perturbations: 2. Global analysis from MODIS, J. Geophys. Res., 113(D14). 
https://doi.org/10.1029/2007JD009655. 

Psquill, F., 1961: The Estimation of The Dispersion of Windborne Material, Met. Mag., 90, 33.  

Petters, M. & Kreidenweis, S., 2007: A single parameter representation of hygroscopic growth and cloud 
condensation nucleus activity. Atmos. Chem. Phys., 7(8), 1961–1971. 

Platnick, S. and Twomey, S., 1994: Determining the susceptibility of cloud albedo to changes in droplet 
concentration with the Advanced Very High Resolution Radiometer, J. Appl. Meteorol. Clim., 33, 334–347.  

Pressel, K. G., Kaul, C. M., Schneider, T., Tan, Z. and Mishra, S., 2015: Large-eddy simulation in an anelastic 
framework with closed water and entropy balances, J. Adv. Mod. Earth Sys., 7(3), 1425-1456. 
https://doi.org/10.1002/2015MS000496  

Quaas, J., Boucher, O., Bellouin, N., and Kinne, S., 2008: Satellite-based estimate of the direct and indirect aerosol 
climate forcing, J. Geophys. Res.-Atmos., 113, D05204, https://doi.org/10.1029/2007JD008962   



   

   26 

Saliba, G., Sanchez, K. J., Russell, L. M., Twohy, C. H., Roberts, G. C., Lewis, S., Dedrick, J., McCluskey, C. S., Moore, 
K., DeMott, P. J., and Toohey, D. W., 2021: Organic composition of three different size ranges of aerosol 
particles over the Southern Ocean, Aerosol Sci. Tech., 55(3), 268–288. 
https://doi.org/10.1080/02786826.2020.1845296 

Sato, Y., Goto, D., Michibata, T., Suzuki, K., Takemura, T., Tomita, H., and Nakajima, T., 2018: Aerosol effects on 
cloud water amounts were successfully simulated by a global cloud-system resolving model, Nat. Commun., 9, 
985. https://doi.org/10.1038/s41467-018-03379-6 

Seibert, P., Beyrichm, F., Gryningm, S. E., Joffrem, S., Rasmussenm, A., and Tercierm, P., 2000: Review and 
intercomparison of operational methods for the determination of the mixing height. Atmos. Environ., 34, 
1001–1027. https://doi.org/10.1016/S1352-2310(99)00349-0 

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., Ramaswamy, V., Rasch, P. J., … Wood, R., 2016: Improving our fundamental understanding of 
the role of aerosol−cloud interactions in the climate system. Proc. Nat. Acad. Sci., 113(21), 5781–5790. 
https://doi.org/10.1073/pnas.1514043113 

Small, J. D., Chuang, P. Y., Feingold, G., and Jiang, H. 2009: Can aerosol decrease cloud lifetime?, Geophys. Res. 
Lett., 36, L16806. https://doi.org/10.1029/2009GL038888 

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

Solanki, R., Macatangay, R., Sakulsupich, V., Sonkaew, T., and Mahapatra, P.S., 2019: Mixing Layer Height Retrievals 
From MiniMPL Measurements in the Chiang Mai Valley: Implications for Particulate Matter Pollution, Front. 
Earth Sci., 7:308. https://doi.org/10.3389/feart.2019.00308  

Stephens, G. L., L’Ecuyer, T., Forbes, R., Gettlemen, A., Golaz, J.-C., Bodas-Salcedo, A., Suzuki, K., Gabriel, P., and 
Haynes, J., 2010: Dreary state of precipitation in global models, J. Geophys. Res., 115(D24). 
https://doi.org/10.1029/2010JD014532 

Stuart, G. S., Stevens, R. G., Partanen, A.-I., Jenkins, A. K. L., Korhonen, H., Forster, P. M., Spracklen, D. V., and 
Pierce, J. R., 2013: Reduced efficacy of marine cloud brightening geoengineering due to in-plume aerosol 
coagulation: Parameterization and global implications, Atmos. Chem. Phys., 13(20), 10385–10396. 
https://doi.org/10.5194/acp-13-10385-2013  

Stull, R. B., 1988: An Introduction to Boundary Layer Meteorology. Dordrecht: Kluwer Academic Publishers. 

Taing, C., Ackerman, K. L., Nugent, A. D., and Jensen, J. B., 2021: A New Instrument for Determining the Coarse-
Mode Sea Salt Aerosol Size Distribution, Journal of Atmospheric and Oceanic Technology, 38, 1935–1947. 
https://doi.org/10.1175/JTECH-D-20-0197.1  

Turco, R. P., and Yu, F., 1997: Aerosol invariance in expanding coagulating plumes, Geophys. Res. Lett., 24(10), 
1223–1226. https://doi.org/10.1029/97GL01092 

Twomey, S., 1977: The Influence of Pollution on the Shortwave Albedo of Clouds. J. Atmos. Sci., 34(7), 1149–1152. 
https://doi.org/10.1175/1520-0469(1977)034<1149:TIOPOT>2.0.CO;2 

Wang, S., Wang, Q., and Feingold, G., 2003: Turbulence, condensation, and liquid water transport in numerically 
simulated nonprecipitating stratocumulus clouds, J. Atmos. Sci., 60, 262–278, https://doi.org/10.1175/1520- 
0469(2003)060<0262:TCALWT>2.0.CO;2   

Wang, H., Rasch, P. J., and Feingold, G., 2011: 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. 



   

   27 

Wang, M., Ghan, S., Ovchinnikov, M., Liu, X., Easter, R., Kassianov, E., Qian, Y., and Morrison, H., 2011: Aerosol 
indirect effects in a multi-scale aerosol-climate model PNNL-MMF. Atmos. Chem. Phys., 11(11), 5431–5455. 
https://doi.org/10.5194/acp-11-5431-2011 

Wang, M., Ghan, S., Liu, X., L’Ecuyer, T. S., Zhang, K., Morrison, H., Ovchinnikov, M., Easter, R., Marchand, R., 
Chand, D., Qian, Y., and Penner, J. E., 2012: Constraining cloud lifetime effects of aerosols using A-Train 
satellite observations. Geophys. Res. Lett., 39(15). https://doi.org/10.1029/2012GL052204 

Ware, J., Kort, E. A., DeCola, P., and Duren, R., 2016: Aerosol lidar observations of atmospheric mixing in Los 
Angeles: Climatology and implications for greenhouse gas observations, J. Geophys. Res. Atmos., 121, 
https://doi.org/10.1002/2016JD024953  

Wood, R., 2007: Cancellation of aerosol indirect effects in marine stratocumulus through cloud thinning, J. Atmos. 
Sci., 64, 2657–2669. https://doi.org/10.1175/JAS3942.1  

Wood, R., 2012: Stratocumulus Clouds, Monthly Weather Review, 140(8), 2373–2423. 
https://doi.org/10.1175/MWR-D-11-00121.1. 

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

Wood, R., and Hartmann, D. L., 2006: Spatial variability of liquid water path in marine boundary layer clouds: The 
importance of mesoscale cellular convection. J. Climate, 19, 1748–1764. 

Wood, R., Doherty, S. J., Medrado, J., Shin, D., 2022: Generation and delivery of particles to brighten marine 
clouds: constraints on the size distribution, AGU 2022 Fall Meeting Poster A15J-1365. 

Woodcock, A. H., 1953: Salt nuclei in marine air as a function of altitude and wind force, J. Atmos. Sci., 10(5), 362–
371. https://doi.org/10.1175/1520-0469(1953)010<0366:SNIMAA>2.0.CO;2   

Wyant, M. C., Bretherton, C. S., Wood, R., Carmichael, G. R., Clarke, A., Fast, J., George, R., Gustafson Jr., W. I., 
Hannay, C., Lauer, A., Lin, Y., Morcrette, J.-J., Mulcahy, J., Saide, P. E., Spak, S. N., and Yang, Q., 2015: Global 
and regional modeling of clouds and aerosols in the marine boundary layer during VOCALS: The VOCA 
intercomparison. Atmos. Chem. Phys., 15(1), 153–172. https://doi.org/10.5194/acp-15-153-2015. 

Xue, H., and Feingold, G., 2006: Large-Eddy Simulations of Trade Wind Cumuli: Investigation of Aerosol Indirect 
Effects, J. Atmos. Sci., 63, 1605–1622, https://doi.org/10.1175/JAS3706.1. 

Zaveri, R. A., Easter, R. C., Fast, J. D., and Peters, L. K., 2008: Model for Simulating Aerosol Interactions and 
Chemistry (MOSAIC). J. Geophys. Res. – Atmos., 113(D13). https://doi.org/10.1029/2007JD008782  

Zeng, J., Zhang, G., Long, S., Liu, K., Cao, L., Bao, L., and Li, Y., 2013: Sea salt deliquescence and crystallization in 
atmosphere: an in situ investigation using x-ray phase contrast imaging, Surf. Interface Anal., 45, 930–936. 
https://doi.org/10.1002/sia.5184  

Zieger, P., Väisänen, O., Corbin, J.C., Partridge, D.G., Bastelberger, S., Mousavi-Fard, M., Rosati, B., Gysel, M., 
Krieger, U.K., Leck, C., Nenes, A., Riipinen, I., Virtanen, A., and Salter, M.E., 2017: Revising the hygroscopicity of 
inorganic sea salt particles, Nature Commun., 8, 15883. https://doi.org/10.1038/ncomms15883  


	1 PROJECT OR ACTIVITY DESIGNATION IF ANY: CAARE
	3 PURPOSE OF PROJECT OR ACTIVITY: Study sea salt plume evolution & transport in marine boundary layer
	4 a SPONSOR NAME: Sarah Doherty, PhD
	4 b  OPERATOR NAME: Same as Sponsor
	AFFILIATION: UW College of the Environment
	PHONE NUMBER: 206-543-6674
	AFFILIATION_2: 
	PHONE NUMBER_2: 
	STREET ADDRESS: Ocean Science Bldg, 1492 NE Boat St
	STREET ADDRESS_2: 
	CITY: Seattle
	STATE: WA
	ZIP CODE: 98105
	CITY_2: 
	STATE_2: 
	ZIP CODE_2: 
	LOCATION: Alameda, CA
	LOCATION_2: Alameda, CA
	6 DESCRIPTION OF WEATHER MODIFICATION APPARATUS MODIFICATION AGENTS AND THEIR DISPERSAL RATES THE TECHNIQUES EMPLOYED ETC See Instructions: A ground-based instrument will generates droplets of 3.5% sea salt water, made with a sea salt standard and purified water. Generated aerosols have dry aerosol size of peak=50nm, sigma=2.5. Emission rate: 200g/sec of saline droplets, or 7g/sec sea salt. System will typically run less than 30min at a time, for a total of 360 kg of saline droplets or 12.6 kg of salt. The generated aerosol size and concentration will be measured in-situ at distances approx. 15m, 100m & 200m downwind of the source, at heights of 2-30m above the surface, using miniSEMS & miniOPCs, and at one of the stations also with full-sized SEMS, OPS and APS instruments. 
	AFFILIATION_3: UW College of the Environment
	PHONE NUMBER_3: 206-543-6674
	STREET ADDRESS_3: Ocean Science Bldg, 1492 NE Boat St
	CITY_3: Seattle
	STATE_3: WA
	ZIP CODE_3: 98105
	NAME OF REPORTING PERSON: Sarah Doherty, PhD
	AFFILIATION_4: UW College of the Environment
	STREET ADDRESS_4: Same as Sponsor
	OFFICIAL TITLE: Program Director
	CITY_4: 
	STATE_4: 
	ZIP CODE_4: 
	DATE: 3/22/2024
	PHONE NUMBER_4: 206-543-6674
	DATE FIRST ACTUAL WEATHER MODIFICATION ACTIVITY IS TO BE UNDERTAKEN: April 2, 2024
	EXPECTED TERMINATION DATE OF WEATHER MODIFICATION ACTIVITIES: May 24, 2024
	Size of Area 1: .0024
	Size of Area 2: .0024
	Name Q7: Sarah Doherty, PhD


