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Abstract

Coastal southeast Florida experiences a wide range of aerosol conditions, including African dust, 

biomass burning (BB) aerosols, as well as sea salt and other locally-emitted aerosols. These 

aerosols are important sources of cloud condensation nuclei (CCN), which play an essential role in 

governing cloud radiative properties. As marine environments dominate the surface of Earth, CCN 

characteristics in coastal southeast Florida have broad implications for other regions with the 

added feature that this site is perturbed by both natural and anthropogenic emissions. This study 

investigates the influence of different air mass types on CCN concentrations at 0.2% (CCN0.2%) 

and 1.0% (CCN1.0%) supersaturation (SS) based on ground site measurements during selected 

months in 2013, 2017, and 2018. Average CCN0.2% and CCN1.0% concentrations were 373 ± 200 

cm−3 and 584 ± 323 cm−3, respectively, for four selected days with minimal presence of African 

dust and BB (i.e., background days). CCN concentrations were not elevated on the four days with 

highest influence of African dust (289 ± 104 cm−3 [0.2% SS] and 591 ± 302 cm−3 [1.0% SS]), 

consistent with high dust mass concentrations comprised of coarse particles that are few in 

number. In contrast, CCN concentrations were substantially enhanced on the five days with the 

greatest impact from BB (1408 ± 976 cm−3 [0.2% SS] and 3337 ± 1252 cm−3 [1.0% SS]). Ratios 

of CCN0.2%:CCN1.0% were used to compare the hygroscopicity of the aerosols associated with 

African dust, BB, and background days. Average ratios were similar for days impacted by African 

dust and BB (0.54 ± 0.17 and 0.55 ± 0.17, respectively). A 29% higher average ratio was observed 

* Corresponding author. Harshbarger Building, 108, PO Box 210011, Tucson, AZ, 85721-0011, USA. armin@email.arizona.edu (A. 
Sorooshian).
CRediT authorship contribution statement
Eva-Lou Edwards: Conceptualization, Methodology, Software, Formal analysis, Writing – original draft, Visualization. Andrea F. 
Corral: Conceptualization, Methodology, Writing – review & editing. Hossein Dadashazar: Software, Writing – review & editing. 
Anne E. Barkley: Investigation, Resources, Data curation, Writing – review & editing. Cassandra J. Gaston: Investigation, 
Resources, Data curation, Writing – review & editing. Paquita Zuidema: Investigation, Resources, Data curation, Writing – review & 
editing. Armin Sorooshian: Supervision, Project administration, Funding acquisition, Conceptualization, Writing – review & editing.

Declaration of competing interest
The authors declare that they have no known competing financial interests or personal relationships that could have appeared to 
influence the work reported in this paper.

Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.org/10.1016/j.atmosenv.2021.118371.

NASA Public Access
Author manuscript
Atmos Environ (1994). Author manuscript; available in PMC 2021 June 30.

Published in final edited form as:
Atmos Environ (1994). 2021 June 1; 254: . doi:10.1016/j.atmosenv.2021.118371.N

A
S

A
 A

uthor M
anuscript

N
A

S
A

 A
uthor M

anuscript
N

A
S

A
 A

uthor M
anuscript



on background days (0.71 ± 0.14), owing in part to a strong presence of sea salt and reduced 

presence of more hydrophobic species such as those of a carbonaceous or mineral-dust nature. 

Finally, periods of heavy rainfall were shown to effectively decrease both CCN0.2% and CCN1.0% 

concentrations. However, the rate varied at which such concentrations increased after the rain. This 

work contributes knowledge on the nucleating ability of African dust and BB in a marine 

environment after varying periods of atmospheric transport (days to weeks). The results can be 

used to understand the hygroscopicity of these air mass types, predict how they may influence 

cloud properties, and provide a valuable model constraint when predicting CCN concentrations in 

comparable situations.
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1. Introduction

The largest uncertainty in the anthropogenic contribution to climate change is the radiative 

forcing due to aerosol-cloud interactions (IPCC, 2013). Accurately quantifying 

concentrations of cloud condensation nuclei (CCN) is an integral part in reducing this 

uncertainty due to their role in determining cloud radiative properties and longevity 

(Albrecht, 1989; Rosenfeld et al., 2008; Twomey, 1974). Closure studies, in which in situ 

CCN concentrations are compared to those calculated based on measured input data (e.g., 

composition, size distribution), have been successful under background aerosol conditions 

(Chuang et al., 2000; Dusek et al., 2003; Gasparini et al., 2006; Rissler et al., 2004; Stroud et 

al., 2007; Vanreken, 2003). Urban environments present a greater challenge due to the 

increased complexity in the size and composition of the aerosols present (Crosbie et al., 

2015; Cubison et al., 2008; Sotiropoulou et al., 2007). Sotiropoulou et al. (2007) reports that 

CCN model predictions in places impacted by urban pollution and biomass burning are most 

uncertain. With over half of the world’s population living in urban environments, a number 

that is only growing (United Nations, 2018), there is increasing urgency to reduce error in 

model-predicted CCN concentrations in such settings to better forecast cloud properties, 

climate change, weather, and surface air quality (Andreae and Rosenfeld, 2008; Cubison et 

al., 2008; Molina et al., 2007).

Populated coastal areas create an environment in which anthropogenic and natural aerosols 

converge, but the resulting air masses and their properties remain unclear (Cruz et al., 2019; 

Cubison et al., 2008; Sotiropoulou et al., 2007). Kummu et al. (2016) reports that 39% of the 

global population in 2010 lived within 100 km of a coastline and that this number will 

continue to increase until at least 2050. With sea salt and dust comprising the majority of 

global aerosols by mass, the merging of these natural aerosol types and human-generated 

particles is inevitable (Huneeus et al., 2011; Middleton and Goudie, 2001).

Virginia Key, an island just east of Miami, Florida, provides an excellent location to study 

CCN since it hosts a complex mixture of aerosols, originating locally, regionally, and from 

distant continents. The resulting mixture of aerosols is ideal for challenging and improving 
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models (Klejnowski et al., 2013). Virginia Key experiences periodic influence from Miami’s 

urban emissions, such as those from shipping activity (Hu et al., 2021) and fossil fuel 

combustion (Klejnowski et al., 2013). Additionally, the island is subject to the constant 

presence of marine aerosol types (e.g., sea salt, organic matter, and those derived from 

dimethyl sulfide [DMS]; Quinn and Bates, 2014) characteristic of coastal areas (Gantt et al., 

2015; Nolte et al., 2015). Of particular relevance to this location are episodic intrusions of 

transported African dust, which have been the subject of numerous past works (Aldhaif et 

al., 2020 and references therein; Prospero, 1999; Zuidema et al., 2019). African dust reaches 

southeast Florida year-round but peaks between June and August (Aldhaif et al., 2020; 

Prospero, 1999; Zuidema et al., 2019), typically including 5–8 episodes each summer 

(Kramer et al., 2020a). Studies have quantified the arriving mass concentration of African 

dust (Zuidema et al., 2019), investigated its influence on human health (Prospero et al., 

2014) and air quality (Prospero, 1999), and characterized its size distribution (Kramer et al., 

2020b; Li-Jones and Prospero, 1998) and chemical properties (Zamora et al., 2011, 2013). 

However, the influence of African dust on CCN concentrations in southern Florida has 

received scarce attention, and it is unknown if the dust perturbs CCN concentrations in the 

area. Many models (e.g., ECHAM5-HAM [Hoose et al., 2008], GLOMAP-bin [Manktelow 

et al., 2010], EMAC [Pringle et al., 2010], and Meso-NH [Bègue at al., 2015]) consider dust 

particles as efficient CCN, particularly if they acquire soluble material via internal mixing 

with other hydrophilic species (Karydis et al., 2011). To our knowledge, the hygroscopic 

properties of African dust reaching the southeastern U.S. have not been reported in the 

literature, which adds a degree of uncertainty to how CCN models currently parameterize 

dust plumes arriving to this region. Weinzierl et al. (2017) shows that CCN concentrations 

are elevated above background levels during summertime episodes of Saharan dust observed 

at Barbados, an island 2570 km southeast of Virginia Key. However, both the amount of 

African dust reaching Virginia Key is consistently less than that arriving in Barbados 

(Zuidema et al., 2019) and Virginia Key is periodically affected by a more complex, urban 

mixture of aerosols. Additionally, Denjean et al. (2015) and Kandler et al. (2018) each find 

the hygroscopicity of supermicrometer African dust particles to not change significantly as 

they are transported across the Atlantic Ocean to the Caribbean, further motivating interest 

in how African dust plumes affect the CCN budget of the southeastern U.S.

An additional complexity for the southern Florida coastal area is that it is a receptor site of 

BB emissions from different source regions. Jaffe et al. (2020) finds Florida to be the fourth 

highest state in the U.S. for annual area burned in prescribed fires, which occur most 

frequently in the boreal spring (March–May). One source responsible for these prescribed 

fires is the largest area for sugarcane production in the U.S., located ~130 km to the 

northwest of Virginia Key. Between mid-fall and spring (October–May), 50–80% of the 

plants’ foliage is burned before harvesting (Le Blond et al., 2017; Ma et al., 2014) and the 

resulting BB emissions have been shown to travel to eastern Florida where Virginia Key is 

located (Sevimoğlu and Rogge, 2015, 2016, 2019). Additionally, BB emissions from 

deforestation and crop residue fires in Central America (Wang and Christopher, 2006; Wang 

et al., 2006), Mexico (Kreidenweis et al., 2001), the Yucatan peninsula (Yokelson et al., 

2009), Cuba (Brey et al., 2018), and the southeastern U.S. (Roy et al., 2018) have also been 

shown to reach Florida. Many studies have looked at the nucleating ability of BB aerosol 
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particles (e.g., Bougiatioti et al., 2016; Hennigan et al., 2012; Lee et al., 2010; Pöhlker et al., 

2018) and found CCN concentrations generally increase amid BB plumes. However, the 

exact effect of BB on CCN concentrations is dependent on the fuel source (Chen et al., 

2019), background aerosol properties (Pöhlker et al., 2018), and aging of the emissions 

(Bougiatioti et al., 2016; Hennigan et al., 2012). Each of these conditions differs between 

Virginia Key and the locations investigated in previous studies, so it is not yet known how 

the different sources of fire mentioned above influence CCN concentrations in this region. 

Liu et al. (2013) predicts that the southeastern U. S. will experience a longer fire season in 

the future, and thus, understanding the effects of BB on CCN in this area is critical.

Another benefit of investigating CCN concentrations in southeast Florida is that aside from 

the complexity of aerosol sources, there is a wide range of meteorological conditions that 

both impact aerosol characteristics and are, in turn, potentially influenced by CCN 

themselves. In particular, Virginia Key experiences greater rainfall than most of the U.S. 

(Smith et al., 2019), and this precipitation peaks just before the influence of African dust is 

highest (Abiy et al., 2019; Zuidema et al., 2019). Many particles, including CCN, can be 

removed during rain episodes (Ohata et al., 2016). In order to improve climate models, not 

only does the nucleating ability of aerosols need to be understood, but the removal of CCN 

through wet scavenging needs to be as well.

The effect of episodic Saharan dust and BB emissions superimposed on background aerosol 

conditions, as well as the implications of wet scavenging, on CCN concentrations in this 

region is unknown but essential to study in order to improve models simulating aerosol 

particles, clouds, and precipitation. In response to this knowledge gap, this study aims to 

characterize the behavior of CCN concentrations in southeast Florida and to identify how 

they are impacted by the influence of different aerosol types and rain conditions. This work 

specifically examines in situ data for CCN concentrations measured at different 

supersaturations (SSs) on Virginia Key and uses complementary datasets to address the 

relative importance of dust, smoke, and rainfall on CCN properties.

2. Experimental methods

This study relies on a variety of datasets that are summarized in Table 1. A brief description 

of each dataset is provided below. Furthermore, while some data were collected at sites 

adjacent to Virginia Key, the results in Section 3 still refer to Virginia Key for simplicity of 

discussion.

2.1. CCN concentrations

A single chamber CCN counter from Droplet Measurement Technologies (DMT; Roberts 

and Nenes, 2005) measured CCN concentrations at SSs of 0.2 and 1.0% at south Florida’s 

Cloud-Aerosol-Rain Observatory (CAROb; http://carob.rsmas.miami.edu) at the Rosenstiel 

School of Marine and Atmospheric Science (25.75° N, 80.25° W), located on Virginia Key, 

approximately 4 km east of Miami. Information on how the instrument was calibrated can be 

found in the supplemental document (Section S1). Ambient sampling was conducted from 

March to September 2013, July to September 2017, and April to June 2018 for 5 min at each 

SS during the listed months of 2013 and for 10 min at each SS during the listed months in 
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2017 and 2018. To ensure the instrument column had been given sufficient time to stabilize 

at the new SS, the first 2 min (for the 2013 dataset) and 4 min (for the 2017 and 2018 

datasets) of CCN data were removed for each measurement period at a given SS. After all 

data for the three years were combined, the CCN concentrations were sorted by SS. CCN 

concentrations falling three standard deviations above the mean were removed from the 

dataset (Anscombe, 1960; Miller, 1991) for each SS group (i.e., 0.2% SS and 1.0% SS). The 

instrument continuously sampled ambient aerosol particles unless impeded by weather 

events, such as hurricanes.

2.2. Dust mass concentrations

To quantify African dust loadings, daily bulk aerosol samples were collected from a 16-m-

fold-over tower on the roof of a 12-m building at the CAROb facility. Hi-Vol sampling 

pumps pulled air through 20 cm × 25 cm Whatman-41 filters (W-41) at a flow rate of ~1 m3 

min−1. The W-41 filters have a dust collection efficiency of 95% or better (Kitto and 

Anderson, 1988). In order to minimize contribution of local sources, sampling only occurred 

when the winds came from the east (45°–202°) at speeds greater than 1 m s−1. The 

assumption is that under such collection criteria, the measured dust had a high likelihood of 

originating from North Africa and local sources were minimized. Aerosol samples collected 

using the described methods were only considered in the final dataset if sampling exceeded 

10% of the available period (e.g., 2.4 h for a full day). The W-41 filters were rinsed in 

triplicate then put in a 500 °C furnace for 14 h and the ash residue was weighed, corrected 

by a factor of 1.3, and assumed to be mineral dust, resulting in a standard error of ±0.1 μg m
−3 for concentrations below 1 μg m−3 and 10% for higher concentrations. More details 

regarding the sampling, processing, and conversion of dust mass on filters into dust mass 

concentration can be found in Zuidema et al. (2019) and Prospero (1999).

Sample collection for African dust typically occurred daily from May to September, and 

twice weekly for all other months. In this study, the dust mass concentration listed for a 

given sampling period was attributed to the day on which the filter was collected. This was a 

potential source of error when measurement periods spanned several days. Finally, a 

lightning strike hit the tower in May 2013, and the tower was not replaced until late July 

2013, which means data are unavailable for this period.

2.3. Micropulse lidar

Images from a Sigma Space micropulse lidar (MPL) with polarization (MPL-P, model 

MPL-4B-IDS-532; Delgadillo et al., 2018) were used to confirm the most significant 

episodes of dust. This instrument is also part of the CAROb facility. The MPL transmitted a 

532 nm beam of light alternating between co-polarized and cross-polarized states and 

measured the polarization of the returning signal.

2.4. IMPROVE

In order to quantify concentrations of aerosol types other than dust (Section 2.2) present at 

Virginia Key and their relationship to CCN concentrations, data were used from a 

monitoring site in south Florida (Everglades NP [EVER1]: 25.39° N, 80.68° W, elevation = 

1 m above sea level) associated with the Interagency Monitoring of Protected Visual 
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Environments (IMPROVE) network. The site is located ~65 km southwest of the CAROb 

station. Details on the collection, quality control, and conversion to air mass concentration 

can be found elsewhere (Chow et al., 2015; Hand et al., 2012). IMPROVE data were used to 

characterize days with the most and least influence from smoke by examining concentrations 

of organic carbon (OC) and elemental carbon (EC) in particulate matter (PM) with 

aerodynamic diameters less than or equal to 2.5 μm (PM2.5). Schlosser et al. (2017) found 

OC and EC to be some of the most enhanced species during wildfires based on IMPROVE 

data, so they are used in this study to mark the signature of smoke. Additionally, the monthly 

profiles of major components contributing to PM2.5 are shown (sea salt, fine soil [FS], 

ammonium nitrate [AmmNit], ammonium sulfate [AmmSul], OC, and EC), based on the 

method of Hand et al. (2019). Lastly, concentrations of PMcoarse are also reported, 

representing the difference between PM10 and PM2.5.

2.5. NADP/NTN

Wet deposition composition data were obtained from the Everglades National Park-Research 

Center (25.39° N, 80.68° W, elevation = 2 m above sea level) site affiliated with the National 

Atmospheric Deposition Program National Trends Network (NADP/NTN). Information 

regarding the analysis and quality assurance of NADP data can be found in Gartman (2017). 

Weekly concentration data were attained for eight water-soluble ions (Ca2+, Mg2+, K+, Na+, 

NH4
+, NO3

−, Cl−, SO4
2 − ). For this study, data were specifically used from the summer (June–

August) of 2017. All reported concentrations were weighted by the volume of precipitation 

collected in a particular week relative to the total volume collected from June–August 2017. 

Average relative mass fractions were then determined from the volume-weighted 

concentrations.

2.6. PERSIANN rain data

Daily and hourly rain data were obtained from the Center for Hydrometeorology and 

Remote Sensing (CHRS) Precipitation Estimation from Remotely Sensed Information using 

Artificial Neural Networks (PERSIANN) system. Data were obtained for the same location 

as the CAROb instrument suite. PERSIANN rainfall is generated from geostationary 

longwave infrared imagery and adaptive training of the neural network from independent 

rainfall measurements. Further information on the algorithms and data used is available in 

Nguyen et al. (2019).

2.7. MesoWest meteorological data

Observations of temperature, relative humidity (RH), near-surface wind speed, and near-

surface wind direction were obtained at 5-min temporal resolution from MesoWest, a 

network of surface stations distributed across the U.S. (Horel et al., 2002). Data provided 

through MesoWest come from various participating organizations including government 

agencies, private firms, and educational institutions around the country. As described in 

Horel et al. (2002), quality control procedures are performed on all observations, and a 

quality control flag is assigned to each dataset before it becomes publicly available. For this 

study, observations were used from the KMIA station at the Miami International Airport 
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(25.79° N, 80.32° W, elevation = 3 m above sea level, 15 km northwest of CAROb) assigned 

with the highest quality flag (“OK”).

2.8. Model and reanalysis datasets

To aid in air mass source identification for smoke and African dust, back trajectories of 100 

and 300 h were obtained from the Hybrid Single-Particle Lagrangian Integrated Trajectory 

(HYSPLIT) model (Rolph et al., 2017; Stein et al., 2015) at ending altitudes of 200, 1000, 

and 2000 m above ground level at CAROb (25.75° N, 80.25° W). The trajectory time 

selected depended on the proximity of the source. For example, 300 h were necessary to 

trace dust back to Africa, whereas only 100 h were needed when the smoke originated over 

the southeastern U. S. Trajectories were created with 3-h resolution using the National 

Centers for Environmental Prediction/National Center for Atmospheric Research (NCEP/

NCAR) reanalysis data with the “model vertical motion” method. To further confirm 

HYSPLIT results, earth (earth.nullschool.net), a global animation of wind, weather, oceanic, 

and aerosol-related conditions, was used to view wind trajectories and speeds present at 

CAROb (at the surface) and at 850, 700, and 500 hPa during smoke and African dust events. 

Earth wind data and imagery come from the National Weather Service (NWS), NCEP, the 

National Oceanic Atmospheric Administration (NOAA), and the Environmental Modeling 

Center (EMC), and are available at 3-h resolution.

The Navy Aerosol Analysis and Prediction System (NAAPS) was used to verify the 

presence of African dust, smoke, and background conditions for specific days occurring 

during the study period. The selection of such days is discussed in the following section. 

NAAPS images from the Aerosol Modeling archive for the Caribbean were created using 

global meteorological fields from the Navy Global Environmental Model (NAVGEM; 

Hogan and Rosmond, 1991) and have been successfully used in other studies to verify the 

transport of dust (Cottle et al., 2013; Lopez et al., 2015; McKendry et al., 2007; Wells et al., 

2007; Wu et al., 2015) and smoke (Dementeva and Balzhanov, 2018; Ge et al., 2017; Khan 

et al., 2019; Markowicz et al., 2017; Xian et al., 2013). Plots generated by the NAAPS 

model display the surface concentration of smoke and dust in units of μg m−3 at a 6-h 

resolution over a 4-day period.

Reanalysis data from the Modern-Era Retrospective Analysis for Research and Applications, 

Version 2 (MERRA-2) model were used to confirm the source of smoke and African dust on 

specific days at Virginia Key. Hourly resolved images for “OCCMASS” and 

“DUCMASS25” from the M2T1NXAER (hourly, time-averaged, single-level assimilation 

aerosol diagnostics V5.12.4) product revealed the OC column mass density and PM2.5 dust 

column mass density, respectively. Just as OC was mentioned to be a tracer of smoke in 

Section 2.4, MERRA-2’s OC product was used to visualize the transport of smoke to 

Virginia Key. The images generated from MERRA-2 reanalysis data for days leading up to 

and during each smoke or dust event were viewed in series for easier identification of the 

source and to observe air mass transport behavior at Virginia Key. Additionally, MERRA-2’s 

M2T1NXFLX (hourly, time-averaged, single-level assimilation surface flux diagnostics 

V5.12.4) product provided planetary boundary layer heights (PBLHs) at a spatial resolution 

of 0.5 ° × 0.625 ° and hourly temporal resolution (Davy, 2018; Molod et al., 2019).
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2.9. Air mass type criteria

To understand the influence of smoke and African dust on CCN concentrations at Virginia 

Key, days with the most influence from these aerosol types were selected using the criteria 

shown in Table 2. For simplicity, days influenced the most by African dust and smoke are 

hereafter referred to as “dust days” and “smoke days”, respectively. To contrast with dust 

and smoke days, background days were identified as days that had minimal influence from 

smoke, African dust, and rain. These days were intended to serve as a control group to 

reflect CCN concentrations at Virginia Key under minimal influence from African dust and 

BB emissions. The amount of rain observed on background days was restricted to low values 

(<4 mm) to eliminate the possibility that CCN concentrations on background days deviated 

from that on smoke or dust days due to wet scavenging via especially high levels of rainfall 

(Ohata et al., 2016), and not just because of the absence of dust or smoke. Although many 

sources were available to determine the presence of dust and smoke, priority was given to in 

situ measurements: IMPROVE data for smoke and the W-41 filter concentrations collected 

at CAROb for African dust. Aerosol fields obtained from NAAPS and MERRA-2 were 

additionally used to confirm the presence of smoke and dust on smoke and dust days, 

respectively, as well as the absence of such aerosols on background days. Percentiles shown 

in Table 2 are based on data for days only when CCN measurements were also available. 

Lastly, all other sampling days that did not qualify as being smoke, dust, or background days 

were simply collected into a final category called “other” days.

2.10. Data organization and analysis method

Concentrations of CCN at 0.2 and 1.0% SS (CCN0.2% and CCN1.0%, respectively) were 

extracted for each day listed in Table 2 and grouped together by category. The MATrix 

LABoratory (MATLAB) computer program’s “anova1” and “multcompare” functions were 

used to determine if statistically significant differences in CCN0.2% were present between 

any of the four categories (smoke, dust, background, and “other”). The “anova1” function 

assumes all sample populations are normally distributed. Winer et al. (1991) report that 

analysis of variance (ANOVA) tests are still applicable when data are not normally 

distributed as long as sample populations are reasonably large and similar in size. Blanca et 

al. (2017) show that ANOVA tests are robust for non-normally distributed sample 

populations with as little as 30 points. Since there were at least 9000 CCN measurements at 

each SS for each air mass category in this study, we assume ANOVA tests were an 

appropriate means to determine statistically significant differences between categories. If 

these tests returned a p value lower than 0.05 when comparing CCN0.2% between two 

categories, the categories were considered to have statistically significant different means at 

a 95% confidence level. This analysis was repeated for CCN1.0%. The one Hz CCN data 

were then averaged on an hourly basis and the ratio of CCN0.2%:CCN1.0% was determined 

for each hour. More information on the methods used in this procedure can be found in 

Section S2. MATLAB’s “anova1” and “multcompare” functions were again utilized to 

determine if differences in ratios observed for the various categories were statistically 

significant. A higher average ratio for a certain category implies the CCN (i) are shifted to 

larger particle sizes that can more easily activate and/or (ii) are more hygroscopic in terms of 

their chemical composition.
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Finally, the one Hz CCN0.2% and CCN1.0% and the hourly ratios were analyzed on an hourly 

basis for each category. This was done to extract any diurnal trends that could not be 

captured in the lumped statistical tests described above. To show deviations from the entire 

dataset, the diurnal trend for all sampling days were presented alongside the results for each 

category.

3. Results and discussion

3.1. Aerosol profile

3.1.1. Annual composition climatology—To provide context for the CCN data, 

monthly-averaged aerosol and rain characteristics are first summarized from the IMPROVE 

and PERSIANN datasets, respectively, for the years relevant to this study (2013, 2017, and 

2018). In general, Virginia Key is affected by biomass burning from the Americas in the 

spring and African dust in the summer, with anthropogenic pollution and sea-spray aerosols 

affecting the site year-round. Monthly trends in the six components of Virginia Key’s PM2.5 

(FS, sea salt, OC, EC, AmmSul, and AmmNit) reflect the known timing of these air masses 

(Fig. 1). FS increases between June and August (monthly mean range: 1.61–2.57 μg m−3) 

compared to the rest of the year (0.11–1.18 μg m−3), which aligns with the months 

experiencing the strongest influence from African dust (Zuidema et al., 2019). Li-Jones and 

Prospero (1998) found one-third to one-half of the African dust aerosols arriving to the 

southeastern U.S. have diameters smaller than 2.5 μm, which is the size range examined for 

FS in Fig. 1. An important note is that the aerosol sampling at the IMPROVE site is not 

restricted to certain conditions like the dust sampling at CAROb. Therefore, FS captured at 

the IMPROVE site can originate from places besides Africa, such as the continental U.S. 

(Aldhaif et al., 2020; Brandli et al., 1977). OC and EC are collectively highest between 

January and April (0.80–1.33 μg m−3 for OC and 0.17–0.30 μg m−3 for EC) as compared to 

the rest of the year (0.40–0.65 μg m−3 for OC and 0.05–0.16 μg m−3 for EC). The higher OC 

and EC levels, especially in March, are temporally coincident with the peak of the 

prescribed burning season in the southeastern U.S. (Jaffe et al., 2020; McCarty et al., 2007), 

and also biomass burning in Central America (Wang et al., 2006a, 2006b), Cuba (Brey et al., 

2018), Mexico (Kreidenweis et al., 2001), and the Yucatan peninsula (Yokelson et al., 2009). 

Aside from the elevated levels in the spring, Virginia Key has a consistent presence of OC 

and EC year-round due to persistent sources such as living organisms (Szidat et al., 2009), 

automobile exhaust, and other forms of fossil fuel combustion (Qi et al., 2018). Sea salt 

particles are emitted as waves break year-round on nearby coastlines, which is reflected in 

the presence of sea salt in each month (0.38–0.90 μg m−3). Prospero (1999) actually showed 

sea salt concentrations on Virginia Key are slightly higher in the spring owing to stronger 

winds, which agrees with our results for higher values in April and May. AmmSul and 

AmmNit are relatively stable in mass concentration throughout the year (1.24–2.13 μg m−3 

and 0.32–0.59 μg m−3, respectively) owing to consistent precursor emissions (e.g., SO2, 

NOx, NH3) from various nearby sources such as combustion, shipping, and agriculture 

(Bouwman et al., 1997; Schulze et al., 2018). Sulfate is additionally formed from oceanic 

DMS emissions (Barnes et al., 2006; Charlson et al., 1987; Keller, 1989).
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Similar to total PM2.5, PMcoarse is generally highest between March and August (7.57–19.16 

μg m−3) excluding May (6.30 μg m−3), compared to the rest of the year (5.23–6.40 μg m−3; 

Fig. 1). The stark maximum in March was both a persistent feature for all three years 

included in this study and consistent with the biomass burning season both in the region and 

in more distant regions such as Mexico, Central America, and Cuba. Coarse soil particles 

can efficiently be entrained in burning plumes owing to the turbulence and buoyancy by 

flames and burn fronts (Clements et al., 2008; Gaudichet et al., 1995; Kavouras et al., 2012; 

Maudlin et al., 2015; Palmer, 1981; Popovicheva et al., 2014; Sturtz et al., 2014). Schlosser 

et al. (2017) found that mass concentrations of fine soil and PMcoarse can persist, and even 

be higher, at sites downwind from sources of BB; this finding is relevant to this study as 

many of the sources of smoke mentioned above are at a considerable distance from Virginia 

Key. Additionally, southeastern Florida experiences reduced rainfall from November to 

March (Abiy et al., 2019). Decreased precipitation over this time period may lead to a lower 

soil moisture content by March. Wind speeds increase from winter to spring in southeast 

Florida (David et al., 2019), which, in tandem with lower soil moisture, may increase local 

dust emissions that contribute to the PMcoarse peak in March. The second PMcoarse peak in 

July can plausibly be linked to the increased presence of African dust, which is presumably 

much less than the March PMcoarse peak owing to the greater transport distance from Africa 

that would result in the largest particles being removed (Aldhaif et al., 2020; Kramer et al., 

2020b; Prospero, 1999). There is more variability in PMcoarse throughout the year on 

Virginia Key as compared to PM2.5, which may be due to episodic events enriched with dust 

particles contributing more to PMcoarse than PM2.5.

3.1.2. Annual african dust trends—African dust concentrations collected at CAROb 

during each month of 2013, 2017, and 2018 (Fig. 2) reflect the FS trend observed in Fig. 1 

and long-term African dust behavior observed at Virginia Key (Prospero, 1999; Zuidema et 

al., 2019). Variability is low and outliers are nearly nonexistent in the late fall, winter, and 

early spring. However, between May and September, the size of the quartiles and the number 

of outliers both increase coincident with when the bulk of the African dust arrives at 

southeastern Florida (Zuidema et al., 2019). To reinforce the episodic nature of African dust 

events (Kramer et al., 2020a), dust levels can suddenly spike above 30 μg m−3 when a strong 

African dust episode arrives. This is in contrast to most days, including those in the summer, 

where dust levels are typically less than 5 μg m−3.

In situ and remote sensing observations at the CAROb site allow for a deeper examination of 

major dust events occurring during the three-year study period. Since dust particles have 

depolarization ratios exceeding most other aerosol types in the study region (Groβ et al., 

2013; Haarig et al., 2017), MPL data reveal periods with heavy dust influence (Fig. 3; see 

also Kramer et al., 2020b for more discussion). Four dust days, in particular, during the 

summer and early fall of 2017 demonstrate the episodic nature of African dust events. More 

specifically, low depolarization ratios (<0.13) were observed above 1.5 km altitude for a few 

consecutive days followed by sharp increases (up to ~0.20) coinciding with dust events that 

typically lasted 3–5 days. The altitude to which the depolarization ratio was enhanced was 

related to the severity of the dust event. For example, the highest African dust mass 

concentration measured during the study (73.32 μg m−3) on August 4, 2017 coincided with 
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elevated depolarization ratios (~0.20) up to ~3 km. In contrast, the weakest of the four dust 

days (33.42 μg m−3) on July 26, 2017 exhibited enhanced ratios (~0.20) up to only ~1.5 km. 

The heights to which depolarization ratios were affected by African dust are consistent with 

typical observed dust plume heights of 1.5–3 km in the Saharan Air Layer (SAL) over 

Barbados (Haarig et al., 2019), and at times reach above 4 km (Kramer et al., 2020b).

Dust mass concentrations and CCN concentrations in this study are based on surface 

measurements, but Fig. 3 shows dust is also present in the planetary boundary layer (PBL) 

and above. This implies the relationship between CCN and dust mass concentrations 

analyzed at the surface in this study may also be applicable at altitudes relevant to cloud 

formation. The rapid reductions in dust concentrations after the significant bursts (Fig. 3) 

can potentially be linked to factors such as winds removing the plumes from the area in 

addition to precipitation scavenging, both of which have been shown to decrease aerosol 

concentrations in other locations (Cugerone et al., 2018; Luan et al., 2019; Ohata et al., 

2016). As shown in the next section, Virginia Key experiences intense rainfall in the summer 

months when African dust is at its peak, and thus the influence of precipitation on CCN 

removal is of interest to study.

3.2. Precipitation profile

Precipitation data for Virginia Key from the three years relevant to this study reveal a wide 

range in rain rates (Fig. 4a). Although the most common rain rates observed are between 0 

and 3 mm day−1, rates as high as 76.5 mm day−1 also occurred during the study period. Fig. 

4b shows the wide range of rainfall received during an annual cycle. Virginia Key 

experiences intense rainfall starting in May and lasting until September. The range of 

average monthly rainfall observed in this rainy season is from 69.66 ± 25.49 mm (August) to 

134.97 ± 77.61 mm (June). The lowest rain amounts are during the winter, ranging from 

4.32 ± 2.99 mm (February) to 7.50 ± 2.41 mm (December). The much larger standard 

deviations for the months with the most rain point to the episodic nature of rain events, 

motivating interest in how such events scavenge CCN in the region. While the monthly mean 

data for PM2.5 and PMcoarse do not show a significant reduction between May and 

September, the speciated PM2.5 results in Fig. 1 show that most constituents other than fine 

soil are reduced in concentration between those months owing presumably in some part to 

enhanced wet scavenging.

3.3. Characteristics of air mass types

The wide range of months covered in this study allowed for both (i) a sufficiently large 

dataset to obtain reliable statistics regarding the amounts of African dust, OC, EC, and 

rainfall impacting Virginia Key, and (ii) an opportunity to study the sensitivity of CCN 

concentrations to high loadings of seasonally-dependent aerosol types, such as African dust 

and particles from BB. This section focuses on the former while Section 3.4 pertains to the 

latter.

Over the three-year study period, CCN data were obtained for 315 days. Thirteen days were 

classified as either dust, smoke, or background days (see Section 2.9 and Table 2). The 

remaining 302 days were categorized as “other” days. Since the “other” category accounted 
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for 96% of the sampling days, it can be considered to best represent typical conditions at 

Virginia Key during the late spring to early fall (i.e., days experiencing moderate levels of 

African dust and/or BB aerosols). The major characteristics of each category are as follows 

and summarized in Table 3:

— Background days had relatively low concentrations of African dust, OC, and EC 

compared to other categories. NAAPS data confirmed a low presence of dust 

and smoke at the surface for each background day, with examples shown in Fig. 

5a–b.

— The average African dust mass concentration on dust days was more than two 

orders of magnitude greater than that of background days. For example, the dust 

surface concentration on the August 04, 2017 dust day (73.32 μg m−3; Fig. 5c) 

was noticeably higher than that on the background day (Fig. 5a). None of the 

five smoke days experienced African dust, which is not surprising since all 

smoke days occurred in months (March and April) preceding the main African 

dust period (Fig. 2).

— The timing of smoke days coincided with the peak season (March–May) for 

regional prescribed fires. Smoke enhancements in and around Virginia Key are 

evident when comparing Fig. 5d and b. The average concentrations of OC and 

EC on smoke days were at least an order of magnitude higher than those on 

background days. Additionally, PMcoarse was noticeably higher on smoke days, 

presumably because of the proclivity for coarse particles to become entrained in 

flames and burn fronts, as mentioned in Section 3.1.1.

— “Other” days had modest influence from African dust, OC, and EC, but with 

concentrations of these species still considerably higher than those on 

background days. Although low rain rate averages were present for each 

category, the “other” category exhibited the highest mean and exhibited the most 

variability (3.45 ± 6.96 mm day−1). This is likely due to the “other” category 

encompassing far more days of data where heavier precipitation is inevitable for 

an area such as southern Florida that can have extensive rainfall, especially in 

the summer (Fig. 4).

3.4. CCN behavior

3.4.1. Air mass type comparisons—Average and standard deviations of CCN 

concentrations for the four air type categories are compared here (Table 3). All categories 

were found to have statistically significantly different means in CCN0.2% at a 95% 

confidence level (p value < 0.05). The category with the lowest average CCN0.2% was dust 

(289 ± 104 cm−3), followed by “other” (343 ± 279 cm−3), background (373 ± 279 cm−3), 

and smoke (1405 ± 976 cm−3). The ANOVA test performed on the CCN1.0% yielded p 
values below 0.05 when comparing all categories except between dust and background 

categories. In ascending order, average CCN1.0% were as follows: background (584 ± 323 

cm−3), dust (591 ± 302 cm−3), “other” (753 ± 564 cm−3), and smoke (3337 ± 1252 cm−3). 

These results reveal multiple important findings discussed subsequently.
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First, CCN on dust days were not clearly elevated above those on background days, despite 

the substantial difference in African dust concentrations for the two categories. This may be 

due to African dust plumes being comprised of larger particles with lower number 

concentrations, as will be discussed in Section 3.5.1. The second notable result is how much 

higher CCN were on smoke days than for any of the other categories, a result that has been 

observed at multiple other locations (e. g., Bougiatioti et al., 2016; Kacarab et al., 2020; 

Pöhlker et al., 2018; Zheng et al., 2020). Despite high PMcoarse concentrations on smoke 

days (Table 3), it is unlikely these larger particles contributed significantly to the elevated 

CCN concentrations. A rough calculation assuming all PMcoarse aerosols were dust (density 

of 2.6 g cm−3; Rocha-Lima et al., 2018) with a diameter of 2.5 μm (10 μm), suggests the 

number concentration for these aerosols would be as low as 2.09 cm−3 (0.03 cm−3). Thus, it 

is more likely the increase in smaller particles, evident in the increased mass concentrations 

of PM2.5 species such as OC, EC, AmmNit, and AmmSul on smoke days (Table 3), induced 

the higher CCN concentrations. Third, background days had the second highest average 

CCN0.2% concentration and nearly the lowest average CCN1.0% concentration. To reconcile 

the difference, it is presumed that background aerosols are composed of larger and/or more 

water-soluble particles that were fewer in total number as compared to other categories. The 

lowest mass fractions of relatively hydrophobic species (i.e., OC and EC; Li et al., 2016) 

were observed on background days in addition to the highest mass fraction for sea salt, a 

well-known large and hygroscopic aerosol type (e.g., Clarke et al., 2003; Petters and 

Kreidenweis, 2007; Schlosser et al., 2020, Table 3). The combined effect of reduced non-

hygroscopic particles with increased sea salt influence may explain the higher (lower) 

concentrations of CCN0.2% (CCN1.0%).

To gain additional insight into the relative hygroscopicity associated with each category, 

average ratios between CCN0.2% and CCN1.0% are next discussed. The ANOVA test 

performed on the ratios only returned p values below 0.05 when comparing the background 

category to all others. The average ratio for the background category (0.71 ± 0.14) was 

~30% higher than that of other categories, which had similar ratios amongst themselves 

(dust: 0.54 ± 0.17; smoke: 0.55 ± 0.17; “other”: 0.55 ± 0.21). As mentioned, background 

days had some of the highest mass fractions for hygroscopic constituents, such as sea salt 

(0.17 ± 0.04) and AmmSul (0.31 ± 0.14), in combination with the lowest mass fractions for 

more hydrophobic species such as OC (0.04 ± 0.01) and EC (0.00 ± 0.00). Thus, a higher 

fraction of the total CCN may have been able to activate at the lowest SS, resulting in a 

higher average ratio.

The fact that the average ratio for the smoke category does not deviate from the dust and 

“other” categories is an intriguing result, especially considering the enormous discrepancy in 

the actual CCN concentrations between the categories. Furthermore, aerosol chemical 

composition appears to be different between these three categories (Table 3). While 

coincident aerosol measurements of composition and size distribution are not available for 

smoke air masses, the results suggest that the combined influence of the two aerosol 

properties yields nearly identical CCN0.2%:CCN1.0% ratios as two other air mass types (dust 

and “other”) stemming from very different sources. As will be shown subsequently, both the 

smoke and African dust air masses were subject to transport times on the order of days. 
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Thus, it is possible the two underwent comparable aging processes, resulting in similarly 

hygroscopic properties.

3.4.2. Diurnal trends—Diurnal patterns provide insight into possible relationships 

between median CCN0.2% and CCN1.0% concentrations and the PBLH, periods of peak 

human activity, oxidation of hydrophobic aerosols, land-sea breeze circulation (Delgadillo et 

al., 2018), and particle growth mechanisms (e. g., condensational growth, coagulation) over 

the course of a day. Median CCN0.2% concentrations (Fig. 6a) decrease gradually after 

midnight. As will be shown in the case studies (Section 3.5), these early morning hours are 

marked by increases in PBLH and temperature. From 7:00 to 8:00 there is an increase in 

CCN0.2% concentration, possibly owing to increased fresh fossil fuel combustion aerosols 

from commuter traffic. However, this morning increase is not observed for CCN1.0% 

concentrations until 9:00 (Fig. 6b). After the morning rush hour (7:00 to 9:00), 

concentrations decrease until midafternoon (16:00 [CCN0.2%] and 14:00 [CCN1.0%]), which 

aligns with observed increasing PBLHs and sea breezes bringing in relatively clean marine 

air. The subsequent increase in CCN0.2% and CCN1.0% at 17:00 and 15:00, respectively, may 

be related to a combination of afternoon rush hour emissions, secondary aerosol formation 

associated with higher photo-oxidation potential at this time of day, and growth of fine mode 

particles as observed in other regions, such as Los Angeles (Hersey et al., 2011; Mei et al., 

2013) and near San Diego (Gaston et al., 2018). Following this midafternoon enhancement, 

CCN0.2% concentrations remain elevated into the night, whereas CCN1.0% concentrations 

fluctuate until midnight. The steadily elevated CCN0.2% concentrations may be the result of 

decreasing PBLHs and/or a land breeze coming from the mainland in tandem with the 

cumulative effects of aerosol oxidation and/or growth via coagulation throughout day. In 

contrast, CCN1.0% concentrations are more variable into the evening presumably owing to 

reductions in sources of fresh emissions and larger particles acting as a coagulation sink for 

smaller ones, resulting in no change in CCN0.2% but a reduction in CCN1.0%.

The size of the inner quartiles is greatest from 17:00 to 22:00 for CCN0.2% and from 12:00 

to 17:00 for CCN1.0%. Variability may be greater for CCN0.2% later in the day due to the 

multitude of influences relevant at this time (i.e., secondary aerosol formation and aerosol 

growth; decreasing PBLH; and emissions from evening anthropogenic activity). In contrast, 

variability may be highest for CCN1.0% concentrations in the early afternoon when activities 

producing fresh aerosols, such as those from fossil fuel combustion, are arguably more 

prevalent.

Categorical CCN0.2% concentrations (i.e., smoke, dust, background) reveal two main modes, 

albeit there is noise owing to limiting data volume: one in the morning (5:00 and 8:00 

[smoke], 5:00 to 7:00 [dust], and 7:00 and 9:00 [background]), and one in the evening 

(19:00 to 20:00 [smoke], 21:00 [dust], and 16:00 and 19:00 [background]). Categorical 

CCN1.0% concentrations exhibit diurnal trends that are less uniform. Concentrations for 

smoke and dust categories both climb drastically in the early morning (2:00 to 5:00 [smoke] 

and 3:00 to 6:00 [dust]), possibly due to a land breeze, whereas background values oscillate. 

After the steep morning increase, smoke CCN1.0% concentrations remain relatively elevated 

for the remainder of the day, whereas those of the dust category fall back down to values 

observed before the morning peak. Throughout the day, background CCN1.0% 
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concentrations are relatively variant, but two periods of consistent increase are observed, 

coincidentally during the morning and afternoon rush hours (5:00 to 8:00 and 16:00 to 

19:00).

Diurnal trends for each category differ likely owing to the variability in their sources and 

transport distance. Diurnal trends in smoke may be governed more by wind patterns and/or 

the availability of sunlight for photochemical formation on BB aerosol species. Consistent 

with the previous discussion, it appears the arriving dust plumes may not contribute highly 

to CCN number concentrations as most of the dust mass is presumably comprised of fewer 

larger particles. Thus, CCN concentrations on dust days may be dictated by other factors 

such as local wind patterns and local emissions. Patterns observed for the background 

category may also depend more on the timing of local activities and meteorology.

The ratio between CCN0.2% and CCN1.0% oscillates throughout the day for all categories as 

well as for the entire dataset (Fig. 6c). The size of the interquartile ranges is relatively 

constant throughout the day, indicating uniform variability at all hours. The smoke category 

displays the widest range throughout the day, while the dust category rarely falls outside the 

second and third quartile of the overall dataset. Ratios between CCN0.2% and CCN1.0% may 

fail to display clear diurnal trends because of the multitude of factors governing the relative 

amount of CCN0.2% and CCN1.0% during a given day.

3.5. Case studies

3.5.1. African dust—Although the study period spanned three years, all four dust days 

were in 2017, and three of these occurred within a two-week window (Fig. 7). There were 

days in 2013 and 2018 that also had elevated mass concentrations for African dust (Fig. 2); 

however, CCN were not available for these particular days so they cannot be considered in 

this analysis. The highest amount of dust was recorded on August 04, 2017 (73.32 μg m−3), 

and imagery from MERRA-2 as well as HYSPLIT back trajectories trace its origin to 

northern Africa (Fig. 8a–b). Although not shown, corresponding images show similar results 

for the other two dust days shaded in Fig. 7. The dust events indicated in Fig. 7 did more 

than impact Virginia Key: on these same days, Ramírez-Romero et al. (2021) measured a 

300 and 500% increase in PM2.5 and PM10, respectively, over the Yucatan peninsula and 

classified them as “African dust peaks.”

Neither CCN0.2% nor CCN1.0% peaked on dust days, but rather on days with a low influence 

of African dust. The highest CCN concentrations observed in Fig. 7 were on July 30, 2017 

and August 02, 2017, days which only received 0.12 and 4.09 μg m−3 of African dust, 

respectively. The CCN0.2%:CCN1.0% ratio did not exhibit significant variability between dust 

and non-dust periods. The lack of CCN enhancement on dust days is presumed to be due to 

high dust mass concentrations not equating to a significant enhancement in number 

concentration owing to larger and fewer coarse particles. Perry et al. (1997) quantified the 

sizes of African dust particles reaching east Tennessee during an African dust event and 

found two main peaks in the mass distribution: one at 0.9 μm and another at ~2.5 μm. Using 

these diameters as a lower and upper bound, assuming a density of dust of 2.6 g cm−3 

(Rocha-Lima et al., 2018), and assuming that all dust particles would be CCN-active during 

an average African dust event for this study (48.17 μg m−3 of African dust; Table 3), the dust 
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would only contribute 49 and 2 cm−3, respectively, to the total CCN budget. These are very 

low values considering average CCN concentrations at Virginia Key are roughly an order of 

magnitude higher than this at either SS for all categories.

Therefore, while larger dust particles may be more CCN-active based on their larger size 

(Kumar et al., 2011), they may not impact the region’s CCN budget significantly owing to 

their low number concentration. Furthermore, assuming the dust particles offer larger 

surface area than typical background aerosols in the study region, they could act as an 

efficient coagulation sink for smaller particles resulting in reduced CCN concentrations, but 

especially at 1.0% SS among where smaller particles activate more easily than 0.2% SS.

The hygroscopicity of the African dust arriving at Virginia Key may also play a role in 

understanding why CCN concentrations were not elevated above background values. Fresh 

dust exhibits low hygroscopicity, but its affinity for water can increase if it becomes 

internally mixed with more hydrophilic species that adhere to the surface of dust particles 

(Hatch et al., 2008; Levin et al., 1996; Sullivan et al., 2009). This can occur if an African 

dust plume is confronted with an anthropogenic air mass, where soluble species such as 

sulfate and nitrate are abundant (Bègue et al., 2015). Additionally, African dust can become 

more CCN-active following cloud processing (Kumar et al., 2011; Weinzierl et al., 2017). 

Weinzierl et al. (2017) studied the behavior of an African dust plume over Barbados after it 

had come in contact with tropical storm Chantal, and found CCN0.2% concentrations to be 

significantly higher in the Saharan Air Layer compared to background concentrations at the 

same altitude. However, if a dust plume is not confronted with a more hygroscopic air mass 

or does not experience significant cloud processing, it may retain its hydrophobic properties. 

Denjean et al. (2015) and Kandler et al. (2018) reported instances in which African dust 

particles arriving to the Caribbean were still externally mixed and had not increased in 

hygroscopicity.

As we do not know the degree of cloud processing each African dust plume considered in 

this study experienced in its transit over the Atlantic Ocean, nor if the dust encountered any 

other air masses, it is difficult to make a statement regarding the dust’s hygroscopicity upon 

reaching Virginia Key. For this reason, there is a stronger case for stating that the observed 

lack of increase in CCN concentrations with African dust events is due to the low number 

concentration of these presumably larger particles.

3.5.2. Smoke—A pronounced outcome from this work is how dramatically smoke events 

increased CCN concentrations at both SSs. Average CCN0.2% and CCN 1.0% concentrations 

were 277% and 471% higher, respectively, on smoke days than on background days. 

Similarly, concentrations were 310% (CCN0.2%) and 343% (CCN1.0%) higher on smoke 

days than they were on “other” days, despite “other” days having moderate influence from 

both EC and OC (Table 3). This result implies the BB aerosols transported to Virginia Key 

in the spring have the most significant influence on CCN concentrations among the air mass 

types investigated in this study. This is an interesting result considering the observed mass 

concentrations of EC and OC on smoke days are significantly lower than the dust mass 

concentrations present on dust days (Table 3); it emphasizes the limitation in using mass 

concentrations in inferring details about regional CCN budgets that depend more on number 
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concentrations. Thus, the higher CCN concentrations on smoke days may best be explained 

in that the transported smoke particles were both more numerous and sufficiently large to be 

CCN-active as compared to other air mass types.

One of the five smoke days will be discussed in detail in this section: April 20, 2018. 

Imagery from NAAPS (Fig. 5d) and MERRA-2 (Fig. 8c) show several fires in locations 

surrounding Virginia Key, such as Mexico, Central America, and the southeastern U.S. on 

this day. However, both HYSPLIT back trajectories (Fig. 8d) and patterns in the boundary-

layer wind direction (Fig. 9b) indicate the BB aerosols impacting Virginia Key on this day 

were likely from fires to the northwest. Beginning in the evening of April 19, 2018 and 

extending into the afternoon of April 20, 2018, the wind direction gradually shifted from 

that of coastal waters (~150°) to that of the fires to the northwest (310°). Coincidentally, 

CCN concentrations rose during this transition as BB aerosols were presumably transported 

to Virginia Key (Fig. 9d). In the afternoon on April 20, 2018, the wind direction abruptly 

changed to that of the open ocean (~100°) and continued to come from this direction for the 

next few days. This sudden shift in wind direction aligned with a swift decrease in CCN, 

presumably as (i) clean marine air diluted the existing BB particles in Virginia Key and (ii) 

prevented additional transport of BB aerosols to Virginia Key. These results highlight how 

important boundary-layer wind direction is in predicting CCN concentrations at a coastal 

location such as Virginia Key: winds from the direction of open water can bring in relatively 

pristine air, but a slight shift in the direction can load the air with continental pollutants in a 

matter of hours.

Lastly, the CCN0.2%:CCN1.0% ratio decreased slightly on the smoke day as compared to the 

other days shown (Fig. 9e). Between 22:00 on April 19, 2018 and 9:30 on April 20, 2018, 

the ratio dropped from ~0.5 to ~0.3 and remained relatively suppressed until 20:00 on April 

20, 2018. At this time, the ratio began increasing back to the values observed before the 

smoke event as CCN concentrations simultaneously began returning to baseline values. 

Aerosols on smoke days were characterized by a higher mass fractions of relatively 

hydrophobic species (i. e., OC and EC; Li et al., 2016) and a noticeably lower mass fraction 

of sea salt, a hygroscopic aerosol type (Petters and Kreidenweis, 2007, Table 3). This shift in 

composition may help explain the slightly decreased ratio during the smoke day.

3.5.3. Influence of wet scavenging on CCN concentrations—Fig. 10 is useful for 

describing how CCN concentrations can change on the order of minutes to hours during and 

after periods of intense rainfall. Decreases in CCN0.2% and CCN1.0% were visible with each 

rain event, but the rates of decrease and length of the subsequent CCN “recharging” periods 

varied in each case. The first instance of rain (20:00 on July 30, 2017 to 4:00 on July 31, 

2017) was the lightest (Fig. 10f). At first, both CCN0.2% and CCN1.0% decreased at similar 

rates (Fig. 10d), as confirmed by the fairly steady ratio of ~0.55 (Fig. 10e). However, around 

21:30, CCN0.2% plummeted, while CCN1.0% continued to decrease more gradually. This was 

reflected in a corresponding dive in the ratio from ~0.55 to ~0.25. Similarly, during the 

second and third periods of rainfall on July 31, 2017 and Aug 01, 2017, CCN0.2% also 

decreased more rapidly than CCN1.0%, as visible in the coincident ratio drops (~0.5 to ~0.32 

and ~0.7 to ~0.25 for the second and third rain events, respectively). This finding may imply 

larger and/or more hygroscopic species were scavenged more efficiently via rainout and/or 
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washout. In support of this hypothesis, a well-known large and hygroscopic aerosol type, sea 

salt, was found to be one of the most prevalent species in the precipitation collected by 

NADP during the months relevant to Fig. 10 (Figure S1). More specifically, Na+ and Cl− 

accounted for 18% and 34%, respectively, of the cumulative volume-weighted ion 

concentration sum. The volume-weighted average mass ratio of Cl− to Na+ was 1.87 ± 0.11, 

which is markedly close to the reference value for sea water (1.8; Chesselet et al., 1972), 

suggesting these ions originated predominantly from sea salt.

It appears challenging to predict the length of time necessary for CCN concentrations to 

“recharge” following a period of rain. For the first rain event shown, CCN concentrations 

remained relatively low as the rain persisted, then restored to pre-rain levels ~4 h after the 

rain had stopped. In contrast, it took nearly a day for CCN concentrations to increase even 

just a small amount after the heaviest period of rainfall (the second event shown). In fact, 

CCN concentrations were only beginning to recover ~27 h after initially dropping when the 

third period of rainfall ensued, causing them to rapidly decrease again. Interestingly, during 

the last rain event, CCN concentrations began to recover even before the rain had stopped, 

with CCN1.0% “recharging” at a much faster rate than CCN0.2%. Heavy precipitation may 

increase the presence of sea spray aerosols due to increased wind, wave breaking, and as 

falling droplets impact the ocean surface. Varying wind speeds and wind direction may 

determine if these particles would be detected at CAROb or not. Seeing that there are 

indeterminate fluctuations in CCN0.2% and CCN1.0% with different rates and durations of 

rainfall emphasizes the need to formulate robust CCN-model algorithms that can capture this 

variability and deliver accurate concentrations in such conditions.

3.6. Comparison of CCN concentrations at Virginia Key to other locations

Results from this study are now compared to those reported at other locations. However, 

these comparisons are presented with a word of caution as the following studies may have 

followed different data filtering techniques. Long-range-transport from Africa to the 

Amazon can bring African dust, African BB aerosol, and marine particles into the Amazon’s 

relatively pristine environment (Barkley et al., 2019; Pöhlker et al., 2018; Prospero et al., 

1981, 2014). In the case of such events, CCN0.11% and CCN1.1% increased several hundred 

particles per cubic centimeter above background levels (Pöhlker et al., 2018). In northern 

Europe, CCN0.63% increased as much as sevenfold with the arrival of African dust (Bègue et 

al., 2015). Likewise, CCN0.2% at 2–4 km altitude near Barbados were five times higher on 

days with high African dust loadings than on days with low dust loadings (Weinzierl et al., 

2017). It is possible CCN concentrations did not increase at Virginia Key due to the 

increased transport distance from Africa as compared to the aforementioned locations, 

allowing more opportunity for the dust particles to be removed via gravitational settling or 

precipitation scavenging.

This study found an increase of 277% and 471% in CCN0.2% and CCN1.0%, respectively, on 

days heavily impacted by BB aerosols compared to background conditions. Similar 

increases have been observed elsewhere. For example, Bougiatioti et al. (2016) found CCN 

concentrations to increase between 65% and 150% for SSs ranging from 0.2% to 0.7% 

under smoky conditions in the eastern Mediterranean. In the remote southeastern Atlantic, 
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continental African BB plumes appeared to increase boundary-layer CCN concentrations at 

0.1–0.4% SS from 50–350 cm−3 to 400–1000 cm−3 (Kacarab et al., 2020). In the Amazon, 

CCN0.47% soared above 4000 cm−3 in the presence of transported smoke, which is more 

than four times the background concentrations reported for that region (Pöhlker et al., 2018). 

Values of CCN0.325% increased during BB conditions from 2116 to 3064 cm−3 and from 274 

to 1189 cm−3 over the East Basin of Los Angeles and outflow areas, respectively (Hersey et 

al., 2013). These concentrations are comparable to those measured at Virginia Key when BB 

plumes affected the island.

To our knowledge, the last published account of CCN in Florida occurred at Kennedy Space 

Center (KSC), 320 km northwest of Virginia Key, in 1978 (Radke et al., 1978). At KSC, 

CCN0.23% and CCN0.56% ranged from 660–1350 cm−3 and 1848–2140 cm−3, respectively. 

On “other” days, CCN0.2% and CCN1.0% at Virginia Key ranged from 10–5260 cm−3 and 

10–18 000 cm−3, respectively, which are significantly wider ranges than those observed at 

KSC. “Other” day CCN0.2% levels observed at Virginia Key were similar to those reported 

in Tucson, Arizona (average of 372 cm−3 from July–September; Crosbie et al., 2015), and 

were also in the range observed at four locations in California (Moore et al., 2012). 

Concentrations of CCN0.4% measured at relatively rural sites in New York and North 

Carolina spanned 10–3000 cm−3 (Yu et al., 2020), which is a range resembling that observed 

in this study for CCN0.2%. In comparison to large cities, Virginia Key had significantly 

lower concentrations. During a haze event in Beijing, CCN0.2% fluctuated between 2000 and 

15 000 cm−3 (Zhang et al., 2019) while Burkart et al. (2011) observed background CCN0.5% 

ranging from 160–3600 cm−3 with an average of 820 cm−3 in Vienna, Austria. As mentioned 

above, Virginia Key is periodically affected by urban aerosols from Miami. However, Miami 

has little industry relative to other large cities. Thus, even when emissions from Miami reach 

Virginia Key, it is not surprising CCN concentrations do not rise as high as those in other 

large cities with more industrial activity.

Although the actual concentrations of CCN are highly variable in various locations around 

the globe, common themes regarding which air masses influence concentrations in a certain 

way are evident, especially in the case of smoke. These observations from Virginia Key 

should be included in global CCN models to assist model predictions for comparable 

environments and situations. In order to predict CCN concentrations, models rely on 

information regarding the size distribution, hygroscopicity, and mixing state of the aerosols 

at altitudes relevant to cloud formation, as well as the degree of SS attained in those clouds 

(Cubison et al., 2008; Karydis et al., 2011). This work uncovers the remarkable importance 

of local and distant BB on CCN concentrations in the region, as well as the seeming lack of 

importance of African dust. Additionally, we reveal that relationships are not straightforward 

for this location when it comes to heavy precipitation, CCN scavenging, and CCN recharge 

time. With the help of future work, these findings can be directly connected to which 

hygroscopic properties or aerosol number concentrations should be used in a CCN model 

when these same conditions (i.e., African dust events, smoke plumes, and inundant rainfall) 

materialize in the southeastern U.S.
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4. Conclusions

This study investigated the influence of different air mass types on CCN0.2% and CCN1.0% 

concentrations at a ground site in the southeastern U.S. Additionally, we compared ratios of 

CCN0.2%:CCN1.0% to gain insight on the hygroscopicity of each air mass. The main findings 

of this work are as follows:

• CCN0.2% and CCN1.0% did not significantly increase during the largest African 

dust events. Presumably, high dust mass concentrations did not lead to 

appreciable increases in number concentration as the transported dust particles 

were relatively large in size but few in number.

• CCN0.2% and CCN1.0% increased considerably on days with high influence from 

BB despite mass concentrations of smoke tracers (i.e., OC and EC) being much 

lower than African dust concentrations on dust days. Thus, it is assumed the 

aerosols associated with the smoke events were generally smaller and more 

numerous than those brought by African dust plumes.

• The ratio of CCN0.2%:CCN1.0% was similar for all air mass types (0.54 ± 0.17 

[dust], 0.55 ± 0.17 [smoke], and 0.55 ± 0.21 [“other”]), except background (0.71 

± 0.14). Background days had some of the highest mass fractions of large and 

hygroscopic aerosols (e.g., sea salt), which may explain why a larger portion of 

the CCN on these days were able to activate at the lowest SS.

• Both CCN0.2% and CCN1.0% decreased during periods of heavy rainfall. 

However, CCN0.2% dropped more rapidly, which may imply larger and/or more 

hygroscopic aerosols were removed more effectively with precipitation. In 

support of this, relatively high mass concentrations of sea salt ions (i.e., Na+ and 

Cl−) were observed in precipitation samples during the months relevant to the 

rain case study shown here.

• The time to restore CCN0.2% and CCN1.0% to pre-rain values varied from a few 

hours to over a day. Such a result warrants further research, in part, so that CCN 

models can capture this variable behavior in other situations.

Findings from this work can be useful to CCN models for comparable locations. For 

example, models employed in the southeastern U.S. may not need to account for potential 

CCN from African dust plumes as heavily as they need to consider those from heighted BB 

activity in and around the region.
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HIGHLIGHTS

• African dust plumes do not perturb CCN concentrations in southeast Florida.

• CCN concentrations are greatly increased on days influenced by biomass 

burning.

• Heavy rainfall reduces CCN concentrations.

• The duration varies for CCN concentrations to restore after periods of heavy 

rain.
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Fig. 1. 
Monthly profiles of PM2.5 speciation and PMcoarse for the EVER1 IMPROVE site based on 

data from all months in 2013, 2017, and 2018. Six major constituents of PM2.5 are 

presented: FS (fine soil), sea salt, OC (organic carbon), EC (elemental carbon), AS 

(ammonium sulfate), and AN (ammonium nitrate).
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Fig. 2. 
Monthly statistics of the African dust mass concentrations measured at the CAROb station 

in 2013, 2017, and 2018. The red line in the center of each box represents the median, the 

edges of each box indicate the 25th and 75th quartiles, and red crosses belong to outliers 

lying in the fourth quartile.
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Fig. 3. 
Micropulse lidar (MPL) depolarization ratio profile for the summer to early fall (01 July – 

06 Sep) of 2017. All of the identified dust days (based on Table 2) occurred within the time 

period shown above and are indicated by the grey rectangles. Solid black segments (e.g., 

visible in late August) reflect periods when power was not available for the MPL.
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Fig. 4. 
(a) Histogram of the daily rain rates and (b) monthly mean precipitation accumulation with 

error bars representing one standard deviation. These results are based on data in 2013, 

2017, and 2018.
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Fig. 5. 
NAAPS surface concentrations of (a) dust and (b) smoke on one of the background days 

(August 23, 2013), (c) dust on the highest dust day (August 4, 2017), (d) and smoke on one 

of the smoke days (April 20, 2018). Virginia Key is marked by a black circular marker.
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Fig. 6. 
Diurnal statistics for (a) CCN0.2%, (b) CCN1.0%, and (c) CCN0.2%:CCN1.0% for the three 

categories listed in Table 2. The grey bars, which represent statistics for all 315 days in the 

study, are shown to contrast with values for each category. The red horizontal lines in each 

grey bar designate the median, while the bottom and top of the bars mark the 25th and 75th 

percentiles, respectively, at that given hour. The right y-axis applies to the smoke, dust, and 

background categories; the left y-axis applies to the grey bars only.
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Fig. 7. 
Time series of the (a) temperature and relative humidity (RH), (b) near-surface wind speed 

and near-surface wind direction, (c) planetary boundary layer height (PBLH), (d) CCN0.2% 

and CCN1.0%, and (e) ratio of CCN0.2%:CCN1.0% during three of the dust days (shaded 

grey) from Table 2. The lines in the plots correspond to the variable written in the same 

colored font on either the left or right y-axis of that plot. The amounts of dust occurring on 

the three dust days shown, from left to right, are 50.36, 33.42, and 73.32 μg m−3.
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Fig. 8. 
(a) MERRA-2 fine dust column mass density and (b) HYSPLIT 300 h back trajectories 

ending at CAROb on the highest dust concentration day (August 4, 2017). (c) MERRA-2 

organic carbon column mass density and (d) 100 h back trajectories ending at CAROb on 

one of the smoke days (April 20, 2018). Virginia Key is marked by a black circular marker 

in (a) and (c).
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Fig. 9. 
Time series of the (a) temperature and RH, (b) near-surface wind speed and near-surface 

wind direction, (c) PBLH, (d) CCN0.2% and CCN1.0%, and (e) ratio of CCN0.2%:CCN1.0% 

from April 19, 2018 to April 23, 2018. The lines in the plots correspond to the variable 

written in the same colored font on either the left or right y-axis. The day shaded in grey was 

classified as one of the smoke days (April 20, 2018).
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Fig. 10. 
Time series of the (a) temperature and RH, (b) near-surface wind speed and near-surface 

wind direction, (c) PBLH, (d) CCN0.2% and CCN1.0%, (e) ratio of CCN0.2%:CCN1.0%, and 

(f) hourly precipitation rates from July 30, 2017 to August 03, 2017. The lines in the plots 

correspond to the variable written in the same colored font on either the left or right y-axis. 

The three regions shaded in grey indicate periods in which substantial rainfall occurred.
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Table 2

Criteria used in determining specific days having the most influence from smoke and dust, as well as 

background days. Days categorized as “other” in this study are all remaining days not covered by the other 

three categories. Days were only placed in a category if CCN data were available for that particular day.

Day Classification Dates Criteria

Dust Jul 23, 2017
Jul 26, 2017
Aug 04, 2017
Sep 03, 2017

Dust from east (45°–202°) > 96th percentile NAAPS, MERRA-2, and MPL used to verify presence of 
African dust

Smoke Mar 02, 2013
Mar 08, 2013
Mar 14, 2013
Mar 29, 2013
Apr 20, 2018

IMPROVE OC and EC > 93rd and 94th percentile, respectively
NAAPS and MERRA-2 used to verify presence of smoke

Background May 04, 2013
Jul 03, 2013
Aug 08, 2013
Aug 23, 2013

IMPROVE OC and EC < 8th and 10th percentile, respectively
Dust < 2 μg m−3

PERSIANN rainfall < 4 mm
NAAPS used to verify absence of smoke and dust
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