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Precipitation in low clouds strongly affects cloud responses to aerosol perturbations, thereby 

impacting aerosol radiative forcing of climate, a significant but indeterminate contribution to uncertainty 

in future warming. The onset of drizzle formation in marine low clouds may be influenced by the 

presence of coarse-mode sea salt aerosols with dry diameters exceeding 1 um. These particles can, under 

some circumstances, act as giant cloud condensation nuclei (GCCN) that benefit from rapid 

condensational growth to a size that initiates collision-coalescence. Aircraft-based in-situ observations of 

cloud microphysical properties and aerosol size distributions from the Aerosol-Cloud-Meteorology 

Interactions Over the Western Atlantic Experiment (ACTIVATE) are analyzed from January to June 

2022. ACTIVATE focused on making detailed in situ microphysical measurements of aerosols and 

clouds using a low-flying research aircraft. The western Atlantic region is ideal for this study due to its 

location in the midlatitudes, where diverse cloud types can be observed under varying meteorological 

conditions. Unlike many aerosol-cloud interaction studies focused on subtropical regions, ACTIVATE’s 

emphasis on the midlatitudes provides a unique opportunity to examine aerosol impacts on precipitation 

formation in an area characterized by complex cloud structures and dynamic atmospheric processes.   



Observations from a cloud aerosol spectrometer (CAS) and a cloud droplet probe (CDP) in clear 

air from just below the cloud base are used to quantify size distributions of haze droplets. Clear-sky 

conditions for accurate interpretation of the size distributions are identified by strictly filtering for liquid 

water content below 0.0025 g/m³ to remove contamination from cloud droplets and total precipitation 

number concentration below 100 particles per cubic meter (#/m³), as measured by a two-dimensional 

stereo probe. These thresholds ensure that the size distributions measure haze droplets without cloud or 

drizzle droplet contamination. Haze droplet size distributions reveal modest correlations with near 

surface-level wind speeds when averaged together into wind speed bins, a result consistent with other 

recent studies. This is seen by a strong correlation coefficient between wind speed and total concentration 

of R =0.90 for the CAS and R =0.84 for the CDP. And consequently, I conclude, as near surface wind 

speed increases, the production of giant cloud condensation nuclei increases.   

Observed GCCN distributions and cloud thicknesses are used to drive simulations with an 

explicit microphysics parcel model, exploring the conditions under which the observed range of GCCN 

induces a first-order impact on precipitation rates. Analysis of droplet size distributions using a 1-

dimensional kinematic super-droplet cloud model (PySDM) demonstrates that even the addition of a 

small number of GCCN accelerates the onset of drizzle and increases drizzle rate in the marine boundary 

layer. This effect was analyzed under conditions with liquid water paths similar to those in the thicker 

parts of low cloud fields over the Western Atlantic region. Similarly, analysis with observationally 

derived rainwater content as a function of total concentration and liquid water content for high and low 

GCCN concentrations reveals an increased ratio of condensate in precipitation drops to that in cloud 

drops for flights with higher measured concentrations of GCCN. These results suggest that GCCN can 

meaningfully influence precipitation in marine low clouds.   
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1. IntroducƟon 

 

a. Importance of Cloud-Aerosol InteracƟons in Climate 

 

Cloud-aerosol interactions have a significant impact on climate, particularly through their influence 

on marine stratocumulus clouds, which cover roughly 20% of the planet’s oceans and play a dominant 

role in modulating Earth’s radiative energy balance (Hartmann and Short 1980). These interactions affect 

both cloud microphysics and macrophysics, including cloud albedo and lifetime, thereby altering the 

reflection of solar radiation and the overall radiative forcing of the climate system (Seinfeld et al., 2016). 

The stratocumulus-topped boundary layer (STBL) is essential to ocean-atmosphere dynamics and general 

circulation over midlatitude oceans (Nicholls et al., 1979). By regulating heat, moisture, and momentum 

exchanges between the ocean and atmosphere, the STBL profoundly influences large-scale climate 

systems (Wood 2012). Furthermore, marine stratocumuli reflect a large portion of the Earth’s incoming 

solar radiation, while only minimally contributing to outgoing longwave radiation (Chen et al., 2000). 

This combination of radiative effects and expansive coverage makes stratocumulus clouds integral to the 

planet’s overall radiative budget (Stephens and Greenwald 1991; Hartmann et al. 1992; L’Ecuyer et al., 

2019; Wood 2021). 

Unfortunately, clouds are the largest uncertainty in estimates and interpretations of the Earth's rapidly 

changing energy budget, and much of the uncertainty revolves around how aerosols interact with 

stratocumulus clouds (Pachauri et al., 2014, Bellouin et al., 2020). The Twomey effect describes how 

increases in cloud droplet concentration result from aerosol-cloud interactions (ACI). These increases 

reduce droplet size and increase total droplet surface area. As a result, clouds reflect more solar radiation, 

even without changes in cloud liquid water content. However, changes in droplet size can also alter cloud 

macrophysical properties (fractional coverage and cloud liquid water) by changing precipitation 

efficiency and by microphysical effects on cloud top entrainment rate (Bellouin et al., 2020; Seinfeld 

et al., 2016, Wood et al., 2024). The Twomey effect results in a negative radiative forcing, which leads to 



cooling. However, changes in cloud macrophysical properties due to aerosol perturbations can either 

amplify or offset this cooling, depending on the prevailing meteorological conditions and the 

characteristics of the clouds and boundary layer (Lohmann and Feichter 2005). Recent studies (Watson-

Parris and Smith, 2022; Wood et al., 2024) suggest that aggressive aerosol mitigation policies, aimed at 

reducing air pollution and improving public health, is inadvertently exacerbating global warming by 

diminishing the cooling effect of aerosols. This highlights the complex interplay between aerosol 

mitigation and climate policy, further underscoring the need for a better understanding of aerosol-cloud 

interactions to accurately predict future climate scenarios (Persad et al., 2022). 

 The stratocumulus-topped boundary layer (STBL) forms under stable, often subsiding, lower 

tropospheric conditions, where sensible heat fluxes, surface heat fluxes, cloud-top entrainment, cloud-top 

radiative cooling, and turbulent mixing in the boundary layer create an environment conducive to the 

persistence of the marine stratocumulus clouds that are so integral to the planet’s overall radiative budget 

(Wood and Bretherton 2006; Klein and Hartmann 1993; Lilly 1968; Wood 2012). Precipitation in marine 

stratocumuli is also essential to boundary layer dynamics, as it redistributes water vapor and heat, and can 

influence a cloud’s lifetime and albedo (Feingold et al., 1996; Stevens et al., 1998b; Wood et al., 2009). 

Drizzle, in particular, peaks near the cloud base and can stabilize the STBL by warming the cloud layer 

and cooling the subcloud layer, leading to reduced turbulent mixing and increased stratification (Nicholls, 

1984; Stevens et al., 1998; Ackerman et al., 2009, Wood 2005a; Wood 2012; vanZanten et al. 2005). 

Understanding drizzle in marine stratocumulus clouds is critical because it plays a key role in regulating 

cloud lifetime and boundary layer structure, both of which affect global climate systems. However, 

drizzle processes remain challenging to quantify making them a persistent source of uncertainty in climate 

models (Stevens and Feingold, 2009). 

b. Aerosol-cloud-precipitaƟon interacƟons 

 



 Additionally, aerosol-induced changes in precipitation in low clouds within the marine 

stratocumulus-topped boundary layer (STBL) affect cloud macrophysical adjustments to aerosol 

perturbations, thereby impacting aerosol radiative forcing of climate (Albrecht et al., 1989; Ackerman et 

al., 2004; Chen et al., 2012). These aerosol-cloud-precipitation interactions can induce what are known as 

cloud lifetime effects, which are the macrophysical cloud responses to aerosol changes (Stevens and 

Feingold, 2009). As these interactions occur on sub-kilometer scales, climate models poorly represent 

these cloud adjustments, limiting their representation and understanding of their full effects (Mülmenstädt 

and Feingold 2018). Cloud condensation nuclei (CCN) are aerosol particles that serve as the initial sites 

for cloud droplet formation and their availability are determined by the size, composition, and 

concentration of aerosols, plays a crucial role in aerosol-cloud-precipitation processes. When combined 

with updraft strength, CCN concentration influences the number and size of cloud droplets, which in turn 

affects the formation of drizzle and the overall precipitation efficiency of the cloud (Twomey, 1977; 

Martin et al. 1994; Jensen and Lee 2008; Wood 2012; Rosenfeld et al., 2019). After CCN activate into 

cloud droplets, the efficacy of collision-coalescence becomes a key factor in drizzle formation. Collision 

efficiency decreases strongly for cloud droplets with radii significantly smaller than ~10 𝜇m (Berry 1967; 

Wood et al., 2009). Collision–coalescence is more efficient in clouds with fewer but larger droplets, 

enhancing the formation of precipitation (Albrecht et al., 1989). Another pathway for drizzle formation 

can be achieved through the existence of a tail of large “collector” droplets formed on giant cloud 

condensation nuclei (GCCN) that can initiate collision-coalescence (Ludlam 1951; Johnson 1982; 

Feingold et al., 1999; Jensen and Lee 2008, Jensen and Nugent 2017; Dziekan et al., 2021). 

c. Giant cloud condensaƟon nuclei  

 

 In marine environments, sea spray aerosols serve as a significant source of giant cloud 

condensation nuclei (Woodcock 1953; Feingold et al., 1999; Jensen and Nugent 2017; Dziekan et al., 

2021). They are a huge source of particulate matter in the atmosphere and produce about 3–30 Pg yr-1 

globally (Lewis and Schwartz, 2004; Grythe et al., 2014). Due to their chemical makeup, sea spray 



aerosols (SSA) are highly soluble and more likely to promote hygroscopic growth in a saturated 

environment and drive collision and coalescence (Petters and Kreidenweis 2007). Sea salt aerosols in the 

size range of interest for this study are primarily generated by the bursting of air bubbles at the ocean 

surface (Woodcock 1953). However, not all sea spray aerosols originate from bubble bursting. Under high 

wind conditions, typically exceeding 7–11 m s-1, larger “spume” drops can form as wave crests are torn 

apart, injecting ultra-large sea salt particles into the marine boundary layer (O’Dowd 1995). While spume 

drops contribute to the overall sea spray aerosol population, the coarse-mode particles investigated in this 

study are more closely associated with bubble bursting.  

While not all sea salt aerosols are large enough to serve as GCCN, those with a dry diameter larger 

than 1 𝜇m can grow rapidly in cloud by condensation due to their high salt concentration. This process 

may allow some GCCN to grow larger than the more numerous cloud droplets formed on accumulation 

mode aerosol, enabling them to fall and collect smaller droplets, thereby initiating precipitation. By 

introducing larger droplets into the cloud system, the efficiency of converting cloud water into 

precipitation-sized drops is increased.  

If the same cloud water is spread over smaller and more numerous cloud droplets, it will have the 

opposite effect; reducing precipitation efficiency and nominally extending the cloud lifetime (Twomey 

1977; Wood et al., 2009). However, this decrease in cloud droplet size leads to a decrease in terminal 

velocity. These smaller droplets then sediment more slowly and cause an overall decrease in 

sedimentation of cloud liquid water near the cloud top inversion (Ackerman et al, 2004; Bretherton et al, 

2007). This weaker sedimentation allows liquid water to remain near the cloud top, increasing 

evaporation rates, enhancing entrainment efficiency, potentially drying out the cloud layer, and reducing 

cloud lifetime.  



d. Wind speed dependence and GCCN emissions 

  
Evidence suggests that sea salt aerosol size distributions in the lower MBL are controlled by low-

level wind speed across the ocean surface (Woodcock 1953; Monahan et al., 1983; Colón-Robles et al., 

2006; Jensen and Lee 2008; Grythe et al., 2014). Previous efforts to constrain the process by which CCN 

activate into cloud droplets (Snider et al. 2003; Fountoukis et al. 2007) also identify a distinct connection 

between aerosol size and the vertical wind speed to the number of aerosols that activate. However, while 

past studies show that wind speed might be a key driver in sea salt aerosol production, other studies show 

that at similar wind speeds, wave dynamics, sea surface temperature (SST), and MBL depth may also play 

a crucial role (Dana & Hales, 1976; Skartveit, 1982; Lewis and Schwartz 2004; Jaeglé et al. 2011; Grythe 

et al., 2014). For example, Salter et al., 2015 demonstrate an increase in the production of sea salt aerosols 

larger than 1 um diameter with increasing SST. There are numerous source functions for sea salt aerosol 

production, each accounting for different mechanisms and environmental factors, which highlights the 

complexity of SSA generation (Lewis et al., 2004). Although the generation of sea salt aerosols can be 

influenced by multiple factors, wind speed remains a key variable due to its direct impact on the 

production of larger aerosols, which may act as giant cloud condensation nuclei. However, there is still 

strong variability in sea salt aerosol size distributions as a function of wind speed, as evident in the later 

Section 3b, which shows a range of observed distributions from multiple studies for similar wind speed 

conditions (Lewis and Schwartz 2004). The spread across different datasets highlights the complexity of 

aerosol generation processes beyond just wind speed influences.  

e. GCCN and condensaƟonal growth  

 

 Condensational growth of the GCCN from the ocean surface through the cloud is important for 

growing to a size where they can initiate collision-coalescence (see Ludlam 1951) but has not been 

incorporated into physical parameterizations used in bulk microphysical models to this point, which can 

lead to an underestimation of warm rain formation (Jensen and Nugent 2017). Cloud droplets grown on 



GCCN are highly concentrated solutions compared with the majority of cloud droplets, which are grown 

on much smaller accumulation mode aerosol particles. This makes the process of condensational growth 

of GCCN different than for accumulation mode CCN; it is accelerated via the Raoult effect (Jensen and 

Nugent 2017) and in some cases, may lead to a faster onset of warm drizzle (L'Ecuyer et al., 2009). The 

fundamental challenge to representing GCCN in microphysical models is that the condensational growth 

rate of cloud droplets depends not only on their size but also on the dry radius of the salt they contain. 

Only a few GCCN-containing “lucky droplets” would be needed to initiate collision-coalescence. Thus, 

GCCN-containing droplets must be treated as a distinct category of cloud hydrometeor, increasing model 

complexity. It is difficult to accurately capture this even in bin microphysical models, but super droplet 

methods are able to achieve the desired complexity (Shima et al., 2009; Shima et al., 2020; Li at al., 2022; 

Zmijewski et al., 2024). The Python Super-Droplet Method (PySDM) can achieve this (Bartmann et al., 

2021, Azimi et al., 2024). Furthermore, since droplets formed on GCCN remain highly concentrated salt 

solutions, they can more easily resist evaporation and the larger GCCN can even continue growing by 

condensation as they descend through subsaturated downdrafts (Jensen and Nugent 2017). This contrasts 

with smaller cloud droplets grown on accumulation mode aerosol, which typically lose mass and may 

completely evaporate in similar conditions. 

f. Research gaps and the need for further study  

 

Despite advances in understanding GCCN's role in collisional growth, significant uncertainties 

remain. For example, past studies have used a wide range of GCCN sizes and concentrations, making 

direct intercomparison challenging. Jensen and Nugent (2017) estimated that at the 1 𝜇m diameter size 

range, a concentration of 0.3 cm⁻³ could have a direct, non-negligible influence on drizzle formation. In 

contrast, Feingold et al. (1999) investigated significantly larger GCCN, with a 20 𝜇m radius, and found 

that a much lower concentration on the order of 10⁻⁴ to 10⁻² cm⁻³ was sufficient to enhance precipitation. 

Feingold et al. (1999) circumvented the problem of GCCN condensational growth by simply introducing 

20-micron cloud droplets into the model, with the implicit assumption that these grew on GCCN. These 



differences in assumed particle size and concentration, as well as variations in the microphysical 

modeling approach, highlight the difficulty in comparing results across studies. Some studies have used 

the Super Droplet Method (SDM) (Dziekan et al., 2021), while others have relied on bulk or bin 

microphysics, each introducing unique assumptions and limitations. A stronger understanding of GCCN's 

impact on collision-coalescence and thus on drizzle formation is critical for improving cloud and 

precipitation parameterizations in climate models, particularly in marine stratocumulus regions where sea 

salt aerosols are abundant and can serve as GCCN. This knowledge can help reduce uncertainties in 

aerosol-cloud-precipitation interactions and their influence on global climate. 

This thesis aims to address critical gaps in our understanding of coarse-mode cloud-aerosol 

interactions in marine stratocumulus clouds. We utilize the robust observational framework established by 

the NASA Sub-Orbital Aerosol-Cloud-Meteorology Interactions over the Western Atlantic Experiment 

(ACTIVATE) field campaign to answer these questions. The motivating research objectives of this 

campaign included improving process-level understanding and model representation of factors that 

govern cloud microphysical and macrophysical properties, how they impact cloud interactions with 

aerosols, the improvement of model parameterizations of aerosol activation and cloud formation, and the 

quantification of aerosol particle number concentration, cloud condensation nuclei concentration, and 

cloud droplet number concentration relationships (Sorooshian et al., 2023). ACTIVATE’s objectives have 

helped frame our research goals.  

Following a description of the data sources used in the current work (section 2), in section 3a we 

break down each flight into discrete legs to derive size-resolved aerosol concentration profiles from below 

the cloud base to within the cloud. This approach allows us to validate our measurements against 

established literature across different seasons, thereby assessing the universality of the coarse mode 

aerosols in various meteorological regimes. 

Building on previous work (e.g., Woodcock, 1953; Colón-Robles et al., 2006), section 3b 

examines how near-surface wind speed influences the concentration and size distribution of these coarse-



mode aerosols. This involves taking the size-resolved aerosol concentration profiles and binning them by 

flight leg averaged, near surface, ten-meter wind speed to understand the extent to which wind speed - 

coarse mode concentration relationships are universal.  

Finally, section 3c investigates the extent to which variations in giant cloud condensation nuclei 

concentrations can modulate precipitation in marine stratocumulus clouds. We use a condensational 

growth model (PySDM) for the dry GCCN distributions (converted from ambient) to grow the droplets on 

their journey from the near-surface region where they are produced to the top of the cloud where they can 

potentially initiate precipitation. The goal is to determine whether and to what extent the presence of 

GCCN alters the cloud droplet size distribution and accelerates precipitation processes under varying 

aerosol and meteorological conditions. By comparing our modeled precipitation responses with observed 

size distributions and observations from the campaign, we can determine if higher concentrations of 

GCCN are linked to enhanced drizzle formation. This analysis is necessary not only to improve our 

understanding of aerosol-cloud interactions but also to contribute to better parameterizations, that include 

the impact of GCCN.  

 

 

 

 

 

 

 

 



2. Data 

 

The role of this section is to introduce the in-situ observations used in this study which were collected 

as part of the Aerosol-Cloud-Meteorology Interactions Over the Western Atlantic Experiment 

(ACTIVATE). The use of this dataset is extremely beneficial to the research study as it contains an 

unprecedented amount of data for meteorological, cloud, and aerosol properties over the western North 

Atlantic over several years. This allows us a wide range of conditions to look at different wind speeds and 

meteorological states, as well as examine aerosol conditions between clean and polluted states. The 

following subsections provide an overview of the campaign’s purpose and setup, details on the 

instrumentation used, and descriptions of data sampling techniques. Data pre-processing will be detailed 

later with our methods.   

A. ACTIVATE   

 

ACTIVATE is a NASA Sub-Orbital field campaign that ran for five years, from January 2019 through 

June 2023 (Figure 1; Table 1). with the intent of providing globally important data detailing changes in 

warming and cooling planetary feedbacks, atmospheric aerosols and sources, and marine boundary layer 

cloud systems (Sorooshian et al., 2023). The observations relative to our research were collected in two 

deployments spanning from January to June 2022 in an attempt to capture different seasonal states to 

broaden the range of aerosol and meteorological conditions for analysis. Fieldwork plans were structured 

with a twin-flight (meaning two aircraft are flying together) design from NASA Langley Research Center 

in Virgina, North America out over the Western Atlantic and over Bermuda, where our observations were 

collected.  

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure  1 Overall ACTIVATE flight schemaƟc and study region. Both the King Air and the Falcon leave from NASA 
Langley and fly over the Western AtlanƟc and over Bermuda to collect three years of data across mulƟple seasons 
(upper). The individual flight paths for each experimental year. 2020 flights are shown in blue, 2021 flights are 
shown in red, and 2022 flights are shown in black (lower). 2022 is the only year in which data was collected from 
over Bermuda (Sorooshian et al., 2023).  



 

 

 

 

 

 

 

 

 

 

i. Purpose and scope of the campaign  

 

The campaign’s data collection goals centered around low clouds over the Western Atlantic 

spanning the continuum of stratiform and cumulus clouds with post-frontal conditions, while also 

targeting model-based representations of various aerosol-cloud-meteorology-related interactions 

(Sooroshian et al., 2023). The experiment’s explicit objectives include improving scientific understanding 

of how aerosol concentrations, cloud condensation nuclei (CCN), and cloud droplet populations are 

interconnected; gathering a comprehensive dataset that can be leveraged internationally for model 

intercomparison and detailed process studies; assessing current remote sensing techniques and refining 

approaches for future satellite missions; and enhancing satellite-based retrieval methods for cloud droplet 

numbers and CCN indicators (Sorooshian et al., 2023). To achieve these objectives, the focus remains on 

 Table 2 Table depicƟng the amount of flights for each season across all flight deployments for each aircraŌ. The 
important thing to note is that there were 162 joint flights in total and close to 600 hours of joint flight Ɵme 
(Sorooshian 2022).  



marine low clouds across a range of aerosol levels and weather scenarios, ensuring a robust dataset that 

can reveal critical links among aerosols, clouds, and meteorological conditions.  

ii. Field set-up and flight schemaƟcs 

 

The distinct advantage of a twin-aircraft flight dynamic over a single-aircraft study is the enablement 

of near-simultaneous, multi-level sampling of the boundary layer. In this campaign, the high-flying 

aircraft, the King Air, and the low-flying aircraft, the HU-25 Falcon, were in tight coordination in time 

and space (Sorooshian et al., 2023). This allows the full utilization of various instruments at different 

altitudes to capture a range of measurements across the boundary layer. Furthermore, this dual-platform 

approach minimizes temporal and spatial mismatches that can occur when relying on a single aircraft thus 

improving our ability to characterize aerosol-cloud interactions with higher accuracy. The direct 

comparison between remote sensing observations and in-situ measurements collected simultaneously 

offers a comprehensive picture of the vertical structure of aerosol properties and cloud-aerosol 

interactions. The data used for our research came from statistical survey missions, which captured 

measurements from about 150 m above the ocean surface to just below the boundary layer, though we 

utilize data only from 150 m above the surface to about 2.5 km (Figure 2).  



 

 

 

 

 

 

 

 

 

 

 

The two aircraft utilized in this experiment were the NASA Langley Research Center's HU-25 Falcon 

and the King Air. The HU-25 Falcon, also referred to as the Falcon, was a lower-flying plane spanning a 

range of 3000 km and an altitude between 0.15 km to 3 km. The aircraft traveled at an average airspeed of 

130 m/s with an average total flight duration of 4 hours. Among the instruments used in our study were 

the Diode Laser Hygrometer (DLH), two-dimensional Stereo probe (2-DS), Cloud Droplet Probe (CDP), 

and Cloud-Aerosol Spectrometer (CAS); all of which were externally mounted on the Falcon. Other 

instruments aboard the Falcon, though not utilized in this study, were a Fast Cloud Droplet Probe (FCDP), 

AC3-Cloud collector, CVI, and an isokinetic aerosol inlet. The main purpose of the Falcon’s flights was 

to collect in-situ observations of trace gas measurements (Ozone, CO, CO2, H2O), CCN, aerosol 

 Figure 2 Flight ensemble schemaƟcs showing cloudy ensembles (top) and clear ensembles (boƩom). All flight 
legs for cloudy and clear ensembles are shown, though we only uƟlize Below Cloud Base, Above Cloud Base, 
and Below Cloud Top in this study (Sorooshian et al., 2023).  



microphysics, aerosol composition, aerosol optical scattering and absorption, and hygroscopicity 

(Sorooshian et al., 2023). In opposition, the King Air flew at a higher altitude, above the Falcon, with an 

average altitude of 8 to 10 km above the surface and a maximum range of 1500 km. Similar to the Falcon, 

the average airspeed was 120 m/s, with the same average flight duration of 4 hours. Unlike the Falcon, the 

King Air carried a High Spectral Resolution Lidar (HSRL-2), Research Scanning Polarimeter (RSP), 

Dropsonde (AVAPS), and RSP support electronics, though this study only uses images from the HSRL-2 

to remove cases with significant dust. In total, there were 152 joint aircraft missions, meaning both aircraft 

flew together for one to two missions per day. This totaled about 600 hours per aircraft throughout the 

campaign. For this study, we focused on flights from January to June 2022, for a total of 75 flights on 43 

different dates. The dataset for 2022 was the most comprehensive year from 2020-2022, as 2020 and 2021 

were impacted by COVID-19 (Sorooshian et al., 2023). Details about the flights from 2022 are displayed 

in Table 2. Flight paths for the chosen dates and flights in this study are shown in Figure S1 using lidar 

images from the HSRL-2. Aircrafts left NASA Langley Research Center (LARC) off the coast of Virginia 

and flew east over the Western Atlantic Ocean before returning to land for January - June 2020 and 2021. 

In 2022, January - May flight paths remained the same, but during June, flights were focused on 

collecting data around Bermuda.  

Month 2022 Total # of days Total # of flights  Primary flight 
location 

ACTIVATE 
deployment # 

Season 

January 8 15 WNAO 5 Winter 

February 9 15 WNAO 5 Winter 

March 9 16 WNAO 5 Winter 

May 8 12 WNAO 6 Summer 

June 11 17 Bermuda 6 Summer 
 

 Table 2 Total flight staƟsƟcs for all flights used in the study from January-June 2022. This includes the deployment 
number, the primary flight locaƟon (Western North AtlanƟc Ocean (WNAO)), and the season in which data was 
collected (Sorooshian et al., 2023).  

 

 



There were two defined categories of “ensembles” for the Falcon; cloud-free and cloudy for each 

flight. These ensembles were comprised of different “legs” (Dadashazar et al., 2022; Sorooshian et al., 

2023). These legs were flown in the following order: below the cloud base (BCB), above the cloud base 

(ACB), minimum altitude at 0.15 km (MinAlt), above the cloud top (ACT), below the cloud top (BCT), 

and then descended back to BCB height. Minimum altitude legs, below boundary layer top legs, and 

above boundary layer top legs with a descent back to minimum altitude were cloud-free ensembles. 

Cloudy ensembles consisted of minimum flying altitude, below cloud base, above cloud base, above 

cloud top, below cloud top, and a descent back to minimum altitude. The relevant leg lengths, ensemble 

lengths, and leg altitudes are summarized in Table 3. The detailed ensemble flight paths are shown in 

Figure 2. The systematic repetition of these flight ensembles has resulted in an extensive amount of data 

(Dadashazar et al., 2022).  This study focuses on BCB, ACB, and BCT legs in cloud-free air to analyze 

coarse-mode sea salt aerosols. We did not utilize any “clear-sky” ensembles due to lack of sufficient data 

(Figure 3). There are more cloudy ensemble legs to work with, so we apply rigid filtering criteria to 

remove any cloud contamination and create “clear-sky” conditions from cloudy ensembles.  

 

 

 Table 3 Flight leg staƟsƟcs for the 4 relevant flight legs types in this study. StaƟsƟcs detail the average leg Ɵme and 
average alƟtude where leg data was collected. Each leg length was, on average, 3.3 minutes long (Dadashazar et al., 
2022; Sorooshian et al., 2023) 

Leg type Leg altitude range  Average leg altitude 

Below cloud base (BCB) 0.110km - 2.46km 0.702km 

Above cloud base (ACB) 0.125km - 2.72km 0.967km 

Below cloud top (BCT) 0.11km - 5.48km 1.38km 



 

 

 

 

 

 

 

 

 

 

 

 

 

iii. Western AtlanƟc Meteorology  

 

Previous field studies have also focused on characterizing the marine boundary layer, examining 

vertical profiles of clouds and aerosols, aerosol-cloud interactions, and examining various aerosol 

properties, like CCN. Past notable field work that analyzed the impact of GCCN on precipitation included 

seeding marine stratocumulus clouds with a salt powder solution off the coast of central California in 

2011 as part of the Eastern Pacific Emitted Aerosol Cloud Experiment (EPEACE) (Jung et al., 2015). 

During these experiments, the emitted salt powder was intended to create GCCN concentrations of about 

10-2 to 10-4 cm-3 for an average emitted particle size of 5 um diameter released at a rate of 5 x 109 particles 

per second from a fluidized bed delivery system.  Like ACTIVATE, EPEACE used in-situ probes, 

including a Cloud Aerosol Spectrometer which is relevant to our study, to gather observations. Results 

from Jung et al., 2015 indicated faster drizzle formation as a result of increased collision-coalescence 

after artificial seeding, which are consistent with what we know thus far of coarse mode sea salt aerosol-

cloud interactions (Feingold 1999; Jensen and Lee 2008; Jensen and Nugent 2017). But, while the 

Figure 3 The amount of legs flown for different ensembles organized by date. There are more 
cloudy ensemble legs, and therefore more data to work with, than clear ensemble legs.  



EPEACE study (Jung et al., 2015) provided valuable insight into this relationship, its conclusions are 

limited by its narrow temporal and meteorological scope—being confined to a single summer case study 

flight. In other words, although EPEACE demonstrated that enhanced GCCN concentrations can lead to 

faster drizzle formation, the findings cannot be broadly generalized to other seasons or varying 

atmospheric conditions. These limitations underscore the need for a more comprehensive investigation. 

ACTIVATE, with its multi-season, multi-flight design, and extensive in-situ and remote sensing 

observations, offers the opportunity to examine the impacts of GCCN on precipitation across diverse 

conditions.  

The Western North Atlantic Ocean, which is the focus for observations for June 2022, is unique in 

its atmospheric aerosol and chemical composition (Corral et al., 2021). This location contributes 

significantly to marine aerosol fluxes, like coarse mode sea salt aerosol to the MBL, which also happens 

to be the most dominant source of aerosol optical depth and boundary layer aerosol composition during 

ACTIVATE (Liu et al., 2023). However, in addition to natural marine emissions, the WNAO is strongly 

influenced by long-range transport of aerosols from both continental sources. The study region lies within 

a key pathway for pollutant transport from the North American East Coast, as well as the transatlantic 

transport of Saharan dust. These aerosol influxes are largely driven by large-scale meteorological features 

such as trade winds, midlatitude cyclones, and synoptic-scale frontal systems (Corral et al., 2021; 

Painemal et al., 2021). Dust transport over the Atlantic peaks during the summer months when large 

plumes from the Sahara are blown westward. Aerosol optical depth over the WNAO is primarily driven 

by sulfate and sea salt, which are the main contributors to total AOD, while black carbon and organic 

carbon exhibit smaller but seasonally varying influences (Painemal et al., 2021). An example of dust 

transport paths and North American pollutant transport over the study region is shown in Figure 4 

(Sorooshian et al, 2020) and the seasonal variability and relative contributions of various aerosol species 

over the ACTIVATE study region are illustrated in Figure 5 (Painemal et al., 2021), which highlights the 

dominant aerosol types, including sulfate, sea salt, organic carbon, black carbon, and dust, along with 



their annual cycles. On the North American side of the Atlantic, midlatitude cyclones drive boundary 

layer outflow toward the Western Atlantic via northwesterly winds behind cold fronts. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 4 Dust and polluƟon transport pathways over the North Western AtlanƟc Ocean study region (Sorooshian et 
al., 2020).  



 

iv. Key features of clouds and aerosols over the Western AtlanƟc  

 

The study region is also characterized by strong seasonal variations in cloud cover, with low 

clouds being most prevalent in winter and least frequent in summer. These low clouds, which are 

primarily marine boundary layer clouds, are closely linked to postfrontal cold-air advection, leading to 

increased cloud cover during winter months. In contrast, high clouds are more dominant in summer, 

influenced by warm sea surface temperatures, tropical convection, and increased upper-level humidity 

(Painemal et al., 2021). The WNAO also exhibits a diverse range of cloud morphological regimes, 

consisting of a high frequency of shallow cumulus and stratocumulus clouds. Shallow cumulus clouds are 

most common over the warm waters of the Gulf Stream, particularly in winter, where they frequently 

form behind cold fronts as part of cold-air outbreaks. In contrast, stratocumulus clouds are more prevalent 

over the colder waters to the northeast (Painemal et al., 2021). Figure 6 (Painemal et al., 2021) illustrates 

the spatial variability of these two dominant cloud types. To summarize, this seasonal variability 

influences aerosol concentrations and their interactions with clouds, further making the Atlantic an ideal 

region for studying these processes.  

Figure 5 Seasonal variability of aerosols over the Western North AtlanƟc Ocean based on MERRA-2 reanalysis, showing the annual 
cycle of aerosol opƟcal depth for key aerosol species (leŌ) and the relaƟve monthly contribuƟons of each aerosol type to total 
aerosol opƟcal depth (right) (Painemal et al., 2021).  



 

B. InstrumentaƟon 

 

This section provides an overview of the primary instruments used in this study to investigate 

GCCN size distributions. These include the Cloud-Aerosol Spectrometer (CAS) the Cloud Droplet Probe 

(CDP), and the SPEC 2-dimensional Stereo Probe (2D-S) and were selected for their ability to measure 

certain droplet size distributions, concentrations, and characteristics critical for understanding cloud-

aerosol interactions and precipitation processes. The following subsections describe each instrument in 

detail, including their measurement capabilities, operating principles, and relevance to this research. All 

measurements for each instrument are taken at ambient relative humidity and reported seconds after 

midnight and relevant instrument details are provided in Table 4.  

It is important to note that both the CAS and CDP are optical instruments, and their particle sizing 

depends on assumptions about the refractive index of measured particles. The CDP measures only 

forward-scattered light, while the CAS collects both forward and backscattered signals. According to the 

instrument manuals, a refractive index of 1.33 is assumed (Droplet Measurement Technologies 2017, 

Figure 6 The spaƟal distribuƟon and frequency of shallow cumulus (leŌ) and stratocumulus cloud types (right) 
during all seasons over the study region (Painemal et al., 2021).  



2018). Although some studies recommend applying additional refractive index corrections, particularly 

for sea salt aerosols, which in dry form have higher refractive indices (~1.5; Clarke et al., 2003; Bi et al., 

2017), the CAS and CDP data used here have already been corrected. Because these measurements are 

taken at ambient relative humidity, the aerosols are hydrated at the time of sizing, which reduces the 

mismatch; hydrated sea salt aerosols typically have refractive indices between ~1.34 and 1.42 depending 

on RH (Bi et al., 2017). Still, if any residual bias existed in the hydrated sizing, it would propagate 

through the hygroscopic growth correction applied to derive dry diameters. This potential uncertainty is 

expected to be small but is acknowledged in the interpretation of the largest droplet sizes.  

 

 

 

 

 

 

 

 

 

 

 

 

 



Instrument  Parameters measured Size range (𝝁m) Reference 
DMT cloud droplet probe 
(CDP) 

Aerosol and cloud droplet 
number concentration, liquid 
water 
content, and effective 
radius/variance 

2–50 Lance 2012 

DMT cloud and aerosol 
spectrometer (CAS) 

Aerosol and cloud droplet 
number concentration, 
liquid water 
content, and effective 
radius/variance 

0.5–50 Baumgardner et al., 2001 

SPEC Inc. two-
dimensional stereo (2D-
S) vertical and horizontal 
arms 

Cloud number size 
distribution for liquid, ice, 
and total; liquid 
and ice water content; ice 
flag; effective diameter 
for liquid, ice, 
and total; and median 
volume diameter for 
liquid and total 

29–1465 Kirschler et al., 2023 

Diode laser hygrometer 
(DLH) 

Water vapor N/A Diskin et al. (2002) 

 

Table 4 Instruments and size ranges used to create size distribuƟons in this study 

 

i. Cloud Aerosol Spectrometer (CAS) 

 

The measured particle size range for the CAS is 0.5 𝜇m hydrated diameter to 50 𝜇m diameter, making 

this instrument optimal for GCCN with dry diameters greater than 1 𝜇m, but can still collect data on 

particles in the smaller size range that the CDP does not capture. Similar to the CDP, integrated aerosol 

and cloud droplet number distributions are reported in units of dN/dlogD for thirty-size range bins.  

Liquid water content is reported in g m3, and effective radius, and effective variance are reported in 𝜇m. 



The CAS samples at an area of 0.25 mm2 and with a frequency of 1 Hz (Sorooshian et al., 2023). 

Measurements were made by the NASA Langley Aerosol Research Group.  

ii. Cloud Droplet Probe (CDP) 

 

The CDP (Droplet Measurement Technologies, DMT 2025) is the most common instrument used 

when analyzing cloud-aerosol interactions. Measurements were made by the NASA Langley Aerosol 

Research Group (LARGE). The sample area experimentally measured by DMT was 0.323 mm2 

(Sorooshian et al., 2023).  It also has a high temporal sampling resolution, between 1 and 20 Hz, which 

varies based on deployment. For example, 2020 sampling resolution at 1 Hz proved difficult to 

distinguish cloud shape, so flights in 2021 and 2022 were sampled at 20 Hz. For the flights used in this 

study, sampling was at 20 Hz, but we aggregate data to 1 Hz for consistency with the CAS (more details 

in the Methods section). We do not measure cloud droplets with the CDP. We use this instrument only in 

cloud-free conditions. The CDP uses single-particle light scattering, and samples at a particle size range 

of 2 𝜇m hydrated diameter to 50 𝜇m diameter, which samples much of the SSA coarse mode. Integrated 

aerosol and cloud droplet numbers are reported units per cm3 across thirty-size range bins somewhat 

unevenly but approximately logarithmically distributed across diameter D. Liquid water content is 

reported in g m-3, and effective radius and effective variance are reported in 𝜇m (Moore et al., 2022). 

Effective radius is the ratio of the third to the second moment of a droplet size distribution and effective 

variance is the spread in that size distribution (Daum and Liu 2005).  

iii. 2-dimensional Stereo probe (2-DS) 

 

Finally, we use a SPEC Inc. 2D-S horizontal arm in this study to pull precipitation data and larger 

particle sizes not captured by the CAS or the CDP. This instrument produces shadow images of single 

particles using 128 photodiodes of 11.4 𝜇m (Lawson et al., 2019; Kirschler et al., 2022). The 2D-S 

measures liquid water content, ice water content, and total, liquid, and ice number concentrations in m-3. 

The ice and liquid median volume diameters represent the sizes at which half of the total particle volume 



(and therefore mass) is contributed by droplets smaller than that threshold and half by larger droplets. 

Particle size ranges from 28.5 𝜇m diameter to 1464.90 𝜇m diameter across 126 total size bins, optimal for 

analyzing large precipitation drops. Measurements were collected by a German research team (DLR).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



3. Methods and Results  

 

a. Size-resolved aerosol concentraƟon profiles 

 

To characterize aerosol concentration above the Western Atlantic, we analyze size-resolved hydrated 

(ambient) aerosol distributions derived from CAS observations from below the cloud base to within the 

cloud. We use 1 Hz data for 75 flights on 43 different dates from January to June 2022. Each 1 Hz 

observation is taken from a typical 3 minute below cloud base flight leg. Given the binning structure of 

recorded data within the CAS instrument’s data files, we select measurements corresponding to haze 

particles ranging from 2.5 µm diameter to 50 µm diameter covering 18 bins (bins 12–29 out of 30 

available size bins) ranging from 0.5 µm to 50 µm diameter in total. Clear-sky conditions for accurate 

interpretation of the size distributions are identified by strictly filtering for liquid water content below 

0.0025 g m-³ from the CAS to remove contamination from cloud droplets and total precipitation number 

concentration below 100 particles m-³, as measured by a two-dimensional stereo probe. These thresholds 

ensure the hydrated size distributions measure haze droplets without cloud or drizzle droplet interference. 

An average concentration is computed across the leg for each bin to provide a mean haze size distribution 

for the leg (cm-3 µm-1). The size distribution can then be used to estimate concentrations and other 

moments. The analysis yielded 460 below cloud base legs with a mean altitude of 701 m, a mean 10 m 

wind speed of 5.3 m s-1 (Section 3b), and mean total flight leg concentration of 0.56 cm-3 where the 

concentration for each size bin is plotted against the central diameter (µm) of each of the 18 bins. The full 

range of wind speeds is provided later in the section and the full range for altitudes is provided in Figure 

S2 for these legs. 90 of the resulting 460 haze particle size distributions (for simplicity) as a function of 

deliquesced diameter are shown in section Figure 7.   

 



 

 

 

 

 

 

 

 

 

 

We also estimate dry salt aerosol size distributions from our hydrated measurements. To convert an 

ambient (hydrated) size distribution to a dry salt size distribution, we need the average flight leg’s relative 

humidity and the corresponding salt particle “growth factor” (Seinfeld and Pandis 2006). The hygroscopic 

growth factor quantifies how aerosol particles absorb moisture from the atmosphere, leading to an 

increase in their size. This growth factor is defined as the ratio of ambient (hydrated) diameter to its dry 

diameter. It is a function of relative humidity only, not of diameter (Tang 1996; Jensen 2008).  

𝑔(𝑅𝐻) =
𝑟௛௬ௗ௥௔௧௘ௗ

𝑟ௗ௥௬
 (1) 

As RH increases, particles absorb more water, leading to a higher growth factor. We obtain an average 

relative humidity for each below cloud base flight leg from the Diode Laser Hygrometer aboard the HU-

25 Falcon (Diskin et al., 2022). We derive our growth factor from the simplified form of the Köhler 

equation, where we assume the Kelvin term is negligible for supermicron droplets:  

Figure 7 A selecƟon of 90 of the total computed 460 hydrated size distribuƟons. We only show 90 
distribuƟons because 460 distribuƟons on the same figure obscures the form of the distribuƟons.  



𝑅𝐻 = 1 −
𝑏

𝑟ଷ
(2) 

The relative humidity for sea spray aerosols is equal to Equation 3 (Jensen 2008; Ackerman and Nugent 

2023): 

𝑅𝐻 =
1

1 − 𝑅𝐻
(3) 

 

The hygroscopicity parameter for sea spray aerosols is denoted by kappa, “k”, which can be substituted 

for the Raoult term in Equation 2, resulting in the following growth factor in Equation 4. We used a kappa 

value of 1.7.   

                                                                

𝑔(𝑅𝐻) = ቂ
௞

(ଵିோு)
ቃ

భ

య
 (4) 

 

We convert our ambient size distributions to dry size distributions:  

𝑟ௗ௥௬ =
𝑟௛௬ௗ௥௔௧௘ௗ

𝑔(𝑅𝐻)
(5) 

The growth factor is entirely dependent on relative humidity, so it varies across all flight legs. The 

average growth factor across all flight legs in this study is 2.19. Distributions of the growth factor across 

all flight legs are shown in Figure 8.   



 

 

 

 

 

 

 

 

 

Applying Equation 5 results in a set of size distributions reflecting dry aerosol conditions. We show an 

example of the conversion from an ambient distribution to a dry distribution for a single flight leg in 

March.  

Figure 8 The distribuƟon of the growth factor (EquaƟon 4, where kappa is 1.7), dependent on flight leg RH, 
used to correct ambient size distribuƟons to dry size distribuƟons across all below cloud base flight legs.  



 

 

 

                                                                                       

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10 depicts the same 90 size distributions shown in Figure 7, converted to dry, as 460 distributions 

are too dense for a single figure. However, all future analysis is computed using all distributions.  

 

Figure 9 The hydrated size distribuƟon (upper) and the converted dry size distribuƟon (lower).  



 

 

 

 

 

 

 

 

 

  

 

Observing Figure 10, our distributions exhibit a flattening trend toward the larger particle sizes 

rather than a steep decline that would be consistent with the nature of GCCN size distributions 

represented in other studies (Cólon-Robles et al., 2006). Flight legs sampled in this study averaged a 

sample time of 180 seconds, which is a relatively short sample time, meaning a small number of particles 

are likely to be observed within this time frame as opposed to a sample time on the order of 30 minutes to 

an hour. Low particle counts can result in “shot noise” and a flattening of the size distributions at certain 

size ranges. One possible method to work with shot noise is to concatenate a set number of individual 3-

minute legs into “superlegs” so as to create legs with longer sampling time. However, we cannot do this. 

The number of legs logged per flight per day varies extremely (between 2-16 legs) and concatenating 

across multiple flights or days would risk introducing additional variability due to changing 

meteorological and flight conditions Instead, to smooth shot noise, we fit an equation of exponential 

Figure 10 90 distribuƟons showing the typical behavior of dry aerosol size 
distribuƟons from our dataset.  



decay to each size distribution, shows how the number concentration of dry aerosols decreases as particle 

size increases: 

𝑛൫𝐷ௗ௥௬൯ = 𝑁଴, ௗ௥௬𝑒
ି

஽೏ೝ೤

஽೐, ೏ೝ೤ (6) 

𝑁଴, ௗ௥௬ represents the intercept and 𝐷௘,ௗ௥௬ represents the e-folding diameter, which controls how quickly 

the concentration decreases with size. We overlay the exponential fits with each size distribution from 

Figure 10, resulting in Figure 11. However, at the larger particle size range, the exponential fits do not 

agree very well with the distributions.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11 The exponenƟal fits to each distribuƟon (Figure 10) compared with the 
raw distribuƟons.  



To work with these distributions, given their high particle counting error, we estimate the relative error for 

each distribution as a function of particle counts:  

𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑒𝑟𝑟𝑜𝑟 =  
ඥ𝑁௖௢௨௡௧௦

𝑁௖௢௨௡௧௦
(7) 

The relative counting error for all distributions is shown in Figure 12, where the red line depicts where the 

dry size distributions reach a counting error of 1 or 100%. This occurs for many distributions between 5-

10 µm diameter meaning the relative error past the 10 µm range is high and results in a lot of noise.  

 

 

 

 

 

 

 

 

 

 

 

This noise, and the reason we see our exponential fits diverge from our raw data at the larger particle size 

range (Figure 11), is a result of these high counting errors at our larger particle size range.  To 

accommodate this noise at the larger size range, we adjust our exponential fits from Figure 11 to only fit 

Figure 12 The relaƟve counƟng error for the CAS as a funcƟon of dry 
diameter for all size distribuƟons.  



each distribution to 10 µm diameter. The adjusted 10 µm diameter fits overlaid with the distributions from 

Figure 10 are depicted in Figure 13.  

 

 

 

 

 

 

 

 

 

 

These final fitted distributions serve as the foundation for subsequent analysis with wind speed influence 

on coarse-mode aerosol concentrations. 

 To contextualize our dry distributions, we compare our average CAS dry distribution, taken 

linearly, (Figure 14) with Colón-Robles et al. (2006, their Figure 2c). While their measurements were 

conducted in the tropical Atlantic, rather than the Western Atlantic, the general shape of their distributions 

is a reasonable check to ensure our calculated distributions are within expected bounds. This comparison 

can help confirm that our methodology produces physically reasonable results, even if it is not a direct 

validation, given the differing conditions of Colón-Robles et al. 2006 and ACTIVATE. Figure 14 depicts 

the dry size distribution for individual flight legs as a function of dry diameter using observations from a 

Giant Nucleus Impactor (GNI), taken from Colón-Robles et al. (2006). Unlike the CAS, which directly 

Figure 13 The adjusted 10 µm diameter exponenƟal fits for each dry size distribuƟon.  

 



sample haze particles in ambient air in real time as they pass through the instrument's sample volume, the 

GNI collects airborne aerosol particles on glass slides, for post-flight humidification and optical analysis 

(Colón-Robles et al., 2006). One thing to note is the GNI has a huge sample volume at 10 liters per 

second with 10s exposure intervals (Jensen et al., 2020). The CAS measures about 25 𝑐𝑚ଷ 𝑠ିଵ, or about 5 

liters for 180 seconds of sampling. The GNI sample volume is ~20 times bigger. Thus, the noise floor of 

the GNI is much lower, causing the distributions for the GNI to extend much further into the larger 

diameter range. If we overlay our average CAS dry distribution (red) with Colón-Robles et al. 2006 

(black), we see the distributions agree very well, despite the cloud-aerosol spectrometer instrument 

counting errors (Figure 12). The consistency in distribution shape suggests that our methodology 

produces physically reasonable results within the expected range for sea spray aerosol distributions.    

    

 

 

 

 

 

 

 

 

 

 

Figure 14 The average CAS dry size distribuƟon (red) compared with individual dry size distribuƟons from Colón-
Robles et al. 2006 (black) using observaƟons from a GNI.  



b. Wind speed influence on coarse-mode aerosol concentraƟons 

 

To contextualize the relationship between near-surface wind speed and coarse-mode aerosol size 

distributions, we compare our results to a previous observational study (Colón-Robles et al., 2006). This 

study has established key relationships between increasing wind speed and enhanced coarse mode sea 

spray aerosol production. While prior datasets were collected in different regions and using various 

measurement techniques (Lewis and Shwartz 2004, their Figure 22), they’re general findings of increased 

concentration with increasing wind speed provide a useful reference for evaluating the robustness of our 

findings.  

Since aircraft wind speed measurements are taken at varying altitudes above the ocean surface, we 

apply a logarithmic wind profile correction (Equation 8) to standardize all wind speeds to a reference 

height of 10 meters (Stull 1988). Our mean wind speed across all of our below-cloud base legs is 5.13 m 

s-1 with a standard deviation of 2.65 m s-1. The distribution of estimated 10 m wind speeds are shown in 

Figure 15. 

 

 



 

 

 

 

 

 

 

 

 

𝑈ଵ଴ = 𝑈௭ × ൤
log(10𝑚  ×  𝑍଴)

log ( 𝑍 ×  𝑍଴)
൨  (8) 

Here, 𝑈ଵ଴ is the wind speed at 10 m above the surface (m s-1), 𝑈௭ is the average flight leg wind speed 

(m s-1),  𝑍଴ is the roughness length above the ocean surface set to 0.02 m for the open ocean (Peña and 

Gryning 2008), and Z is the average flight leg altitude (m).  

We compare measurements from both the CAS and the CDP in our wind speed analysis to assess the 

robustness of our results, given the variability in past studies regarding the influence of wind speed on 

concentration. Using two instruments with the same size range (>2 µm) us to evaluate whether the 

observed relationships hold consistently across different instruments. The CDP instruments size binning 

structure differs for measured hydrated particles from the CAS. The full size range of the CDP is 2.0 µm 

to 50 µm diameter across thirty size bins. Here, we utilize all thirty bins to construct our ambient and dry 

size distributions. Furthermore, for the flights used in this study, CDP sampling took place at 20 Hz, but 

we aggregate data to 1 Hz for consistency with the CAS. The relationship between total concentration and 

wind speed for both instruments is shown in Figure 16. The CDP and the CAS both show extremely low 

Figure 15 DistribuƟons of leg averaged wind speed at 10 m.  



correlations between wind speed and concentration for leg averaged distributions. One notable difference 

is that the CDP has a few outlier concentrations that are much higher than those observed with the CAS. 

The weak correlation between wind speed and concentration is a robust feature across our flight legs in 

ACTIVATE, regardless of the instrument used to collect observations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16 CAS (upper) and CDP (lower) total haze parƟcle concentraƟon as a funcƟon of average 10 m 
wind speed. A correlaƟon coefficient is calculated for both the CAS and CDP relaƟonships. The CAS 
shows a very weak R= 0.30 and the CDP, an even weaker R= 0.13 



We compare our CAS and CDP relationships with Colón-Robles et al. 2006 to assess the relative 

strength of our correlations. While this is not a direct comparison, given that Colón-Robles et al. used 

different instruments, sampled in the trade winds over the western Atlantic, and operated under 

different meteorological conditions, it serves as a useful reference point. Rather than a test of validity, 

this comparison functions as a sanity check to contextualize our observations within the broader range 

of studies examining the relationship between wind speed and aerosol concentration. 

 

 

 

 

 

 

 

 

 

The study by Colón-Robles et al. 2006 found a strong positive relationship between wind speed 

and total droplet concentration. As the wind speed goes from 6 𝑚 𝑠ିଵ to 13 𝑚 𝑠ିଵ, the concentration 

increases from 0.08 to 0.25, which is relatively similar to the CAS and CDP observations shown in Figure 

16 from ACTIVATE. compared to CAS and CDP observations from ACTIVATE. This study was based on 

30-minute flight legs during the Rain in Shallow Cumulus over the Ocean (RICO) campaign (2004–2005) 

over the trade winds in the western Atlantic. In contrast, ACTIVATE flights used 3-minute sampling legs, 

which likely introduced higher particle counting errors. The longer sampling time in RICO may have 

Figure 17 Figure 1a from Colón-Robles et al., 2006 depicƟng a strong posiƟve relaƟonship between 
total FSSP haze parƟcle concentraƟon (cm-3) and average wind speed (m s-1) with an R value of 0.87 
for 19 flights.  



reduced these errors, making the wind speed–concentration relationship more apparent than in our 

measurements. To optimize our data given the short sampling time, we categorized flight legs into six 

wind speed bins that capture the full range of observed wind speeds. These bins were designed to 

represent the overall wind speed range in our dataset, 0 𝑚 𝑠ିଵ to 16 𝑚 𝑠ିଵ . Figure 18 shows the 

probability density function (PDF) of 10 m wind speeds, with red dashed lines marking the boundaries of 

the six wind speed bins. The selected wind speed ranges are 0–2.5, 2.5–3.5, 3.5-5, 5-7, 7-9, and >9 m s⁻¹. 

Initial k-means clustering suggested two bins, but this was deemed insufficient to represent the full 

distribution, particularly given the concentration of data around 5 m s⁻¹. Instead, we manually selected six 

bins to balance coverage across the wind speed range while maintaining reasonable bin widths. We tried 

our subsequent analysis with four bins and five bins (not shown) and concluded that our analysis with six 

wind speed bins was robust.  

 

 

 

 

 

 

 

 

 

 

Figure 18 A probability density funcƟon of 10 m wind speed showing 6 bins of wind 
speeds 0–2.5, 2.5–3.5, 3.5-5, 5-7, 7-9, and >9 m s⁻¹.  



There are several flight legs with no recorded wind speed in the data files. This is possibly due to 

an instrument recording error. For each flight leg associated with an average 10 m wind speed, we 

average our dry size distributions together, resulting in one average size distribution for each of the six 

wind speed ranges. Following the same size distribution creation procedures as the CAS (Section 3a), we 

incorporate comparisons with the CDP. The six binned size distributions are presented in Figure 19 for 

each instrument with standard error bars for each average distribution. The standard error quantifies the 

uncertainty in the average value due to the finite number of legs within each wind speed range. Standard 

error is calculated as:  

𝑆𝐸 =
𝜎

√𝑁
(9) 

Where 𝜎 represents the standard deviation in concentration in each wind speed bin and N 

represents the number of distributions averaged into each bin.  

 

 

 

 

 

 

 

 

 

 



 

 

 

 

The CAS and CDP dry size distributions show distinct trends across wind speed bins, with 

separation in number concentration for smaller diameters (2–4 µm) and larger diameters (>6 µm) where 

error bars do not overlap, indicating a significant effect of wind speed. However, in the intermediate range 

(4–6 µm), the error bars overlap across most bins in both CAS and CDP, suggesting less distinguishable 

differences in number concentration between wind speed categories. Ideally, based on the strong influence 

of wind speed on concentration from previous studies (Colón-Robles et al. 2006; Lewis and Schwartz 

2004), we would expect to see an increase in concentration with increasing wind speed bins. However, 

this pattern is not entirely consistent across our averaged distributions. For the CAS, the highest 

concentrations are observed at our third and second highest wind speed bins (5.9 msଵ red;  8 msଵ, purple) 

rather than at the highest wind speed bin (10.3 msଵ, brown), suggesting a peak at intermediate wind 

speeds rather than a continuous increase. In contrast, the CDP exhibits a slightly clearer trend, where the 

Figure 19 CAS (leŌ) and CDP (right) dry size distribuƟons binned by average wind speed, with colors 
represenƟng different wind speed bins: blue (0–2.5 ms-1), orange (2.5-3.5 ms-1), green (3.5-5 ms-1), red (5-
7 ms-1), purple (7-9 ms-1), and brown (>9 ms-1). Standard error bars indicate the standard error aŌer 
averaging across flight legs within each bin.  

 



highest wind speed bin (10.4 ms1, brown), generally shows higher concentrations. However, the lower-

level wind speed bin (4.2 msଵ, green) yields a higher concentration than the 5.9 ms-1 (red) rather than 

showing a distinct increase in concentration as we increase in wind speed, as we might expect. Regardless 

of these differences between instrument distributions, for the most part, at higher wind speeds, there exists 

higher coarse-mode aerosol concentration.  

To further analyze these results by computing a line of best fit between the total concentration for 

each wind speed distribution and the average wind speed in each corresponding bin for both instruments 

(Figure 20).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20 The relaƟonship between total wind speed bin concentraƟon and average 10 m wind 
speed for the CAS (blue) and the CDP (green) with lines of best fit. R =0.90 for the CAS and R =0.84 
for the CDP.  Both coefficients reveal posiƟve trends. 



According to Figure 20, both the CAS and CDP show a clear relationship between wind speed 

and total aerosol concentration when binned by wind speed, revealing positive trends across different 

wind regimes. As average wind speed increases, total concentration also increases. The relationship with 

wind speed is stronger when multiple distributions are averaged together, rather than analyzing individual 

flight legs as a function of wind speed (Figure 16). The short flight leg sample time of 180 seconds 

obscures any possible trend between wind speed and concentration, making analysis with individual flight 

legs difficult. This positive relationship seen in Figure 20 is more comparable to Colón-Robles et al. 2006, 

with both the CDP and CAS R-values (0.90 and 0.84 respectively) very similar to the R value in Figure 

17.   

 We also compute a line of best fit between the total mass of coarse-mode aerosol for each wind 

speed distribution and the average wind speed in each corresponding bin for both instruments (Figure 21). 

 

 

 

 

 

 

 

 

 

Figure 21 The relaƟonship between total wind speed bin mass and average 10 m wind speed for the CAS 
(blue) and the CDP (green) with a line of best fit (red). R =0.63 for the CAS and R =0.91 for the CDP.  Both 
coefficients reveal posiƟve trends.  



Mass dependence on wind speed is noisier than for total number concentration. This is expected 

because mass is controlled by the larger particles which are occur more infrequently. The correlation 

between mass and wind speed is weaker than the correlation between the total concentration and wind 

speed. However, the trends for mass and wind speed for each instrument are still positive and stronger 

than the noisy trend between wind speed and individual flight legs.  

The time it takes GCCN to fall out of the atmosphere is a function of terminal velocity and altitude of the 

sub cloud layer. Terminal velocity is dependent on the square of the size of the GCCN, so larger particles 

with more mass fall out of the atmosphere more quickly than smaller particles with less mass. 

Furthermore, wind speed at the surface tends to remain relatively steady over about 12 hours (Daoud et 

al., 2003), which is roughly the GCCN fall out timescale for GCCN with ambient sizes of about 10 µm 

dry diameter. Smaller particles (< 1µm) last for several days in the atmosphere, making them less 

correlated with instantaneous wind speed (Ackerman et al., 2025). It is possible the mass measured by the 

CDP is more strongly correlated with wind speed because the particles measured may be larger than those 

measured by the CAS (Figure 20).  

c. Modeling GCCN influence on precipitaƟon  

 

To assess the potential role of giant cloud condensation nuclei (GCCN) in drizzle formation, we use a 

particle-based condensational and collisional growth model to simulate cloud droplet evolution from the 

near-surface to cloud top (Bartmann et al., 2022). The Super Droplet Method (SDM), which is applied 

within our model, tracks groups of droplets representative of individual droplets. It does not have 

numerical diffusion or advection (Shima 2009). We are using a 1D model configuration for PySDM that 

is described more fully in Shipway and Hill (2011). A column of air is lifted (details are provided below), 

resulting in saturation and condensational growth, followed by collision-coalescence. This allows a 

calculation of how the aerosol particles grow as they are lofted above the cloud base, allowing us to 

determine their influence on cloud microphysics and precipitation initiation. This Lagrangian-based 



model tracks the growth of any specified dry aerosol size distribution, which may include a supermicron 

(GCCN) distribution. We establish a single lognormal accumulation mode size distribution that is 

somewhat representative of typical marine conditions (e.g. Fig 1 from Fitzgerald 1991) to act as a control 

distribution without the presence of GCCN. This distribution mode is centered at 0.24 µm diameter. The 

standard deviation of the log of the diameter is 1.4, which is typical of marine accumulation mode 

distribution widths (see e.g., Table 3 in Heintzenberg et al. 2000). The number concentration is set to 100 

cm-3, which is typical of relatively clean marine conditions (Heintzenberg et al., 2000). We choose three 

representative exponential fits from Section 3a to act as three case studies to represent the GCCN 

distributions, allowing us to assess the response of precipitation to varying GCCN concentrations and 

masses. Particles in the accumulation mode and coarse mode are assumed to be hygroscopic 

(hygroscopicity parameter "kappa" of 0.7, Petters and Kreidenweis 2008). Variations in hygroscopicity 

within the range of values in the marine boundary layer do not yield very different results. The simulation 

assumes an initially constant relative humidity profile that is just below saturation (99%) up to 740 m, 

above which relative humidity decreases rapidly to mimic boundary layer conditions. Similarly, the 

potential temperature is held constant at 297 K below 740 m before increasing sharply above 740 m to 

suppress condensation above this altitude. The atmospheric pressure follows a hydrostatic profile. The 

updraft velocity m s-1 increases steadily in time and then decreases again to zero, with the following 

function:  

𝜔(௧) =  𝜔଴ sin ൬
𝜋𝑡

𝑇
൰ (10) 

There is no downdraft in this simulation. 𝜔଴ represents the maximum updraft speed (0.2 m s-1) and this 

peak ascent rate is reached at time t=T/2, with T, fixed at 1000 seconds. Liquid water path (LWP) after 

lifting is defined as 464 g 𝑚ିଶ, which is representative of the thicker parts of marine boundary layer 

clouds that are likely to be precipitating (Rémillard et al., 2012). As the model runs, particles remain 

within the column, where the updraft initiates their growth via condensation upon reaching 



supersaturation. They continue growing for 1000 seconds, after which the updraft ceases and drops 

sediment out. Both condensation and collision coalescence can take place throughout and after the ascent 

(Barr 2025). The total simulation length is 1 hour, selected for computational efficiency, and the vertical 

resolution is 50 m (particle positions are not discretized into height bins, but the number of super droplets 

is specified to be the same in each height bin). To assess the variability in precipitation response, we 

conduct 30 simulations for each case study, as well as the accumulation mode distribution, due to the 

stochastic nature of the model. The collisions of the super droplets within this model are handled 

stochastically. The super droplets that collide in one simulation might not collide in another simulation 

(Shima 2009). Therefore, running an adequate number of simulations is essential. Our goal in using this 

model is to see to what the effect of GCCN is on precipitation both in terms of mass of GCCN and total 

concentration of GCCN. We do this only for distributions from one instrument (CAS) for computational 

efficiency. However, Figure 21 shows us that the masses for the CAS and CDP are quite different. So, 

eventually it might be beneficial to run CDP distributions through PySDM to compare with the results for 

the CAS.  

We choose three case study GCCN dry size distributions to serve as model input against the 

accumulation mode control distribution. To choose these case studies, we extract the slope and intercept 

parameters (Figure 22) from 10 µm exponentially fitted dry size distributions (Section 3a). We also 

compute the total coarse-mode dry mass of sea salt (µg m-3) of each GCCN size distribution (Equation 11) 

and overlay mass contours with our extracted exponential fit parameters (Figure 25). Coarse-mode dry 

GCCN mass 𝑀ௗ௥௬ is determined as: 

𝑀ௗ௥௬ =
 𝜋

6
𝜌௦𝑁଴,ௗ௥௬ න (𝐷ௗ௥௬

ଷ)𝑒
ି

஽೏ೝ೤

஽೐,೏ೝ೤

ஶ

(஽೏ೝ೤)೘೔೙ୀଶ ఓ௠

𝑑𝐷ௗ௥௬ (11) 

The density of sea salt, 𝜌௦, is 2200 kg m-3, 𝑀ௗ௥௬ is the total dry mass concentration per flight leg 

(expressed in units of µg m-3), 𝑁଴,ௗ௥௬ is the dry intercept, (𝐷ௗ௥௬)௠௜௡ is the minimum dry diameter, 𝐷ௗ௥௬ 



is the dry diameter (µm), and 𝐷௘,ௗ௥௬ is the e-folding diameter previously extracted from the exponential 

fit to the dry size distributions (section 3a). We integrate to infinity (rather than 10 due to our exponential 

fits in Section 3a) because the difference in including mass from below 10 µm or including all mass is 

negligible. The distribution of coarse-mode dry mass is shown in Figure 23. The mean mass is 10.25 µg 

𝑚ିଷ.  

 We choose three distributions, each along different mass contours to ensure we have a range of 

mass values serving as model input. The distributions should be chosen to be representative of the overall 

behavior of our data so they cannot be outlier distributions, neither in terms of mass nor concentration. 

We also ensure two distributions have similar concentrations, but different decay rates. We choose these 

cases arbitrarily, and they are denoted by the red stars in Figure 22. The parameters for these  

three distributions are listed in Table 5. We discover that each case study corresponds to three different 

flight dates in 2022. These are also listed in Table 5.   

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 23 DistribuƟon of total dry mass across all flight legs used in this study.  

Figure 22 Slope and intercept values extracted from each fiƩed dry distribuƟon with mass contours 
overlaid. The red stars show the three case study distribuƟons 



 

 

 

  To demonstrate the use of this model, we show a single time series of mean drizzle rate for 

surface precipitation across all 30 simulations for one of the dry GCCN case study distributions. Shaded 

regions represent the interquartile range around the mean drizzle rate to show the spread of drizzle rates 

across different simulations (Figure 24).  

 

 

 

 

 

 

Table 5 The three chosen case studies with corresponding flight date, slope and intercept parameters extracted 
from their exponenƟal fits, total dry coarse-mode masses, and total concentraƟons.  



 

 

 

 

 

 

 

 

 

 

We also show total rain rate over the hour-long simulation, across each of the 30 simulations, 

which we get by integrating over the time step of 10 s to get total accumulated rainfall for each 

simulation, as a function of mass and as a function of total concentration (Figure 25).  

Figure 24 A Ɵme series of mean rain rate across all 30 simulaƟons for one case study GCCN dry 
distribuƟon (January 26, 2022). Standard deviaƟon in rain rate is shaded.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 25 Total rainfall across all case studies for each simulaƟon as a funcƟon of mass 
(upper) and as a funcƟon of GCCN concentraƟon (lower) Dashed black line indicates 
the median drizzle rate and the doƩed black lines indicate the 25th and 75th 
percenƟles.  



The relationship between total rainfall and mass of GCCN is monotonic; increasing mass leads to 

increases in drizzle. Concentration of GCCN does not display the same behavior as mass does with 

drizzle. The case study corresponding to the highest mass, February 3, 2022 (𝑀ௗ௥௬ = 37.0 𝜇𝑔 𝑚ିଷ) does 

not correspond to the highest concentration. Instead, the concentration for February 3, 2022 is 0.8 𝑐𝑚ିଷ, 

while the concentration for January 26, 2022, with a moderate mass (𝑀ௗ௥௬ = 11.0 𝜇𝑔 𝑚ିଷ) contains the 

largest concentration, 1.0 𝑐𝑚ିଷ. This suggests in the case of February 3, 2022, mass may be more 

dominant than concentration in influencing drizzle, a finding that warrants study in future work. In the 

control run where no GCCN are present, there is essentially no precipitation (10ିସ 𝑚𝑚 ℎ𝑟ିଵ is 

negligible). In comparison to the control, the presence of GCCN increases precipitation, regardless of 

mass or concentration. The mean and median drizzle rates for each GCCN case study are shown in Table 

6. Since heavy drizzle is typically represented in mm/day, February 3 is the only meaningful case of 

precipitation. The drizzle rates for the other two cases are too small.  

 

 

 

 

 

 

 

Table 6 The mean and median drizzle rates for each GCCN case study computed across all 30 simulaƟons for each 
distribuƟon. The highest mean and median drizzle rates correspond to the February 3, 2022 (high mass, moderate 
concentraƟon). 



d. GCCN influence on Rain Water Content  

 

In addition to using PySDM, we analyze observational rainwater content (RWC) as a function of 

cloud droplet total concentration and liquid water content (LWC). ACTIVATE does not have aircraft 

remote sensors that provide liquid water path (LWP) measurements. Instead, we can use the total liquid 

water content (LWC), provided as the sum of the CAS (CWC, cloud water content) and the 2DS (RWC, 

precipitation water).  

 We compute a total in-cloud number concentration for every second of cloudy data for every 

flight leg, rather than using leg averages. To gather in-cloud data, we take measurements from above 

cloud base legs (ACB) and below cloud top legs (BCT). We merge the ACB and BCT legs into a unified 

dataset. We identify in-cloud conditions from the CAS using a CWC threshold >0.01 g m-³, ensuring that 

only data points within the cloud are considered. For each second of flight data, we sum droplet 

concentrations from CAS bins corresponding to diameters from 2.5 µm to 50 µm (bins 12–29) for a cloud 

number concentration (Nc) every 1 Hz (cm-3).   

 We also quantify raindrop number concentration (Nr) using 1 Hz measurements from the 2DS for 

precipitation data for each flight leg. We only identify precipitation during in-cloud conditions using the 

same CWC threshold of >0.01 g 𝑚ିଷ. For rain number concentration, we use bins from 62.70 µm to 

1464.90 µm diameter (bins 6-128) from the 2DS. Rain drop concentration is computed by summing 

number concentrations across size bins in the same strategy as computing in-cloud number concentration.  

We estimate rainwater content (g m-3) for each second of data by computing the total liquid water 

mass associated with precipitation-sized droplets.  

𝑅𝑊𝐶 =  
𝜋

6
 × 𝜌௪ ෍ 𝑁

ଵଶ଼

௜ୀ଺

× 𝐷ଷ × 𝑑𝐷 (12) 



The density of water, 𝜌௪  is calculated as 1000 g m-3, 𝑁 is the droplet concentration in bin i, and D is the 

bin center. We then sum the cloud droplet number concentration (Nc) and the rain droplet number 

concentration (Nr) to get a total in-cloud number concentration (Nt cm-3) 

following:

𝑁௧ =  𝑁௖ + 𝑁௥  (13) 

We find Nr to be much less than Nc so equation 13 simplifies to 𝑁௧ =  𝑁௖ within a fraction of a percent. 

Similarly, CWC and RWC are summed to compute the total liquid water content (g m-3) per second.  

𝐿𝑊𝐶 = 𝑅𝑊𝐶 + 𝐶𝑊𝐶 (14) 

To analyze the fractional contribution of precipitation within the cloud, we compute the percentage ratio 

of rainwater to total condensate: 

𝑅𝑊𝐶

𝐿𝑊𝐶
× 100 (15) 

To generate examine RWC as a function of total LWC and total concentration (Figure 26), we bin the total 

number concentration and LWC into logarithmically spaced bins (4x4 bins in each dimension) to capture 

observed variability. We take the mean RWC and LWC in each bin and compute the average RWC/LWC 

ratio of each bin following equation 15.  The percentage RWC/LWC ratio (Fig. 26) is darker red when 

indicating higher precipitation fractions and darker blue to indicate lower precipitation contributions. 

Regions with no data are masked in gray. The mean number concentration over all cloudy data is 125 cm⁻³ 

and the mean LWC is 0.1 g m-3. Precipitation appears to be controlled by a higher LWC and lower total 

concentration, as indicated by the warmer colors.  

 

 



 

 

 

 

 

 

 

 

 

 

 

Figure 26 shows the key controlling factors in precipitation formation, but it does not isolate the 

impacts of GCCN on precipitation efficiency. To achieve this, we set a fixed LWC and number 

concentration. We select 0.1 to 0.3 g m-3 LWC and 50 to 200 cm-3 based on the high density of data points 

(black box region in Figure 27). We began this analysis using a 10x10 binning scheme but transitioned to 

a 4x4 bin setup because the finer binning resulted in too few data points per bin, making the analysis less 

statistically robust. When we applied our fixed LWC and Nr+Nc concentration ranges, the updated 

binning produced an average of 200–400 points per bin, ensuring more stable and reliable estimates of 

RWC/LWC.  

 

 

Figure 26 RWC as a funcƟon of number concentraƟon and total LWC. Warmer colors 
indicate a higher fracƟon of RWC.  



 

 

 

 

 

 

 

 

 

 

 

We want to use the isolated region 0.1 to 0.3 g m-3 LWC and 50 to 200 cm-3 in Figure 27 to look 

at RWC conditions as a function of varying amount of GCCN. Specifically, we want to compare high and 

low amounts of GCCN in this region. We take our previously calculated leg-averaged GCCN 

concentrations (Section 3b) by computing the mean GCCN concentration across all legs within each 

flight. Since our data is stored in leg averages rather than at 1 Hz resolution, this approach results an 

average GCCN concentration per each of our 75 flights. To categorize each flight, we take the top 50% 

(37 flights) as "high GCCN" (mean=0.8 cm⁻³) and the bottom 50% (38 flights) as "low GCCN" 

(mean=0.3 cm⁻³). To assess the robustness of our results using 50% split categories, we repeated the same 

analysis with a “high GCCN” category of the top 20% of flights and a “low GCCN” category of the 

bottom 80% of flights and a “high GCCN” category of the top 40% of flights and a “low GCCN” 

Figure 27 SelecƟng a region to perform fixed LWC and number concentraƟon analysis based on the density of 
observaƟons.  



category of the bottom 60% of flights (Figure S3). The observed differences in RWC/LWC remained 

consistent across these thresholds, indicating that our results are robust. We then recompute RWC within 

the same region for both categories for the 50% split (Figure 28). We group the data by flight-mean 

GCCN. Violin plots depicting the distribution of GCCN concentration for each category are shown in 

Figure 29.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

In Figure 28, the “high GCCN” flight category exhibits more regions of enhanced RWC/LWC (%), 

particularly at higher LWC values (~0.25–0.3 g m⁻³) and lower-to-moderate droplet concentrations (~50–

100 cm⁻³). This suggests that higher amounts of GCCN tend to lead to higher amounts of precipitation for 

given values of LWC and Nr+Nc. There is a clear increase in rainwater content between the “high 

GCCN” and “low GCCN” categories. To visualize this difference more clearly and assess statistical 

significance, we performed bootstrapping within each bin. For each bin, we resampled 10,000 times with 

replacement to compute a distribution of mean differences, from which we derived 90% confidence 

intervals and determined significance based on whether the interval excluded zero (Figure 30). 

Figure 28 RWC as a funcƟon of fixed LWC (0.1 to 0.3 g m-3) and concentraƟon (50 to 200 cm-3) 
for flights containing higher amounts of GCCN (upper) versus lower amounts of GCCN (lower). 
Warmer colors indicated higher RWC.  



 

 

 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 29 DistribuƟons of “high GCCN” number concentraƟon and “low GCCN” number 
concentraƟon. The width of each violin represents the density of data points, with solid gray lines 
indicaƟng the interquarƟle range (IQR) and white dots represenƟng the median values.  

Figure 30 Difference in RWC between “high GCCN” and “low GCCN” flight categories 
as a funcƟon of fixed LWC and fixed concentraƟon. Each grid cell shows the mean 
difference in RWC/LWC (%) with bootstrapped ±90% confidence intervals, computed 
from 10,000 resamples and the standard error.  



There is an increase in RWC for flights containing higher concentrations of giant cloud 

condensation nuclei throughout all of the grided bins, with the highest increase being at our highest LWC 

and lowest number concentration (upper left grid cell). This enhancement suggests that the presence of 

GCCN contributes to an overall increase in rainwater content, consistent with the hypothesis that larger 

aerosols increase collision-coalescence efficiency and overall production of drizzle.  

 Given that our model results in PySDM show that mass might be more dominate in influencing 

drizzle than concentration, we also compute rainwater content for our fixed region of LWC and 

concentration, but this time isolate the effects of mass of GCCN, rather than concentration of GCCN. We 

calculate our dry GCCN mass (Section 3c) and continue to categorize it by flight in the same fashion as 

our GCCN categories above. To categorize each flight, we take the top 50% (37 flights) as "high GCCN 

mass" (mean = 42 ug 𝑚ିଷ) and the bottom 50% (38 flights) as "low GCCN mass" (mean = 4.3 ug 𝑚ିଷ). 

Again, to assess the robustness of our results using 50% split categories, we repeated the same analysis 

with a “high GCCN” category of the top 20% of flights and a “low GCCN” category of the bottom 80% 

of flights and a “high GCCN” category of the top 40% of flights and a “low GCCN” category of the 

bottom 60% of flights (Figure S5). The observed differences in RWC/LWC remained consistent across 

these thresholds, indicating that our results are robust. We then recompute RWC within the same region 

for both mass categories (Figure 31). Violin plots depicting the distribution of GCCN mass for each 

category are shown in Figure 32. We compute another difference plot to visualize how RWC is impacted 

by higher GCCN mass versus lower GCCN mass more clearly and continue to use our bootstrapping 

technique of resampling 10,000 times with replacement (Figure 32).  

 

 

 

 



 

 

 

 

 

 

   

  

 

Figure 31 RWC as a funcƟon of fixed LWC (0.1 to 0.3 g m-3) and concentraƟon (50 to 200 cm-3) 
for flights containing higher mass of GCCN (upper) versus lower mass of GCCN (lower). Warmer 
colors indicated higher RWC.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 32 DistribuƟons of “high GCCN mass” and “low GCCN mass”. The width of each violin 
represents the density of data points, with solid gray lines indicaƟng the interquarƟle range (IQR) and 
white dots represenƟng the median values.  

Figure 33 Difference in RWC between “high GCCN mass” and “low GCCN mass” flight categories 
as a funcƟon of fixed LWC and concentraƟon. Each grid cell shows the mean difference in 
RWC/LWC (%) with bootstrapped ±90% confidence intervals, computed from 10,000 resamples 
and the standard error.  

 



 

 There is an increase in RWC for flights containing higher GCCN mass (larger coarse-mode 

particles) across all gridded bins, with the highest enhancement occurring in the highest LWC and lowest 

number concentration bin (upper left grid cell). This is slightly lower than the increase seen in the same 

bin for high vs. low GCCN concentration (Figure 30). However, at higher number concentrations (lower 

right grid cell), RWC increases more in response to larger GCCN than it does in response to more GCCN, 

when comparing Figure 30 and Figure 33. This suggests that the mass of coarse-mode aerosols may exert 

a stronger influence on RWC than their number concentration, in agreement with our PySDM case study 

simulations. The larger GCCN likely enhance drizzle formation by increasing droplet collection 

efficiency. Finally, we show a final violin plot comparing RWC across both concentration and mass 

(Figure 34). The violin plot shows that GCCN mass exhibits a wider spread and higher median RWC 

compared to concentration, with high mass flights having a significantly elevated median and a narrow 

interquartile range (IQR) at higher RWC values, while high concentration flights show a lower median 

with a broader IQR and a more even distribution across lower RWC values. We see that mass has a 

stronger and more consistent influence on RWC compared to concentration.  

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 34 Violin plot showing the distribuƟon of RWC for high and low GCCN mass and concentraƟon flights. The width 
of each violin represents the density of data points, with solid gray lines indicaƟng the interquarƟle range (IQR) and 
white dots represenƟng the median values. Different colors disƟnguish between high and low GCCN categories for both 
mass (lavender and light purple) and concentraƟon (light blue and pink). 



4. Summary and Conclusions 

 

This study aims to improve our understanding of the interactions between giant cloud 

condensation nuclei and marine stratocumulus clouds. We investigate these interactions with aircraft 

observations from the NASA Sub-Orbital ACTIVATE campaign over the Western North Atlantic Ocean. 

This research investigates the impacts of GCCN by first characterizing coarse-mode observations through 

size-resolved aerosol concentration profiles. This allows us to compare our observations with previous 

work (Colón‐Robles et al., 2006) to evaluate the consistency of coarse-mode aerosol characteristics across 

different studies. We also analyze the influence of wind speed on coarse-mode aerosol concentration and 

size distribution. We achieve this by comparing our aerosol distributions with previous literature (Colón‐

Robles, et al., 2006), averaging our distributions based on average wind speed, and computing statistical 

correlations between wind speed, total concentration, and aerosol mass. Finally, we assess the impacts of 

GCCN on drizzle formation through PySDM and observationally derived rainwater content. The three 

main findings from this study are: 

 Coarse-mode aerosols follow an exponential decay distribution, consistent with prior 

studies, though large counting errors affect the largest particle sizes.  

 The relationship between wind speed and coarse-mode aerosol concentration is positive 

and comparable to past studies (Colón‐Robles, et al., 2006) when averaging multiple 

flight legs, suggesting that longer sample time helps reveal this correlation more clearly. 

 The presence of giant cloud condensation nuclei enhances drizzle formation, with mass 

playing a more consistent role than concentration.  

 

The analysis of 460 dry size distributions from the cloud-aerosol spectrometer consistently show 

roughly exponential distributions. Smaller coarse-mode particles (~2-10 µm) tend to dominate the total 

aerosol concentration in our dataset. The dry distributions are impacted by high counting errors toward 



the larger size ranges (>10 µm diameter) resulting in a flattening of the distributions, rather than the steep 

decline toward the larger particle sizes in similar studies (Colón‐Robles, et al., 2006). We compare our 

averaged dry distributions with Colón‐Robles, et al., 2006 and find our averaged dry distribution agrees 

quite well despite large counting errors from short leg sample time. Our concentrations are higher than the 

2006 study, on average, but we recognize that our size-resolved aerosol distributions are derived from 

instruments with different detection limits, strict clear-sky sampling conditions, and significantly shorter 

flight leg times, which may contribute to these differences. Despite these differences, the overall 

exponential decay structure is consistent across Colón‐Robles, et al., 2006, reinforcing the robustness of 

our methodology in representing sea spray aerosol size distributions. Furthermore, the fluctuations 

observed beyond 10 µm in our observations from the CAS, and in observations from Colón‐Robles, et al., 

2006 suggest general increased variability in the larger coarse-mode range between the two studies. 

Ultimately, these results confirm that our observed size distributions of mass and concentration are 

broadly similar to those from other studies that have attempted to measure GCCN and this builds 

confidence that our quantification of GCCN levels in the ACTIVATE region (where there have not been 

prior studies like this) are quantitatively similar to GCCN distributions in other regions with similar wind 

speeds. Therefore, they provide a strong foundation for our further analysis with GCCN, wind speed, and 

precipitation processes.  

The relationship between wind speed and coarse-mode aerosol concentrations in this study aligns 

with previous findings (Colón‐Robles, et al., 2006, Woodcock 1953, Lewis and Schwartz 2004), but only 

when flight legs are averaged together to reveal correlations that might not be as transparent with the low 

sample time in ACTIVATE. While past studies (Colón‐Robles, et al., 2006) found a strong positive 

correlation between wind speed and total aerosol concentration, our analysis showed only a weak or 

negligible correlation for both the CAS and the CDP, unless we average multiple distributions together 

based on the average 10 m wind speed associated with each distribution. This suggests that while wind 



speed does contribute to increased coarse-mode aerosol production, the presence of this relationship 

might be dependent on the particle sample volume.  

We would also expect concentration to increase with increasing wind speed, but even when 

averaging our distributions together, we saw that higher wind speeds correspond to greater total 

concentrations only some of the time. For the CAS, the highest wind speed bin with an average wind 

speed of 9.8 m 𝑠ିଵdid not result in the largest concentration of particles. For the CDP, the two moderate 

wind speed bins with average wind speeds at 4.8 m 𝑠ିଵ and 7.5 m 𝑠ିଵ  resulted in very similar total 

concentrations. After averaging our distributions together, the positive relationship between these 

averaged distributions and wind speed is more comparable to Colón-Robles et al. 2006.  We also find that 

mass dependence on wind speed is noisier than for total number concentration. The correlation between 

mass and wind speed is weaker than the correlation between the total concentration and wind speed. 

However, the trends for mass and wind speed for each instrument are still positive and stronger than the 

noisy trend between wind speed and individual flight legs.  

Previous studies have analyzed various other source functions of GCCN, such as sea surface 

temperature and wave dynamics (Dana & Hales, 1976; Skartveit, 1982; Lewis and Schwartz 2004; Jaeglé 

et al. 2011; Grythe et al., 2014, Salter et al., 2015). It would be beneficial to analyze our observations 

from ACTIVATE in terms of other source functions of GCCN rather than focusing analysis on wind 

speed, since high counting errors for low sampling time can obscure this relationship. For example, the 

European Centre for Medium-Range Weather Forecasts (ECMWF) Ocean Wave Model provides 

information on wave height. We can use this with ERA-5 reanalysis data to take a closer look at the 

production of GCCN.   

Our simulations with PySDM reveal clear connections between the presence of GCCN and 

drizzle production. All three case studies containing GCCN, regardless of their differing masses and 

concentrations, showed increased drizzle compared to the control simulation with no GCCN. Our case 

studies allowed us to isolate the roles of total GCCN concentration and GCCN mass, showing that both 



factors contribute to drizzle formation, but their relative importance varies. The relationship with mass 

and drizzle production in our simulations is monotonic. As mass increases, so does the drizzle rate. The 

concentration and drizzle production relationship, varies. For the case of February 3, 2022, it appears the 

mass may be more dominant in driving drizzle production than concentration. This suggests that, for this 

example, GCCN mass may exert a stronger influence on drizzle rate when aerosol size distributions shift 

toward larger particles, rather than more numerous smaller-sized coarse-mode aerosols. However, this 

relationship between these three case studies of differing mass and concentration is not definitive. We 

need to test more distributions before we can truly assess whether mass or concentration really controls 

drizzle. Given that we have 460 possible distributions to serve as model input, it is essential to expand our 

analysis beyond these three case studies to leverage the full extent of our dataset and robustly determine 

the relative roles of GCCN mass and concentration in drizzle formation.  

Furthermore, there is a large spread in precipitation rates across all simulations (Figure 28) for 

every case, including the accumulation mode simulations. Some simulations indicated no precipitation at 

all. Given that the collision scheme in this model is stochastic, this could contribute to the noise and 

variability observed across simulations. To better understand these uncertainties, we could adjust our 

model setup by varying the simulation timing or adjusting some of the input variables.  

 Our observational analysis of RWC under fixed LWC and total concentration conditions reveals 

that higher amounts of GCCN increase RWC. The “high GCCN” flight category exhibits more frequent 

occurrences of high RWC/LWC ratios, particularly in conditions with already moderate to high LWC 

(Figure 32). This effect is further highlighted in the difference plot, where the largest enhancements in 

RWC occur at higher LWC values (Figure 34). However, we incorporated our GCCN measurements as 

averages over entire flight legs, but we use cloud and rain droplet concentration data at much finer 

temporal resolution. This discrepancy in scale may contribute to inconsistencies in our comparisons, as 

we cannot directly factor in the instantaneous GCCN number concentrations. They are in clear-sky 

conditions while the raindrop and cloud droplet concentrations are in-cloud. We also performed the same 



RWC analysis but for mass, rather than concentration. We see that mass has a stronger and more 

consistent influence on RWC compared to concentration, which is consistent with our modeling case 

studies. However, we do not actually know how robust the differences in RWC for both concentration and 

mass are for their respective high and low categories, given that some grid cells have more data points 

than others. To address this challenge, we need to perform statistical significance testing across every 

region of our difference map to determine where the observed RWC differences between high and low 

categories are most significant. Moreover, rather than using a simple data split (low concentration/low 

mass) vs. (high concentration/mass) threshold, we should explore alternative methods to more distinctly 

separate high and low GCCN conditions.  

The overall findings of this study provide insight into the interactions between giant cloud 

condensation nuclei and marine stratocumulus clouds using observational data. We find that wind speed 

can increase the concentration of GCCN and that GCCN can influence drizzle in marine stratocumulus 

clouds. These effects can have broader impacts on climate as GCCN can influence cloud lifetime and 

cloud albedo. GCCN concentrations may enhance precipitation efficiency, leading to shorter-lived clouds 

and decreases in cloud albedo. Since stratocumulus clouds are key in modulating Earth’s radiation budget, 

understanding the role that coarse-mode sea spray aerosols play is essential for improving climate model 

representations of cloud-aerosol interactions. 
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Supplemental Figure 1HSSLR-2 lidar images for the flight paths from all 76 flights uƟlized in this study for 43 dates spanning January 11 to June 18, 2022. 
Images show the aircraŌ flight paths as a funcƟon of mixed layer boundary height (m). Some flight paths were the same “out and back”, others traveled one 
path out from Langley and a different path back. Of the 43 dates uƟlized, 26 of the days involved two flights per day.  

 



 

 

 

 

  

Supplemental Figure 2 The full distribuƟon of average flight leg alƟtude for all 460 below cloud base legs analyzed 
in this study.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Supplemental Figure 3 RWC as a funcƟon of fixed LWC and concentraƟon for a “high GCCN” 
concentraƟon top 40% split and a boƩom 60% “low GCCN” concentraƟon. Higher RWC and higher RWC 
difference is shown in warmer colors. Violin plot median is shown in white and the IQR is gray. The width 
of each violin represents the density of data points.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplemental Figure 4 RWC as a funcƟon of fixed LWC and concentraƟon for a “high GCCN” mass top 20% split 
and a boƩom 80% “low GCCN” mass. Higher RWC and higher RWC difference is shown in warmer colors. Violin plot 
median is shown in white and the IQR is gray. The width of each violin represents the density of data points.  



 

 

 

 

 

 

 

 

 

 

 

 

Supplemental Figure 5 RWC as a funcƟon of fixed LWC and concentraƟon for a “high GCCN” mass top 40% split and 
a boƩom 60% “low GCCN” mass. Higher RWC and higher RWC difference is shown in warmer colors. Violin plot 
median is shown in white and the IQR is gray. The width of each violin represents the density of data points.  


