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To date, the relative contribution of primary marine organic matter to the subset of atmospheric particles that nucleate cloud droplets is highly uncertain. Here, cloud condensation nuclei (CCN) measurements were conducted on aerosolized sea surface microlayer (SML) samples collected from the North Atlantic Ocean during the NASA North Atlantic Aerosols and Marine Ecosystems Study (NAAMES), κ values were predicted for three representative high molecular weight (HMW) organic components of marine aerosol: 6-glucose, humic acid, and ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO). The predicted κ values for pure organic aerosols varied by only ±0.01 across all of the organics chosen. For the desalted SML samples, calculations assuming an organic composition of entirely RuBisCO provided the closest predicted κ values for the desalted SML samples with a mean κ value of 0.53 ± 0.10. These results indicate that it is the sea salt in the SML which drives the cloud formation potential of marine aerosols. While the presence of organic material from the ocean surface waters may increase aerosol mass due to enrichment processes, cloud formation potential of mixed organic/salt primary marine aerosols will be slightly weakened or unchanged compared to sea spray aerosol.
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INTRODUCTION

Marine aerosol-cloud interactions represent one of the largest uncertainties in understanding climate change (Carslaw et al., 2013; IPCC, 2014; Brooks and Thornton, 2018). Some aerosols act as cloud condensation nuclei (CCN) by providing sites onto which cloud droplets form. Natural events such as phytoplankton blooms may influence aerosol production and consequently have a large impact on climate. Increasing ocean temperatures, predicted to warm by +1.3 to +2.8°C globally over the twenty-first century (IPCC, 2014), are likely to increase water vapor resulting from evaporation (Held and Soden, 2000) adding further uncertainty to predictions of aerosol-cloud interactions. The warming of the ocean has the potential to change the biogenic sources of CCN as the subtropical gyres expand and phytoplankton distributions change (Rees, 2012; IPCC, 2014; Käse and Geuer, 2018). Through bubble bursting, aerosols containing large surfactants may enter the atmosphere and act as CCN to form clouds (Quinn et al., 2015; Brooks and Thornton, 2018). In addition, CCN production can occur through secondary aerosol formation resulting from chemical reactions involving gas phase marine emissions (O'Dowd et al., 2004, 2015; Sanchez et al., 2018).

Over the oceans, aerosol populations are comprised of marine aerosol and transported continental aerosol. When comparing the cloud forming potential of different aerosol populations, it is common to calculate the apparent hygroscopicity parameter, κ, of each population (Petters and Kreidenweis, 2007). Calculating κ values provides a simple way of parameterizing cloud formation which has been widely used in modeling cloud formation (Rose et al., 2010; Markelj et al., 2017). An aerosol with a low κ value requires a high supersaturation for CCN activation while an aerosol with a high κ value needs a lower supersaturation for CCN activation. Typical κ values for continental and marine regions are 0.27 ± 0.21 and 0.72 ± 0.24, respectively (Pringle et al., 2010). Variations in κ values arise due to dependence on aerosol source, composition, and aging. Table 1 shows a summary of κ values from various field campaigns and laboratory experiments.


Table 1. Summary of κ values.
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Results from a laboratory study that measured the CCN activity changes of sodium chloride or artificial seawater mixed with surfactants estimated there would be less than a 3% change in the CCN number concentrations over the remote boundary layer under simulated “bloom” conditions (Moore M. J. K. et al., 2011). The inclusion of organic matter during bubble bursting and sea spray aerosol (SSA) formation had little effect on CCN activity suggesting that phytoplankton derived organic matter had negligible effects on CCN formation. The influence of the organics was largely masked by the influence of salts on cloud formation. In a previous study, the organic concentration measured in both fresh and aged SSA indicated that the organic content did not correlate with the CCN activation of the SSA (Herich et al., 2009; Modini et al., 2010), further suggesting that the changes in the amounts of organics present had no effect on the particles propensity to activate as CCN. Oppositely, studies have shown that the enriched organic component in ambient aerosol and could have a larger impact of the CCN activation. A laboratory experiment by Rastelli et al. (2017) found that the generation of sea spray aerosol through bubble bursting produced aerosols enriched in each organic component analyzed which included lipids (enrichment up to 140,000), carbohydrates (enrichment up to 100,000), and proteins (enrichment up to 120,000). Van Pinxteren et al. (2017) found that organic carbon was enriched in the SML relative to bulk seawater on average by a factor of two and further enriched in submicron ambient aerosol by a factor of 103-104 during periods of low chlorophyll a and 105 during periods of high chlorophyll a. Another study measured the concentration of individual saccharides relative to sodium and found enrichment of 14–1,314-fold in fine SSA, 3–138-fold in coarse SSA, and 1.0–16.2-fold in SML compared to bulk water (Jayarathne et al., 2016). Schill et al. (2015) studied internal mixtures with sea salt: galactose over a range of mass mixing ratios. These results show that for an increasing concentration of organic matter within a mixture the κ values decrease. Fuentes et al. (2011) observed that the presence of marine organic matter caused a reduction of 5–24% in the cloud condensation activity of the primary marine aerosol compared to seawater not containing any marine organics. In a series of mesocosm experiments, Schwier et al. (2017) found there were little differences in the properties of submicron aerosol generated from seawaters of the control mesocosm compared to the primary marine aerosol (PMA) generated from the enriched mesocosms, indicating that artificial blooms did not strongly affect the physical or chemical properties of PMA. In summary, there is a wide range of reported marine κ values ranging from a low κ value of <0.30 to a high κ value >0.90. A clear explanation of the causes of the variations remains unknown in part because the connection between the properties of primary marine aerosol and its organic content and composition are poorly understood.

The ability of an aerosol to activate as a CCN depends on its chemical composition as well as its size. At one point it was thought that the major source of marine CCN originated from secondary sulfate aerosol (Charlson et al., 1987). It has since been recognized that the ocean also emits primary organic aerosols which may contribute to the marine CCN population (Quinn and Bates, 2011). Microorganisms (including phytoplankton) release dimethylsulfoniopropionate (DMSP) into the water. DMSP is lysed by enzymes to produce dimethyl sulfide (DMS) and its volatile nature results in a flux to the atmosphere. After a series of oxidation reactions lasting 1–2 days in the troposphere, DMS produces sulfate aerosol (Andreae, 1990; Chen et al., 2018). A recent study quantified DMS-derived CCN concentrations from primary production and reported an increase in CCN concentrations during the biologically active late-spring compared to late-autumn when biological activity was low (Sanchez et al., 2018). Contrary to these results, Bates et al. (2020) showed that the physiological state of marine phytoplankton ecosystems have little effect on SSA and hypothesized that the major source of organic SSA is the pool of background dissolved organic carbon (DOC) available in the ocean (Quinn et al., 2014). Primary marine aerosol contributions to CCN have not been quantified with the same rigor as DMS contributions to CCN. This is due in part to the lack of measurements that constrain the amount, chemical composition, and potential sources of organic matter in primary marine aerosol (Brooks and Thornton, 2018). The wide variety of marine κ values reported across experimental and field campaigns suggest that organics may be responsible for this variability.

Sea spray aerosol composed predominantly of salt enters the marine boundary layer at an estimated rate of 2,000–10,000 Tg yr−1 (Gantt and Meskhidze, 2013). SSA also contains 10 ± 5 Tg yr−1 of organic material. While this is a relatively small amount, it may have significant impacts on the cloud forming properties of aerosols. The composition of seawater, contains 35 g/L salts and 0.002 g/L organics (Mackinnon, 1981; Hansell and Carlson, 2014). These organics are mainly contributed by the marine dissolved organic carbon (DOC) reservoir which, at 662 Pg (Hansell et al., 2009) is the largest pool of reduced carbon in the ocean. DOC is operationally defined as organic matter that passes through a 0.70 μm filter and is comprised of myriad of compounds that span from dissolved solutes, to colloidal material to small cells and cell parts (Carlson and Hansell, 2015). DOC is often grouped into low molecular weight (LMW) and high molecular weight (HMW) pools, which are <1,000 atomic mass units (amu) and >1,000 amu in size, respectively (Benner and Amon, 2015). HMW DOC is typically 25–40% of the DOC pool in the surface ocean (Benner, 2002; Kaiser and Benner, 2009). Injections of fresh DOC into the atmosphere can contribute to changes in SSA composition (Miyazaki et al., 2018).

In a series of field experiments in clean regions (with minimal anthropogenic influences) of the North Atlantic and Arctic, the majority of organic mass in aerosols was classified as carbohydrate-like compounds containing hydroxyl groups from primary marine emissions (Russell et al., 2010). Similarly, another study found that chemical interactions between soluble saccharides and surface-active molecules could provide a saccharide-like composition of the SSA (Burrows et al., 2016) through a proposed mechanism of ion-mediated co-adsorption (Schill et al., 2018). Conversely, Lawler et al. (2020) determined that the alcohol functional group was a major contributor to primary sea spray organic mass and that polysaccharides represent some fraction of the alcohol group mass but do not appear to be the main contributor. Changes in molecular diversity in seawater have been shown to modulate the CCN activity of SSA (Cochran et al., 2017). However, relating the composition of SSA to organic matter in the water column is a challenge given the molecular diversity of dissolved organic material (DOM) is an estimated 1012-1015 compounds (Hedges, 2002). During a phytoplankton bloom, the composition of organic matter in the water column will depend on community composition of the phytoplankton and associated bacterioplankton, their relative abundances, production, and physiological strategy as they respond to the dynamic physical and chemical environment (Williams, 1995; Carlson et al., 1998; Kujawinski, 2011; Thornton, 2014). Consequently, the molecular diversity of marine aerosols is affected by the composition and productivity of microorganisms in the water (Cochran et al., 2017). In a mesocosm experiment it was found that only 32% of the submicron aerosol contained long-chain fatty acids at the beginning of a phytoplankton bloom (Cochran et al., 2017). Other compounds included polysaccharides (14%), siliceous material (13%), and a mixture of free saccharides and short-chain fatty acids (17%). However, at the later phases of the bloom the fraction of long-chain fatty acid particles increased significantly (up to 75%). High concentrations of CCN were measured in sea spray aerosol enriched in organic matter, suggesting this phenomenon was related to the enrichment of marine hydrogels in the SSA which contributed to the CCN population (Ovadnevaite et al., 2011). Gel-forming properties similar to those in marine hydrogels are thought to play a role in the observed dichotomous behavior of organic rich sea spray particles (Ovadnevaite et al., 2011). Primary aerosols are injected into the atmosphere through bubble bursting, in which bubbles in the ocean rise to the surface where they pass through the sea-air interface, known as the sea surface microlayer (SML). The SML is operationally defined as the uppermost 1–1,000 μm of the ocean (Liss and Duce, 1997). It is enriched in surface-active organic compounds, such as proteins, lipids, polysaccharides, and amino acids, relative to the subsurface waters (Kuznetsova and Lee, 2002; Reinthaler et al., 2008; Cunliffe et al., 2013; Thornton et al., 2016; Aller et al., 2017). Enriched organics present in the SML can be in the form of gel-like particles such as Coomassie Stainable Particles (CSP) (which contain protein) and Transparent Exopolymer Particles (TEP) (which contain acidic polysaccharides) (Alldredge et al., 1993; Passow, 2002; Wurl and Holmes, 2008; Thornton et al., 2016; Engel et al., 2017). Surface active compounds (surfactants) are emitted to the atmosphere as a major component of primary marine aerosol (Cochran et al., 2016; Chingin et al., 2018; Frossard et al., 2019) through bubble bursting (Facchini et al., 2008; Frossard et al., 2014, 2019). While bubble bursting through the SML is a source of primary marine aerosol (Russell et al., 2010; Brooks and Thornton, 2018), previous work suggests that surface active compounds are primarily emitted from the ocean directly by bubble plumes, which scavenge organics as they rise to the surface (Chingin et al., 2018; Beaupre et al., 2019; Frossard et al., 2019).

Organic carbon can be enriched by more than 100% from the subsurface waters to the SML (Van Pinxteren et al., 2017). By comparison, the enrichment of salt in the SML does not typically exceed 3% compared to the bulk water (Liss and Duce, 1997). Organic compounds common in the SML have been identified in primary marine aerosol, including HMW surface active DOM, such as polymers incorporated into microgels, TEP, and CSP (Kuznetsova et al., 2005; Orellana et al., 2011; Aller et al., 2017). HMW species are of interest because they tend to be largely surface active organics (Engel and Händel, 2011; Engel and Galgani, 2016). As such, it has been proposed that their potential role in improving CCN efficiency is high even when they are present in low concentrations, with organic mass fraction as small as 0.20 (Sorjamaa et al., 2004; Lowe et al., 2019). In addition, HMW DOM is more closely coupled to local biological activity than LMW DOM as it is generally more recently produced. Additionally, freshly produced LMW compounds are also the most labile compounds, thus the flux and associated turnover of fresh LMW can be very high resulting in little fresh LMW DOM accumulation. In contrast, LMW DOM contains more recalcitrant material that reflects the “background” DOM but can also be coupled to local biological activity (Amon and Benner, 1996).

To date, the connection between HMW organic surfactants concentrated in the SML and cloud formation is uncertain. Since HMW organic species tends to be surface active, their presence even in relatively small quantities may reduce the equilibrium vapor pressure over drops promoting the activation and growth of cloud droplets (Lohmann et al., 2016; Kubicki et al., 2019). It has been shown that after marine primary aerosol are formed they can become coated with organic surfactants, such as long-chain hydrocarbons (Djikaev and Ruckenstein, 2014; Luo et al., 2019). In this study, SML samples were collected in the North Atlantic Ocean to quantify the relative importance of the salt and organic constituents of aerosols emitted from the surface waters. Analyzing SML samples rather than directly collected SSA is a clear caveat in this study. However, previous studies have also relied on SML samples (Rasmussen et al., 2017; Irish et al., 2019; Christiansen et al., 2020; Ickes et al., 2020; Wolf et al., 2020) and even on surface water samples (Mason et al., 2016; Irish et al., 2017; Wilbourn et al., 2020) to understand the warm and ice cloud nucleating behavior of materials contained in aerosol. Christiansen et al. (2020) observed that the CCN activity of SML samples collected in the North Atlantic and Arctic Ocean was the same as artificial seawater containing only salt, within experimental error. Although seawater rather than SML samples were analyzed, Rasmussen et al. (2017) did not observe significant changes in CCN properties due to marine organics. In our study, a subset of the SML samples were desalted to remove all sea salt components leaving only the organic constituents behind. Next, both SML and desalted SML samples were aerosolized and their CCN properties were measured. Modified Köhler theory, along with supporting measurements of SML composition and surface tension, was used to evaluate the contribution of primary organic aerosols to the overall cloud formation process. The results from this modeling study determine how mixtures of marine organics and salts influence κ values. Modeled results were compared to the observed CCN properties to provide insight on which SML components drive the cloud formation potential of marine aerosols.



EXPERIMENTAL DETAILS

The National Aeronautics and Space Administration (NASA) North Atlantic Aerosols and Marine Ecosystems Study (NAAMES) focused on the effects of phytoplankton blooms and associated ecosystem processes on the formation of marine aerosols and their effect on boundary layer cloud properties (Behrenfeld et al., 2019). NAAMES consisted of four separate research cruises on the R/V Atlantis over a 4-year span. Within the context of NAAMES, the objective of this study was to characterize the cloud-forming potential of organic compounds in marine aerosols generated by the SML, in comparison to the cloud forming potential of salts. SML samples were collected during the third and fourth campaigns, August-September 2017 and March-April 2018, respectively. Composition analysis included ion chromatography (IC), total organic carbon (TOC) measurements, and DOC measurements.


Sample Collection and Storage

SML samples were collected during cruises in August–September 2017 (NAAMES 3) and March–April 2018 (NAAMES 4) at each of the stations indicated in Figure 1. At each station, profiles of hydrographic variables including TOC, DOC, and chlorophyll a were collected in the surface 500 m as described in Behrenfeld et al. (2019) and Baetge et al. (2020). These were later compared against corresponding measurements of SML samples to determine which components were enriched in the SML. To collect a SML sample, a Garrett screen (57.5 cm2) was attached to a nylon rope and lowered over the starboard side of the ship (Garrett, 1965; Galachyants et al., 2016; Dreshchinskii and Engel, 2017; Sabbaghzadeh et al., 2017; Drozdowska et al., 2018) until it lightly touched the surface of the ocean and then it was pulled back up to the deck. During times of SML sampling, the ship was in a stationary position and the screen was lowered down to the ocean surface close to the hull of the ship. The Garrett screen was held at an angle to allow the microlayer sample to run off the screen through an acid-cleaned glass funnel and into an acid-cleaned polycarbonate bottle. Sampling was repeated until a volume of ~1.5 L was collected. Milli-Q water was used to clean the screen, funnel, and polycarbonate bottle between sampling periods. Samples were then subsampled for CCN property measurements into acid-washed storage bottles and immediately placed into a −80°C freezer to preserve the samples until they could be analyzed in laboratories at Texas A&M University and NASA Langley Research Center (LaRC). Samples were also subsampled for TOC and DOC into pre-combusted (4 h at 450C) 40 mL borosilicate glass EPA vials, fixed immediately with DOC-free 4N HCl to a pH of <3, and stored at ~14°C in an environmental chamber free of volatile organics until processing at the University of California, Santa Barbara.


[image: Figure 1]
FIGURE 1. Subset of NAAMES 3 and NAAMES 4 sampling stations. Sampling stations are indicated with red markers. The blue marker indicates the start and end point for NAAMES 3 and the end point for NAAMES 4.




Desalting Process

Prior to measuring the cloud activation potential of the organics contained in the microlayer, it was necessary to first remove the non-organic salt components from the samples. Chlorophyll a concentrations were measured using HPLC. From each field campaign, two samples were chosen from the stations with the highest and lowest chlorophyll a concentration (Table 2). To begin the desalting process, the samples were removed from the −80°C storage freezer at Texas A&M University and allowed to thaw at room temperature. Next, the salinity of each sample was determined using a portable refractometer. The samples were not filtered prior to the desalting process.


Table 2. Salt concentrations of selected samples before and after desalting.
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The desalting process was conducted using Spectra/Por 7 regenerated cellulose membrane (Spectrum Chemical) tubing with a volume to length ratio of 4.6 ml/cm. The inside and the outside of the tubing was rinsed with ultra-high purity (UHP) water to remove any associated organic or inorganic compounds. A clamp was placed on one end of the tubing and then the tubing was filled with 10 ml of sample. The other end was clamped closed and the bag was placed in a container filled with UHP water. The water in the container was stirred every 2 h and the salinity of the samples was measured after 6 h using a portable refractometer. After 6 h the water in the container was replaced with fresh UHP water and the final salinity of the samples was measured again after 24 h. The samples were poured from the dialysis tubing into VWR sterile 15 ml centrifuge tubes and frozen at −80°C until further analysis could be performed.

Dialysis membranes are characterized by their molecular weight cut-off (MWCO), which is defined by the manufacturer as the smallest solute at which 90% (by weight) is retained by the membrane. The Spectra/Por 7 membrane had a molecular weight cut-off 1,000 amu. Additionally, the efficiency of the Spectra/Por 7 membrane was determined in previous work (Thornton et al., 2007). For compounds with sizes below the MWCO, the removal efficiency will be increased. The membrane removed salts in this study by >99% as confirmed by the refractometer and ion chromatography measurements. Conversely, the representative HMW organic compounds evaluated in this study, 6-glucose (a stable oligosaccharide composed of 6 glucose units), humic acid, and RuBisCO, are each larger than the membrane MWCO. Based on the manufacturer specifications, at least 90% of the mass of these organic compounds was retained. Since it was not feasible to measure the organic composition in the desalted samples, a more accurate value cannot be reported. Fortunately, the CCN measurement procedure employed in this study is not sensitive to the total mass of material, only to the relative contributions to the mass of solutes in the aerosolized solution. It should be noted that any smaller organic compounds, i.e., the LMW organic compounds, will be largely removed during the desalting process. Since the desalting process largely removed LMW compounds, measurements after desalting reflect the HMW organic compounds.



Characterizing Organic and Salt Contributions to Cloud Formation Potential

The SML and desalted SML (DSML) samples were shipped in an insulated container with dry ice to the NASA LaRC for further analysis, including the abundance and size distribution of aerosols generated from the samples in the laboratory, the CCN activity of the aerosols, ion chromatography (IC), and surface tension.



Cloud Condensation Nucleation

The setup for CCN measurements in the NASA LaRC laboratory is shown in Figure 2. A custom built nebulizer was used to create aerosols from the SML and DSML samples. While the nebulizer generated particles, the CCN measurements in this study were not sensitive to the total mass of material, only to the relative concentrations of the mass of solutes in the aerosolized solutions. The aerosols were then passed through a desiccant drier to a differential mobility analyzer (DMA, TSI Inc. Model 3082) for size selection. The size range was set to measure aerosol sizes from 10 to 520 nm. Exiting the DMA, the flow of aerosols was split between a condensation particle counter (CPC, TSI Inc. Model 3776) and a cloud condensation nuclei counter (CCN counter, Droplet Measurement Technologies, Inc. CCNC-100). The use of the nebulizer in this study may have reduced the organic fraction in the aerosol to some degree. Other studies have reported that using the water fall method produces aerosols with more realistic marine aerosol compositions than other generation methods (Fuentes et al., 2010; Prather et al., 2013; Stokes et al., 2013; Collins et al., 2014; Lee et al., 2015; McCluskey et al., 2017; Christiansen et al., 2019).


[image: Figure 2]
FIGURE 2. Experimental setup for CCN measurements.


Using the LaRC setup shown in Figure 2, a supersaturation was selected on the CCN counter. Then a series of diameters were scanned by the DMA to allow a range of particle sizes to enter the CCN counter (Moore et al., 2010). The activated fraction, which is the ratio of the concentration of particles which activate at a given supersaturation as CCN (measured by the CCN counter) to the total concentration of particles counted (measured by the CPC) was determined as a function of diameter.

The critical diameter of an aerosol is defined as the diameter an aerosol must reach for spontaneous uptake of water and cloud droplet formation to ensue. Operationally, the critical diameter was determined by plotting activated fraction against dry diameter and determining the diameter at which 50% of the particles activated as CCN (Rose et al., 2008; Ma et al., 2013). The critical supersaturation, defined as the supersaturation when the critical diameter is achieved and spontaneous growth occurs, was also determined. An example of an activated fraction vs. diameter plot is provided in Supplementary Figure 1.

Prior to the experiment, CCN instrument calibrations were performed following the procedure of Moore et al. (2010). Using data from an ammonium sulfate calibration, the critical supersaturation of ammonium sulfate determined using Köhler Theory was plotted against the temperature gradient measured within the CCN instrument. Model I regression was used to calculate an adjusted supersaturation and hence, the critical supersaturation. In the Model I regression the temperature gradient was considered the independent variable and the percentage supersaturation was considered the dependent variable.



Seawater Organic Carbon Measurements

Replicate TOC and DOC concentrations (μmol C L-1) were determined by the high temperature combustion technique using Shimadzu TOC-V or TOC-L analyzers (Carlson et al., 2010). Each batch analysis was calibrated using glucose solutions of 25–100 μmol CL-1 in low carbon blank water. Data quality was assessed by measuring surface and deep seawater references [sourced from the Santa Barbara Channel (SBC)] after every 6–8 samples. Precision for DOC analysis is ~1 μmol L-1 or a coefficient of variation (CV) of ~2%. SBC reference waters were calibrated with DOC consensus reference material provided by Hansell (2005).

For the subsurface waters TOC samples were taken directly from the shallowest Niskin bottles (5 m), and DOC samples were filtered through 0.7 μm GF/F filters from the Niskin bottles. From the SML samples, a total of six corresponding TOC and DOC samples were taken. In those samples, the mean difference between the two measurements was 3.94% (Supplementary Figure 2). All other SML samples were only subsampled for either TOC or DOC. To be able to compare subsurface samples to SML samples, the mean difference between SML TOC and DOC was applied as a correction factor to TOC samples, such that DOC in those samples equaled: TOC - (TOC × 0.0394).



Salt Concentration Measurements

To obtain measurements of the salt concentrations before and after desalting, a portable refractometer and ion chromatography (IC) were used. Ion chromatography (Dionex ICS-3000, ThermoFisher Scientific) measured the concentrations of chloride, bromide, nitrate, sulfate, sodium, ammonium, potassium, magnesium, and calcium. Two parallel systems were used to analyze anions and cations using potassium hydroxide and methanesulfonic acid eluents, respectively. Ion peaks were identified using conductometric detection and quantified against inorganic standards (Dionex combined seven anion standard II, Dionex combined six cation standard, ThermoFisher Scientific). Then, using the IC data and the stoichiometry of the most abundant salts in seawater (Morcos, 1970), the relative concentration of salts was determined by pairing cations with anions to predict concentrations of sodium chloride, magnesium chloride, magnesium sulfate, and sodium sulfate. While other compounds found in seawater were not considered, these four compounds comprised at least 95% of the mass of the salts in each SML sample. No IC data available for NAAMES 3 Station 6 sample so the composition was assumed to be the same as the NAAMES 3 Station 1 sample. For reference, the ion chromatography data is reported in Supplementary Table 1.



Surface Tension

The surface tension was measured for each SML and DSML sample using a pendant drop tensiometer (Biolin Scientific Model Attension Theta). The measured surface tension values of the SML and DSML samples were used in the predictions of the hygroscopicity parameter, κ, as discussed below. In CCN calculations, the surface tension is often assumed to be that of pure water (Ovadnevaite et al., 2017; Bzdek et al., 2020; Lin et al., 2020). However, that assumption may be inaccurate in the case of marine samples because surface active microgels, carbohydrates, proteins, and lipids can reduce surface tension and allow CCN to activate at lower supersaturations (Moore et al., 2008; Brooks and Thornton, 2018; Jenkinson et al., 2018). It has been suggested that for the surface tension of aerosols composed purely of surfactants to reach its equilibrium requires significant time (as much as 100 s or more) (Noziere et al., 2014). Fortunately, the inclusion of salts, such as in marine aerosol, reduces the equilibrium time. Therefore, in the present study, the surface tension and CCN measurements may have had sufficient time to each equilibrium, after all. Nevertheless, this should be addressed in future research.




CALCULATIONS


Calculating κ Values From CCN Measurements

Traditional Köhler Theory describes an aerosol's ability to activate as a CCN and form cloud droplets based upon the aerosol's physical and chemical properties (Köhler, 1936). The aerosol's size and composition will affect the aerosol's cloud-forming efficiency by changing the critical diameter and critical supersaturation. Petters and Kreidenweis (2007) reformulated the Köhler equation as κ-Köhler Theory to provide a single parameter, κ, to predict cloud activation based on particle hygroscopicity. Values of κ can be derived directly from CCN measurement or predicted based on physicochemical properties of the aerosols available to act as CCN.

The flow chart in Figure 3 shows the inputs required to calculate κ values directly from CCN measurements and to predict κ values based on physiochemical properties and auxiliary measurements. The critical diameter (D) and critical supersaturation (Sc) were determined experimentally as described above. Next, a κ value was determined using Equations (1) and (2) (Petters and Kreidenweis, 2007). The surface tension of SML and DSML samples was measured and used as an input in Equation (2) (also used in Equation 12) to predict the critical diameter of a droplet at thermodynamic equilibrium. In these equations, σ is the surface tension of the solution (SML or DSML sample measured in this study), MWwater is the molecular weight of water, ρwater is the density of water, R is the ideal gas constant, T is the temperature in Kelvin, D is the dry diameter of the particle, and Sc is the critical saturation ratio. The terms within the variable A are based on the physical properties of pure water, except for σ which is based on the solution.

[image: image]
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FIGURE 3. Flow chart for analysis to determine κ values from measurements and predicted κ values. The trapezoids and rectangles indicate the instrumentation or analysis technique used and the information collected from the specified methods, respectively.




κ Predictions Based on Organic Compounds in the SML

To predict κ values based on physiochemical properties, the measured organic and inorganic compositions and surface tension were used as inputs in combination with choices of representative organic compounds in the SML (Figure 3). The primary purpose of these predictions was to quantify how the total organic mass in marine aerosols influenced the aerosol's ability to act as a cloud forming droplet. Secondly, predicted κ values were compared to experimentally obtained κ values to evaluate which possible organic composition best matches the observations.

The SML predicted κ values were calculated using the quantity of salts (from ion chromatography) and measured DOC concentrations. According to the ion chromatography, the DSML salt concentration was reduced by >99% from the desalting process. For the predicted κ values for the DSML samples, the organic concentrations were assumed to be the same as the concentrations in the SML samples. Measured DOC concentrations were converted from [image: image] to [image: image] based on the molecular formula of the representative organic species.

Three different HMW organic compounds, 6-glucose, humic acid, and RuBisCO, were chosen to represent the marine organic compounds in the Atlantic Ocean. Properties for each of the HMW organic compounds are shown in Table 3. The theoretical κ values included in the table were calculated using modified Köhler theory, as discussed below. Six-glucose is an oligomer of glucose. Glucose is a major component of DOM (Skoog and Benner, 1997; Goldberg et al., 2011) and a main building block of polysaccharides. Carbohydrates make up about 20% of marine DOM, with the bulk being polysaccharides (Benner et al., 1992). Humic acid is known to contribute to marine surfactants, both can be enriched in the SML (Drozdowska et al., 2017). RuBisCO is a key enzyme in carbon fixation in plants, algae, cyanobacteria, and phototrophic and chemoautotrophic bacteria, and is responsible for carbon fixation during 95% of marine photosynthesis (Orellana and Hansell, 2012; Dai et al., 2018; Bar-On and Milo, 2019). RuBisCO is the most abundant protein on Earth (Ellis, 1979).


Table 3. Properties of inorganic and organic compounds.
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As described above, the desalting process removed ~90% of any LMW compounds which may have been present in the initial samples, while leaving at least 90% of the HMW compounds in the samples. Therefore, a direct comparison between the desalted field samples and calculations for LMW compounds cannot be made. Nonetheless, several LMW compounds are included in Table 3 to provide insight on how cloud properties vary with organic composition. Along with humic acid, fulvic acid contributes to DOM (Drozdowska et al., 2017). Triolein was chosen because in unpolluted surface microlayers 40–65% of the lipids are fatty acids and triacylglycerols (Arts, 1999). Triolein is a triglyceride formed from oleic acid which has been measured in the North Atlantic Ocean waters and also from aerosol measurements sampled over the North Atlantic Ocean (Duce et al., 1983). The photosynthetic pigment chlorophyll a was chosen because of its ubiquitous distribution and relatively high concentrations in the surface ocean, and because it is used as an indicator of phytoplankton biomass.

To predict a κ value for the SML and DSML samples, the concentration of salts and organics within the aerosol must be considered (Rogers and Yau, 1989). First, the salts were considered independently from the organics. The individual salt ions measured by the IC were paired together to form ionic compounds (sodium chloride, sodium sulfate, magnesium sulfate, magnesium chloride, and calcium sulfate) that are typically found in seawater (Supplementary Table 1). Next, the number of moles and mole fraction of each compound in the seawater were determined. The mole fraction (mole fractionsalts) and the molecular weight (molecular weight) of each compound were used to find the weighted molecular weight of the salts (MWsalts), shown in Equation (3). Using the mole fraction and the van't Hoff factor, the weighted van't Hoff factor for each compound was determined. The van't Hoff factor is a ratio between the actual concentration of dissolved ions produced when the substance is dissolved and the molar concentration of the substance. The weighted density of the salts (ρsalts), is shown in Equation (4), which includes the volume fraction of the salts (volume fractionsalts) and the density (density). We refer to the mixture of ionic salt compounds present in the microlayer samples as salts.
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For samples containing organics and salts, the salt concentration was determined as a weighted average as above, and for simplicity we assumed the molar C equivalent of the SML DOC concentration was composed of a single organic compound. We recognize that this is an oversimplification of the complexity of naturally occurring DOC, but it is useful as a first order evaluation of whether a compositional shift in DOC had an impact on κ values. The measured DOC concentration was converted from [image: image], which is the number of μmoles of carbon per liter, to g/L of the single representative organic compound. This conversion is shown in Equation (5) where N is the number of carbon atoms in the chosen organic compound and MWorg is the molecular weight of the chosen organic compound. Since the number of carbon atoms in the molecules varies between samples, the term N is used to normalize the organic concentration between the different organic compounds considered.

[image: image]

Since the SML samples contain both salts and organics, the next step was to determine the volume fraction for the salts and the organics in the SML aerosols. In calculating the volume fractions, it was assumed that the volume of the solute plus the volume of water equals the total volume (volume additivity assumption), which uses the pure water density to determine the partial molar volume of the water. One volume fraction was used to determine the concentration of salts present in the aerosol and another volume fraction was used to determine the concentration of organics present in the aerosol. In these equations Wsalts is the volume fraction for the salts, Worg is the volume fraction for the chosen organic compound, ρsalts is the weighted density of salts, organic concentration is determined using Equation (5), and ρorg is the density of the chosen organic compound.
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The density of the particle was determined as a volume-weight average of the pure component densities. In this equation ρparticle is the density of the particle, Wsalts is the volume fraction for salts, ρsalts is the weighted density of salts, Worg is the volume fraction for organics, and ρorg is the density of the chosen organic compound.
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Similarly, the mass of the organic in the SML aerosol was determined using the density of the organic and the volume of the particle. The volume of the particle was determined assuming the particle was a sphere. In these equations D is the critical diameter, massorganic is the mass of the organic, ρorg is the density of the organic, and V is the volume of the particle.
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Once the density of the particle was known, the mass of the mixture within the aerosol generated from the SML was calculated. In this equation massmixture is the mass of the mixture, ρparticle is the density of the particle determined using Equation (8), and V is the volume of the particle determined using Equation (9).
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Since the SML aerosol was a mixture of salts and organics, the factors to calculate a κ for the aerosol must be weighted based on the concentration of salts and organics present in the aerosol. These variables include a weighted van't Hoff factor, iweighted, and a weighted molecular weight, MWweighted. Using Equations (6) and (7) above, a weighted van't Hoff factor and a weighted molecular weight were calculated for the mixture of salts and organics within the particle. For the weighted van't Hoff factor, a van't Hoff factor of 1 was used for each organic composition assuming the organic was unlikely to dissociate in water.

Using Equation (12) (Rogers and Yau, 1989), the critical supersaturation was calculated.
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In Equation (13), σ is surface tension of the solution measured in the experiments, ρwater is the density of water, R is the ideal gas constant, and T is the temperature in Kelvin. In Equation (14), i is the van't Hoff factor, masss is the mass of the solute, MWwater is the molecular weight of water, ρwater is the density of water, MWs is the molecular weight of the solute.

In calculating the parameter c for an internally mixed composition, the weighted factors calculated above are needed. For the SML aerosols containing both salts and organics, the weighted factors adjust the calculations to reflect the concentrations of salts and organics present in the mixed aerosol. When determining κ for the aerosols generated by the desalted SML samples, the weighted factors were also needed, due to the fact that a reduced concentration of salt remained in the samples following the desalting process. These remaining salts were quantified using IC data. Therefore, the aerosols generated by the DSML samples must also be treated as a mixture of salts and organics but the concentration of salts has been greatly reduced. When the aerosol was treated as organic only, the κ values predicted were too low and did not match the κ values derived from the CCN measurements. Equations (14a) and (14b) include chemical composition data that is needed to calculate a κ value for the aerosols generated by the DSML and SML samples. Equations (14a) and (14b) show how the equation is modified depending on if the aerosol is considered pure organic or mixed (salts and organics). In these equations MWwater is the molecular weight of water, ρwater is the density of water, co is a parameter for organic composition only, iorg is the van't Hoff factor for the organic, massorganic is the mass of the organic, MWorg is the molecular weight of the chosen organic compound, cm is a parameter for a mixture of organics and salts, iweighted is the weighted van't Hoff factor, massmixture is the mass of the mixture, and MWweighted is the weighted molecular weight. The mixture mass is the organics plus the salts measured before or after desalting.
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After the critical supersaturation has been calculated, it is used in variations of Equations (1) and (2) to determine the κ values.




RESULTS AND DISCUSSION


CCN Measurements

The critical diameters and κ values derived from CCN measurements of aerosolized SML and DSML samples are shown in Figures 4A,B, respectively. As expected, the mean critical diameter for SML samples decreased with an increase in supersaturation (SS), ranging from 48.6 ± 0.5 nm at 0.32% SS to 20.3 ± 0.3 nm at 1.24% SS. Rasmussen et al. (2017) determined the critical diameters of aerosolized SML to be 70.9 nm at 0.2% SS and 30.6 nm at 0.76% SS. Christiansen et al. (2020) found the critical diameters of aerosolized SML to be 100 nm at 0.11% SS and 50 nm at 0.32% SS. The DSML critical diameters ranged from 73.9 ± 5.7 nm at 0.32% SS to 27.9 ± 1.0 nm at 1.24% SS. At every supersaturation, a t-test was performed to compare the SML and DSML critical diameters. In all cases, the critical diameter was different at the 5% significance level. The mean κ value for SML samples ranged from 0.83 ± 0.09 at 0.63% SS to 1.1 ± 0.03 at 0.32% SS. The mean κ values for DSML samples ranged from 0.32 ± 0.07 at 0.32% SS to 0.39 ± 0.04 at 1.24% SS. From station to station the SML κ value observed at each supersaturation varied at most by ±0.09 and the DSML κ value varied at most by ±0.07. These data suggested that the desalting process affected κ values more than the variation in organic matter between stations.
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FIGURE 4. (A) Measured critical diameters of aerosols generated from SML and DSML samples. (B) Hygroscopicity parameter, κ, values derived from CCN measurements for aerosols generated by SML and DSML samples. The black, red, green, and blue symbols indicate measurements at 0.32% 0.63% at 0.93%, and 1.24% supersaturation, respectively. The open symbols indicate DSML samples and the solid symbols indicate SML samples. Error bars show error calculated using error propagation analysis.


The results suggest that aerosols containing relatively more HMW organic material and less salt require more initial aerosol mass for spontaneous droplet growth to occur. In previous studies, indirect evidence has suggested that HMW marine organic compounds are surface active and efficient CCN (O'Dowd et al., 2004; Facchini et al., 2008; Ovadnevaite et al., 2011). However, the results indicate that the concentration of organics present in this study weaken rather than strengthen the cloud-nucleating properties of sea spray aerosol, in that the organic compounds required growth to larger critical diameters prior to activation. Amongst the DSML samples, the highest critical diameter, 81.2 nm at 0.32% SS was observed for the NAAMES 3 Station 6 sample, compared to a lower critical diameter of 67.9 nm at the same SS at NAAMES 4 Station 2. The reason for variations from station to station could not be determined.

SML aerosols were more hygroscopic with κ values of 0.96 ± 0.12 compared to the DSML aerosols which had κ values of 0.36 ± 0.05 (Figure 4B). In the DSML samples, the κ values were significantly lower than those from the SML samples. As above, a t-test was performed on the κ values from the SML and DSML samples at the 5% significance level which concluded that the SML κ values were statistically higher than the DMSL values. Collins et al. (2016) found global marine κ values ranged from 0.70 to 1.4 with an average of 0.95 ± 0.15. The κ values from the present study are higher than those observed along the coast of Southern California which averaged 0.22 ± 0.12; however, this study reported that pollution and other anthropogenic sources led to possible decreases in κ values (Gaston et al., 2018). To our knowledge, this is the first study to determine κ values directly from aerosols generated by SML samples. Broadly speaking, the κ values in this study were in good agreement with a modeling study which estimated global mean κ for marine regions of 0.72 ± 0.24 (Pringle et al., 2010). However, their modeling results exhibited a narrower standard deviation than the range of values in our study. The current study is novel in that the aerosolized SML samples were analyzed to determine κ values directly from aerosols generated by SML samples, and it must be noted that the difference in techniques may contribute to different values of κ. To our knowledge, the only previous study on κ values of SML samples was that by Christiansen et al. (2020). They report κ values of 1.03–1.16, though these were taken in the Arctic Ocean unlike our own.



Comparison of Variables Between SML and Water Column

The station averaged DOC concentrations in the SML samples are shown in Figure 5. These concentrations were used to calculate the total mass of organics present in the aerosols generated by the SML and DSML samples. In all cases, the SML had a higher concentration of DOC than the subsurface water, which was sampled at 5 m using the conductivity, temperature, depth (CTD) rosette. The enrichment factor for DOC in the SML ranged 1.2–3.2 compared to the subsurface water. The SML chlorophyll a concentrations at each station are also shown in Figure 5. SML DOC concentrations were not directly coupled to phytoplankton biomass, indicated by the fact that the lowest SML chlorophyll a concentration was associated with the highest SML DOC concentration. The lack of correlation between SML DOC and chlorophyll a concentrations is unsurprising given that DOC is comprised of a myriad of compounds of varying lability and turnover times that is dominated by large and old refractory background pool (Carlson, 2002; Hansell, 2013).


[image: Figure 5]
FIGURE 5. Station averaged dissolved organic carbon (DOC) and chlorophyll a concentrations in SML samples. The blue and green bars represent the DOC concentrations and chlorophyll a concentrations, respectively. The black lines on each blue and green bar represent the standard deviation across measurements of DOC and chlorophyll a at each station.




Salt Concentration

A comparison between the salt concentrations measured using portable refractometer and ion chromatography (IC) data is included in Table 2. The portable refractometer was used to monitor the salinity of the samples during the desalting by dialysis. The limit of detection for the portable refractometer was 1.7 parts per thousand by volume (pptv). The refractometer was used as an initial measurement technique to determine if the desalting process would be effective at decreasing the concentration of salts in the SML samples. Since the refractometer is not a high resolution instrument, IC was used to determine the concentration of the individual salts in the samples. The IC data was used to calculate the weighted molecular weight, weighted van't Hoff factor, and the weighted density of the total salts present in the samples. By comparing the concentrations of inorganics measured before and after the desalting, it was clear that dialysis was effective (Table 2). Desalting removed >99% of the mass of salts from the SML samples.



Surface Tension

The mean surface tension of the SML and DSML samples were 69.4 ± 1.8 mN/m and 70.4 ± 2.0 mN/m, respectively, which are indistinguishable from one another at the 5% significance level. Overall, the surface tension measurements of the SML and DSML samples were small variations from the surface tension of pure water (72.8 mN/m). This result was in contrast to other studies which showed that surface active microgels, carbohydrates, proteins, and lipids can reduce the surface tension and allow CCN to activate at lower supersaturations (Moore et al., 2008; Brooks and Thornton, 2018; Jenkinson et al., 2018). However, the surface tension measured and discussed in this study was performed using the SML and DSML samples. The surface tension of the aerosol generated from the SML and DSML samples was not evaluated. Nevertheless, for accuracy in the calculations, the surface tension measured from the SML and DSML samples (Figure 6) was used in the calculations of κ. The measured surface tension values were utilized in Equations (1), (2), (12), and (13) to determine the critical saturation ratio used when predicting κ values for the aerosols generated by the SML and DSML samples.


[image: Figure 6]
FIGURE 6. Surface tension measurements of SML samples, DSML samples, and pure water. Black, red, and blue symbols indicate measurements from SML samples, DSML samples, and pure water, respectively. Error bars represent the standard deviation (n = 21, 16, and 7 for SML samples, DSML samples, and pure water respectively) of the measurements taken.




CCN Modeling Variation in Organic Composition and Resulting κ Values

Figures 7A–C show the κ values from the CCN measurements compared to the κ values from predictions based on specific HMW organic composition within the SML samples. The composition and concentration of salt used in κ value predictions was based on the IC data of the SML samples. The concentration of the organic compound was based on the DOC measurements. No IC data was available for the NAAMES 3 Station 6 sample so the relative composition was assumed to be the same as the NAAMES 3 Station 1 sample. Adjusting the selected HMW compound used in predicting the SML κ values resulted in no significant difference in κ (5% significance level) (Figures 7A–C). The predicted κ values varied, at most, by ±0.01 across all of the organics chosen. The predicted κ values assuming each organic composition are shown in Table 4 along with the error calculated using error propagation analysis for the κ value prediction. The small variation between different HMW organic compositions was due to large concentration of salt present in the SML samples. The relatively small concentration of organic matter in these samples did not make a significant contribution due to the large concentration of salt.


[image: Figure 7]
FIGURE 7. Measured and predicted κ values for SML and DSML samples using IC data for composition of salts. The different symbols represent the SML and DSML samples collected at different stations. The dark blue symbols indicate the κ values calculated from direct CCN measurements. κ values predicted by assuming a single organic composition of 6-glucose, humic acid, and RuBisCO are presented in green, light blue, and red symbols, respectively. (A–C) show the predicted κ values and the κ values from CCN measurements for the SML samples. The predicted κ values are also provided in Table 4. The white lines on each symbol show the error associated with that measurement which was determined using error propagation analysis. The gray box presents the uncertainty in the κ value for seawater salts, represented by NaCl (upper boundary, 1.34) and calcium sulfate (lower boundary, 0.62), both of which are components in seawater. (D–F) show the predicted κ values and the κ values from CCN measurements for the DSML samples. These κ values include the small amount of salt remaining after dialysis. Error bars were calculated using error propagation analysis. The purple box indicates a range of κ values calculated for the organics assuming the organic molecular weight, density, and number of carbons may independently vary by +50% relative to RuBisCO, as described in Table 5 (Cases 2–7).



Table 4. Predicted κ values for SML samples varying organic composition.
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When discussing aerosols generated in a marine environment, the κ values for the aerosol are often compared to the κ values of salts. The κ values for salts contained in a seawater mixture are shown in Table 3. The highest κ value for these compounds is sodium chloride (1.34) while the lowest κ value is for calcium sulfate (0.62). The range of κ values calculated for inorganics between sodium chloride and calcium sulfate are shown on Figures 7A–C in the purple shaded area. This provides a range of κ values that are reasonable for samples containing a high concentration of sea salts. The κ value for artificial seawater, 1.1, determined in one lab experiment is also reported (Zieger et al., 2017). By comparison, the κ values from the SML samples (0.96 ± 0.12) fall below sodium chloride and only slightly below the artificial seawater κ values but are above the calcium sulfate κ values. In a comparison of field and laboratory measurements, Collins et al. (2016) determined a similar mean κ value (0.95 ± 0.15), whereas Atwood et al. (2017) estimated a much lower marine κ value of 0.65 for the ambient atmosphere. The SML κ values calculated based on measurements in the present study were comparable to the uncertainty range of global marine κ values stated by the modeling study of Pringle et al. (2010) of 0.72 ± 0.24.

Figures 7D–F show the κ values calculated directly from the CCN measurements and the predicted κ values for the DSML samples. Error bars for each measurement are included on Figures 7D–F. The error was calculated using error propagation analysis which included error for different measurement and analysis techniques used in the κ value predictions. Compared to the untreated SML samples, DSML samples were less effective at forming clouds, with a mean κ value of 0.36 ± 0.05. The HMW organic composition which predicted κ values close to the measured DSML κ values was RuBisCO.

While the modeling results found the most representative single organic compound to be RuBisCO, a caveat of this study is the treatment of the organic material as a single compound. In the microlayer there are many different organic species present. In particular, there are many HMW organic compounds present in the ocean that may have similar characteristics to RuBisCO. Next, a thought experiment was conducted to evaluate the sensitivity of predicted κ values to changes in the organic's properties including molecular weight, density, and number of carbon atoms in the organic compound (Table 5). The reported κ values were calculated assuming that each parameter (molecular weight, density, number of carbon atoms) was varied independently, while the unchanged parameters in each test were assumed to have RuBisCO values. Therefore, the actual range in these κ values could be even larger. Decreasing the density by 50%, Case 4 in Table 5, or decreasing the number of carbon atoms in the organic compound by 50%, Case 6 in Table 5, produces predicted κ values that fall within the standard deviation of the κ values derived from CCN measurements. Case 8 used the properties of RuBisCO from Control Case 1 (same molecular weight, density, and number of carbon atoms) but assumed an enrichment in organic concentration from the SML. The original organic concentration measured in the SML sample was increased by a factor of 104 based on observations that DOC in aerosols can be enriched by as much as factor of 104 relative to the SML, even in low chlorophyll a conditions (Van Pinxteren et al., 2017). Case 8 shows how dramatically the organic concentration can influence the marine κ values if the organic concentration is high enough. Table 5 provides a range of κ values for potential organics that could improve the predicted κ values for the DSML samples.


Table 5. Organic properties and their influence on predicted κ values.
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The intercomparison between measured and predicted κ values in this study focused on HMW organic compounds. However, the impact of the estimated 10% of the LMW organic mass that remained within the desalted sampled could be substantial, particularly if its cloud forming potential is vastly different than the HMW material. However, marine LMW organic compounds including glucose, fulvic acid, triolein, and chlorophyll a all exhibit low κ values similar to the HMW organic compounds studied, and much lower than the salts (Table 3). While future work will consider additional marine organic compounds and internal mixtures of multiple organic compounds, the results of this study do not contain any evidence that the presence of organic materials enhances the cloud forming potential of marine sea spray.




CONCLUSIONS

The potential for organic surfactants produced in the ocean's surface waters to modulate the formation and properties of low-lying marine clouds has been suggested many times. Nevertheless, since ocean waters also contain high concentrations of salts, quantifying the influence of the organics on cloud-forming aerosol production has remained elusive. In this study, the cloud forming potential of aerosolized SML samples were evaluated before and after salts were removed from the samples to untangle the cloud forming properties of salts from those of organics.

By comparing the CCN activity of SML samples to that of DSML samples, the influence of organics on marine aerosol CCN activation was determined. The diameter a droplet must reach prior to becoming large enough to activate spontaneously as a cloud drop increased from a mean value of 48.6 ± 0.5 nm to 73.9 ± 5.7 nm and 20.3 ± 0.3 nm to 27.9 ± 1.0 nm at 0.32% SS and 1.24% SS respectively, following the desalting procedure in the SML and DSML samples, respectively. Removal of the salts reduced the κ values calculated using the CCN measurements by 62.5% ± 15.6%. The remaining, predominately organic samples, had low κ values consistent with weakly hygroscopic compositions. In contrast to some previous studies, the present study indicates that organics present in the samples will not enhance cloud droplet formation but rather suggest that aerosols with higher concentrations of organic materials relative to salts will have reduced ability to form cloud droplets.

Theoretical predictions of κ, which employed composition and surface tension as inputs, were largely driven by the concentration of salts. The predicted κ values for SML samples varied only from 1.29 ± 0.01, depending on the assumed molecular formula of the organic material. In all cases, these κ values predicted for the SML samples were higher than the κ values calculated from the CCN measurements. Since the organics contributed such a small proportion of the aerosol mass, their effect was negligible and therefore, variation in the composition of the organic matter in the aerosols did not make a significant difference in estimates of the SML κ values.

In contrast to the untreated SML, once the salts were removed, variations in cloud potential were sensitive to the different organic compounds assumed. Assuming the organic material was RuBisCO resulted in predicted the κ values (0.53 ± 0.10) most closely matched to the measured DSML results. The κ values calculated for the DSML samples using the CCN measurements were 0.36 ± 0.05. Even in the DSML samples, which had a reduced salt concentration of >99%, the concentration of salt remaining after the desalting process exhibited a strong influence on the κ values for the aerosols generated by the DSML samples. The κ for pure RuBisCO assuming no other salts or organics are present is 5.16E-05 (Table 3). This is significantly smaller than the predicted κ values for the DSML samples containing the organic RuBisCO and the remaining salt after desalting, 0.53 ± 0.10, indicating the salt concentration is capable of raising the κ value significantly. While using RuBisCO as the representative organic provided the closest predicted κ values compared to the κ values calculated using CCN data, the actual organic composition in the microlayer would contain multiple types of organics. Selecting a singular organic compound is an oversimplification of the microlayer organic matter composition used to evaluate how organic matter characteristics can potentially alter κ values for marine CCN. This study revealed that salt overwhelmingly controls the κ values of marine clouds. Additionally, the organic matter composition in marine CCN serves to reduce cloud forming potential of marine aerosols.
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GLOSSARY

CCN, Cloud Condensation Nuclei; CPC, Condensation Particle Counter; CTD, Conductivity, Temperature, Depth; DOC, Dissolved Organic Carbon; DOM, Dissolved Organic Matter; POC, Particulate Organic Carbon; PMA, Primary Marine Aerosol; CTD, Conductivity, Temperature, and Depth; MWCO, Molecular Weight Cut-Off; DMA, Differential Mobility Analyzer; DSML, Desalted Sea Surface Microlayer; HPLC, High Performance Liquid Chromatography; κ, Apparent hygroscopicity parameter; RuBisCO, Ribulose-1,5-bisphosphate carboxylase/oxygenase; SML, Sea Surface Microlayer; SSA, Sea Spray Aerosol; SS, Supersaturation; TOC, Total Organic Carbon; LaRC, Langley Research Center; SBC, Santa Barbara Channel; HMW, High Molecular Weight; LMW, Low Molecular Weight; D, Critical dry particle diameter; Sc, Critical supersaturation; σ, Surface tension of solution; σmeasured, Measured surface tension of samples; MWwater, Molecular weight of water; R, Universal gas constant; T, Absolute temperature; MWsolution, Molecular weight of solution; MWsalts, Molecular weight of salts in artificial seawater; ρsalts, Density of salts in artificial seawater; ρwater, Density of water; ρsolution, Density of solution; MWorg, Molecular weight of organics; ncarbons, Number of carbons in organic molecule; Wsalts, Volume fraction of salts; Worg, Volume fraction of organics; Wsaltsmole, Mole fraction of salts; Worgmole, Mole fraction of organics; ρparticle, Density of the particle; ρorg, Density of the organic; V, Volume of particle; isalts, van't Hoff factor for salts in artificial seawater; i, van't Hoff factor; iorg, van't Hoff factor for the organic; massmixture, Mass of inorganics and organics; massorganic, Mass of organics; b, Parameter; c, Parameter; co, Parameter to calculate κ for organic composition only; cm, Parameter to calculate κ for mixture of inorganics and organics; N, Number of carbon atoms in the organic molecule; Sc, Critical saturation ratio.
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