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Abstract 8 

The ice nucleating ability of sea spray aerosols (SSA) has been explored in recent years due to 9 

the abundance of SSA in the atmosphere. The role of SSA in ice nucleation extends to cirrus 10 

clouds, due to processes that loft SSA to the upper troposphere. This is of special relevance 11 

because of the frequent occurrence of cirrus in the atmosphere, their role in the Earth’s radiative 12 

balance, and uncertainties regarding how aerosols may affect their formation and evolution. In 13 

this study, a continuous flow diffusion chamber (CFDC) is used to investigate the ice nucleating 14 

ability of size-selected particle distributions of SSA and its primary constituent sodium chloride 15 

(NaCl) at temperatures < 235 K. Results show that above ~220 K, the majority of SSA and NaCl 16 

particles fully deliquesce and freeze via homogeneous nucleation at or below water relative 17 

humidities, RHw, of ~ 95%. However, below 220 K, the onset RHw of freezing for NaCl and SSA 18 

is much lower, at ~75%, where strong heterogeneous freezing of 10% of the aerosol population 19 

occurs. Similar heterogeneous freezing behavior for NaCl and SSA aerosols, occurring near their 20 

predicted deliquescence RHw, points towards SSA freezing at the lowest temperatures being 21 
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controlled by the crystalline salts. Finally, calculations of ice nucleation active surface site 22 

densities show that particle size does not dictate the efficiency of freezing for NaCl and SSA. 23 

These results indicate SSA as a potentially significant source of ice nucleating particles at cirrus 24 

temperatures, with the ability to contribute to cirrus-mediated climate impacts if sea spray 25 

emission and transport scenarios change in the future. 26 

1. Introduction 27 

Cirrus clouds are ubiquitous and play a significant role in global radiative balance1–3. Composed 28 

entirely of ice at temperatures < 235 K, their formation in the atmosphere is controlled by upper 29 

tropospheric dynamical processes and the interplay between two basic ice nucleation pathways, 30 

homogeneous freezing and heterogeneous ice nucleation, which determines the size and number 31 

of ice crystals, and consequently can determine the sign of the radiative effect of the clouds4,5. 32 

Homogeneous or spontaneous freezing of condensed water is the process that will ultimately 33 

occur for the dissolved solute particles that constitute the major aerosol population capable of 34 

acting as cloud condensation nuclei (CCN), unless heterogeneous nucleation on a more 35 

specialized subset of aerosols intervenes to glaciate clouds before the relative humidity (RH) and 36 

solute dilution conditions required for homogeneous freezing can occur6,7 as discussed further 37 

below. Heterogeneous freezing requires an ice nucleating particle (INP) that catalyzes a freezing 38 

event by lowering the required energy in the activation process. Depending on environmental 39 

factors such as temperature and relative humidity, heterogeneous freezing may proceed via 40 

several different nucleation modes6–9. Firstly, immersion freezing is described by an INP 41 

becoming “immersed” in an aqueous solution or water droplet, with the presence of the particle 42 

surface initiating freezing. Often included in the immersion mode, as indistinguishable, 43 

condensation freezing describes the simultaneous uptake of liquid water on an INP and freezing. 44 

In contrast, deposition nucleation does not require any liquid water phase formation, instead 45 

forming ice directly from the supersaturated vapor onto an INP. However, it has been posited 46 

that this mechanism actually proceeds via a pathway of pore condensation freezing (PCF) in 47 

cavities on the surface of an INP10–12.  48 

Homogeneous freezing of nearly pure water in the form of dilute cloud droplets depends on 49 

droplet size (volume) and temperature, but typically occurs by 235 K as clouds cool, and this 50 
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temperature roughly brackets the highest temperature end of cirrus cloud formation. At lower 51 

temperatures, solution droplets (unactivated CCN) formed when the RH exceeds that required 52 

for deliquescence, will freeze according to the solution water activity and the ambient 53 

temperature13. As a consequence, relatively high ice supersaturation (SSi, equal to relative 54 

humidity with respect to ice (RHi) minus 100%) must be achieved for homogeneous freezing to 55 

occur14. Heterogeneous nucleation via condensation/immersion freezing can occur across the full 56 

range of tropospheric temperatures, primarily within dilute cloud droplets at higher temperatures 57 

characteristic of mixed phase clouds, but progressively within more concentrated solution 58 

droplets at the lower temperatures that are characteristic of cirrus clouds. Whereas a freezing 59 

temperature can be stated to characterize where a particular ice nucleating particle type begins to 60 

freeze strongly via immersion freezing in dilute cloud droplets at mixed phase cloud 61 

temperatures, a water or ice relative humidity condition may be used to characterize the 62 

conditions for heterogeneous cirrus nucleation, reflecting solute compositional impacts on 63 

freezing15,16. 64 

During cirrus cloud formation, both heterogeneous and homogeneous nucleation may be active, 65 

or the former may dominate. The active nucleation mechanisms are determined by the number of 66 

INPs, their freezing onset characteristics, and the maximum relative humidity achieved, the latter 67 

of which depends on the strength and persistence of vertical motions that increase 68 

supersaturation against water vapor consumption by growing ice crystals17–20. Homogeneous 69 

freezing will ensue when the RHi exceeds the homogeneous freezing threshold (140 – 150%, 70 

depending on temperature)21. Recent studies have attempted to group cirrus clouds in two 71 

categories, liquid origin and in situ, that are based on their dominant formation mechanism and 72 

the strength of vertical motions22–24. Liquid origin cirrus are driven by deep convection, 73 

including contributions of heterogeneously frozen drops from the mixed phase regime and 74 

homogeneously frozen droplets that persist to cirrus levels, while in situ origin cirrus form 75 

entirely below 235K via homogeneous and heterogeneous nucleation. Liquid origin cirrus 76 

generally contain high ice water content and ice crystal number concentrations, with the opposite 77 

for clouds of in situ origin23. Both cirrus origins may occur under either fast or slow updraft 78 

conditions that largely determine the nucleation mechanism, where the former scenario likely 79 

leads to a dominance of homogeneous freezing and the latter proceeds via heterogeneous 80 

nucleation (albeit still debated in the literature). Meteorological scenarios where in situ cirrus 81 
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may occur are synoptic scale systems (slow updraft) and gravity waves induced by jet streams, 82 

mesoscale convective systems and anvils (fast updrafts)22,23. One study inferred that cirrus have 83 

predominantly heterogeneous nucleation origins based on the ice residuals (IR) that indicated the 84 

presence of INPs and the lower saturation requirement for nucleation in sub-tropical and tropical 85 

cirrus clouds25. However, the dominant process of cirrus formation remains more broadly 86 

unresolved6, and likely varies depending on the particular aerosol and cloud dynamical scenario.  87 

Despite significant efforts, the role of specific types of aerosol particles in the formation of cirrus 88 

clouds remains highly uncertain26. In limited and specialized in situ observations, particles such 89 

as mineral dust and metallic particles have been noted to make up the largest fraction of IR in 90 

cirrus clouds25,27,28. Sea spray aerosols (SSA) also deserve attention in this regard due to their 91 

abundance in the atmosphere29, and the fact that sea salt particles have been observed to make up 92 

a significant fraction of the IR in cirrus clouds over ocean regions, where deep convection lofts 93 

particles to the upper troposphere where they are detrained from the cloud itself and can persist 94 

at high altitudes 25,28,30. While it has been assumed that the role of SSA on impacting cirrus 95 

formation would most likely come about via their dominant composition as soluble species18, 96 

their phase states when lofted to the upper troposphere could present scenarios where their action 97 

as heterogeneous INPs should be considered. In the upper troposphere, SSA concentrations can 98 

range between 10-4 and 10-1 µg m-3, based on in situ and satellite observations31,32. In terms of 99 

relative abundance, SSA are more scarce than sulfate particles, which have been reported to 100 

make up a large percentage of aerosols in the upper troposphere33,34. However, only a very small 101 

fraction of sulfate particles freeze heterogeneously at these temperatures35, and therefore any 102 

heterogeneous freezing potential of SSA could prove significant. For example, in a case study of 103 

Hurricane Nora, the authors speculated that marine aerosols generated and lofted in the deep 104 

convective core seeded cirrus clouds over a spatially and temporally vast region36. Thus, 105 

understanding the ice nucleating mode of SSA at cirrus temperatures deserves further attention. 106 

SSA are generated during wave breaking by the bursting of small film and jet-drop bubbles at the 107 

sea surface microlayer37,38. Their composition may broadly include organic materials such as 108 

lipids, amino acids, saccharides, phytoplankton cell fragments, and inorganic sea salts39,40. While 109 

dissolved, surface active, and particulate organic matter in SSA are known to serve as sources of 110 

low concentrations of immersion freezing INPs in the mixed-phase cloud regime (>-38 ºC)41, the 111 
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propensity of these to freeze at cirrus temperatures still remains uncertain, especially since ice 112 

nucleation modes there may be more varied. A number of studies have attempted to elucidate the 113 

heterogeneous nucleation ability of SSA in cirrus conditions using commercially available 114 

synthetic seawater products42–46, and produced inconsistent results on whether the organic 115 

material enhanced or suppressed nucleation. However, using Prochlorococcus as a source of 116 

organic matter to mimic natural marine aerosols, polysaccharides and proteins were found to 117 

potentially enhance the efficiency of SSA nucleation, whereas lipids were ineffective INPs43. Of 118 

further consideration at cirrus temperatures, some previous studies have shown that soluble 119 

organic material can exist in a glassy state47. One study using citric acid tested the role glassy 120 

aerosols may play in ice nucleation, and found that below 212 K a fraction of glassy aerosols can 121 

freeze at relative humidities below those at which homogeneous nucleation would be expected48. 122 

The ability of glassy aerosols to nucleate ice has largely been determined by the glass transition 123 

temperature and hygroscopicity, both of which can be affected by chemical aging and size of the 124 

particles49. Despite this freezing behavior of glassy aerosol, it is still assumed they would freeze 125 

at low fractions similar to secondary organic aerosols50.  126 

In the last decade, a number of studies have also investigated the inorganic components of SSA 127 

for their role in ice nucleation42–45,51–53. As the major component of natural seawater, sodium 128 

chloride (NaCl) has frequently been used as a proxy for sea spray aerosol54. The pathway of ice 129 

nucleation for NaCl has been found to be largely determined by the phase state of the salt 130 

particles, where the mode of freezing is dependent upon the competition between deliquescence 131 

and heterogeneous freezing42,44,52. One study using the AIDA cloud chamber showed that both 132 

anhydrous NaCl and NaCl dihydrate particles that were fully deliquesced froze via homogeneous 133 

freezing above 225 K when exposed to high SSi. However, near their deliquescence point and 134 

below about 225 K, NaCl particles formed an internally mixed liquid-solid phase with solid 135 

crystalline remnants and froze via the immersion mode44. Particles below their deliquescence 136 

relative humidities (DRH) remained solid and were reported to freeze via the deposition 137 

mode52,53. These prior studies used different particles sizes (~0.7 – 10µm), and it is unclear how 138 

size affected heterogeneous nucleation of NaCl particles. Finally, effloresced aqueous NaCl at 139 

cirrus temperatures can form hydrated salts that have been reported to act as heterogenous 140 

INPs51,52. One study using air mass trajectory analysis showed that hydrated salt particles may be 141 

present 40–80% of the time at temperatures between 180 and 220 K when lofted from the 142 
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boundary layer and detrained in deep convective anvils52. The extent to which the organic 143 

components or non-NaCl salt contents affect the ice nucleating ability of natural seawater has 144 

received only limited attention in the current literature and remains uncertain.  145 

In the study presented herein, the ice nucleating ability at temperatures below 235 K of particles 146 

generated from natural seawater is examined. We probe the freezing behaviors of lab-generated 147 

aerosols using a continuous flow diffusion chamber (CFDC)16,55,56 that has been modified to 148 

reach temperatures below 200 K. We compare the ice nucleation characteristics of natural 149 

seawater-derived particles to pure NaCl particles, and explore whether particle size impacts ice 150 

nucleation efficiency. The experimental design and aerosol generation and characterization are 151 

discussed in Section 2. Results showing fractional freezing conditions for NaCl and natural 152 

seawater particles, and the atmospheric implications are discussed in Sections 3 and 4, 153 

respectively. 154 

2. Methods 155 

2.1 CFDC setup 156 

Ice nucleation experiments were conducted with a CFDC at Colorado State University (CSU) 157 

based on previously described designs16,56–58 modified to measure ice nucleation at temperatures 158 

from 240 K to 190 K. The CFDC consists of two concentric cylinders, which are coated in a thin 159 

layer of ice. The inner and outer walls of the chamber are held at different temperatures, 160 

producing gradients in both temperatures and water partial pressure. This can be used to create 161 

relative humidity conditions above saturation with respect to either ice or water55. Sheath air 162 

flow is inserted into the column allowing sample flow to enter the column and remain in a 163 

narrow, central lamina flow. Calculations are carried out to determine temperature and 164 

supersaturation conditions experienced by aerosol within the instrument. These calculations are 165 

based on those of Rogers (1988), but modified to more accurately represent instrument geometry 166 

and prevent breakdown of calculations at low temperatures and flow rates. A full derivation of 167 

the current calculations and discussion of measurement uncertainties can be found in the 168 

Supporting Information. Prior to nucleation experiments, the column is chilled to 246 K and 169 

filled temporarily with deionized water to produce the ice coating along the column walls. 170 
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Some modifications to the physical design and mode of operation were made to the low 171 

temperature CFDC as compared to its previous configuration. First, flow rates were reduced 172 

through the 1.51 m chamber (Figure 1), resulting in longer residence time of aerosols to promote 173 

activated ice crystal growth. The residence time is increased by operating at lower flow rates of 1 174 

LPMv sample flow and 4 LPMv sheath flow (volumetric flows measured at column conditions, 175 

not ambient) than have been used in the past, where typically a 10:1 sheath to sample flow ratio 176 

has been used. This additional residence time is helpful because ice crystal growth slows with 177 

decreasing temperature, as water partial pressures decrease for a given SSi, and final aerosol size 178 

is used to distinguish between frozen and unfrozen aerosol, as discussed in Section 2.3. 179 

Additionally, the bottom section of the column has been plumbed to allow for operation either as 180 

an evaporation section (constant temperature walls, RHi ~ 100% or slightly above), or as an 181 

additional growth section (walls held at the same temperature throughout the chamber). 182 

Evaporation sections are useful in situations at > 235 K where positive water supersaturations 183 

(SSw, equal to RHw – 100%) are required to activate water droplets prior to immersion freezing 184 

by a small subset of the particles. In that case, the evaporation section at low SSi causes water 185 

droplets to evaporate toward liquid aerosol sizes while ice crystals continue to slowly grow, such 186 

that only ice crystals sustain sizes far exceeding aerosol sizes and are thus detected as nucleated 187 

particles. Under the low temperature conditions of this study, however, the growth region is held 188 

below water saturation, where particles achieve at most haze sizes, so an evaporation section is 189 

not required. For all experiments described here, the bottom section of the column is used as 190 

additional growth section, allowing for extra residence time at growth conditions. This extra 191 

growth time allows for clearly distinguishing the nucleated ice crystal mode from the aerosol 192 

mode optically, as discussed later. 193 

A second, and minor change to the laboratory CFDC configuration is the use of two ultra-low 194 

temperature circulating bath chillers (Thermo Scientific ULT-95) to control the fluid circulated 195 

to inner and outer walls of the chamber, extending the effective operating range beyond the        196 

~211 K lower lamina temperature achieved in past studies. The bath fluid used is a low 197 

temperature, low viscosity, high thermal conductivity silicone oil (Syltherm XLT, Dow). This 198 

allows for lower temperature operation with very stable temperatures and negligible gradient 199 

across a given wall of the instrument.  200 
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 201 

Figure 1. Diagram of the setup for SSA and NaCl generation, size selection, and flow  202 
configuration for CFDC experiments. Note, dashed and dotted lines indicate the pathway during 203 
experiments when selecting for 150 nm and 600 nm aerosols, respectively, and solid lines 204 
indicate the shared pathway for both aerosol sizes. 205 

Finally, the sample and sheath air drying systems were modified from standard desiccant drying 206 

systems to cold traps. For low temperature operation, standard desiccants such as silica gel and 207 

molecular sieves do not provide sufficient drying. Molecular sieves, for example, can dry 208 

ambient air to a RH of ~1%. At 25 °C, this corresponds to a vapor pressure of about 0.31 mbar. 209 

If this same air mass is cooled to -65 °C this corresponds to a SSw of ~3200%, which would 210 

prevent meaningful instrument operation. Although such instant cooling and high SSw are an 211 

extreme scenario, to avoid this problem, cold traps are installed in both the sheath and sample 212 

lines submerged in the cold wall chiller bath. These traps are simple coils of copper tubing, 3.4 213 

and 2.2 m long for the sheath and sample traps, respectively. The bath is a few degrees colder 214 

than the cold inner wall of the instrument, which is always colder than the temperatures the 215 

aerosol experience within the instrument. The trap will force the RH to ice saturation at the trap 216 

temperature, which will always be a lower vapor pressure than ice saturation under aerosol 217 

conditions in the growth region of the instrument. Hence all sample and sheath air entering the 218 

instrument will remain below ice saturation upon cooling. One additional consideration with this 219 

approach is that incoming sample air should be allowed to warm between the cold trap and 220 
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introduction into the growth chamber to allow for transport of residual water off the aerosol 221 

particles. Given the small mass of aerosol relative to air, the effect on RH of water evaporating 222 

from the aerosol is negligible. 223 

2.2 Description of aerosol generation and phase state 224 

Aerosol measurements and size distributions were obtained using a combination of a differential 225 

mobility analyzer (DMA, TSI model 3071A), a condensation particle counter (CPC, TSI model 226 

3010), and an aerodynamic particle sizer (APS, TSI model 3321). In this study, natural seawater 227 

(SW) collected from the Scripps Pier in La Jolla, CA was used for SSA generation. The seawater 228 

was stored in the dark and flown at room temperature to CSU. It was then filtered through a 0.22 229 

µm sterile PES filter to sterilize the seawater to prevent any microbial growth and remove 230 

additional insoluble material such as dust and sand that may be present. Following filtration, it 231 

was again stored in the dark until use. For comparison, we used a 3.5% by weight NaCl (certified 232 

ACS, Fisher Chemical) solution prepared with deionized water to mimic the salt content of 233 

seawater. Aerosols were generated using a B&F Medical Aeromist Nebulizer and dried at room 234 

temperatures using a silica gel diffusion dryer followed by a molecular sieve dryer. Particles 235 

were then size selected at either 150 nm or 600 nm using the DMA, operated with a 236 

sheath(sample) flow of 10(2) and 4(1) LPMv, respectively. Aerosol concentrations were diluted 237 

to achieve concentrations in the range of 100 – 500 cm-3, and depending on the aerosol size, the 238 

configuration of the dilution tank and DMA was rearranged to control aerosol flow into the 239 

DMA. For example, for 150 nm particles the dilution tank was located upstream of the DMA, 240 

and the opposite for 600 nm (Figure 1). An additional molecular sieve dryer was required after 241 

the dilution tank for 600 nm particles as the sheath air contained small amounts of water vapor 242 

and would build up ice in the cold trap during experiments. Finally, particles size selected at 600 243 

nm were passed through a 2.5 µm aerodynamic impactor before entering the CFDC, in order to 244 

limit larger particles that would have made discerning small, activated ice crystals difficult at the 245 

slow growth rates present at cirrus temperatures.  246 

Previous studies have shown that two crystalline structures can form via efflorescence of NaCl, 247 

i.e., anhydrous NaCl and NaCl dihydrate (NaCl • 2H2O), where the former is the stable phase 248 

above ~273 K and the latter below ~273 K59. For this study, since NaCl particles are dried 249 
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beyond their efflorescence RH of ~45% at room temperature, it is assumed the particles entering 250 

the CFDC have an anhydrous NaCl structure60 (see trajectory phase state diagram, Figure 2). 251 

Although injection of the seed particles into the CFDC system occurred at temperatures below 252 

273 K, dry NaCl particles remained below the eutectic60 and thus likely retained the anhydrous 253 

NaCl form, compared to scenarios where some aqueous particles that effloresced below 252 K 254 

formed NaCl • 2H2O52. Therefore, we discounted the possibility that the experimental results 255 

reflected sampling of NaCl • 2H2O in this study. The structure of the SSA particles is more 256 

complex to characterize at low temperatures. Aerosols that include organic material have been 257 

shown to form a highly porous glassy state after phase separation and drying at cold 258 

temperatures that may enhance heterogeneous ice nucleation61,62. Additionally, it is possible for 259 

small amounts of other salts (i.e., magnesium and calcium) in SSA to precipitate prior to the 260 

NaCl contents63. 261 

  262 

Figure 2. Expected trajectory and phase state of the NaCl and SSA particles for CFDC 263 
experiments. Cyan and orange dashed lines are the expected deliquescence and efflorescence 264 
lines, respectively, for NaCl based on the parameterization of anhydrous NaCl and extrapolated 265 
to cirrus temperatures63. The long dashed black line follows the path of aerosol particles as 266 
through drying, cooling, and CFDC scans at different temperatures. The blue circle represents 267 
aqueous NaCl and SSA solution, gray hexagons represent effloresced aerosols, and the light blue 268 
circles with embedded hexagon represents deliquesced particles. Lines indicating ice saturation 269 
and predicted homogeneous freezing conditions are also denoted. The gray hatched region 270 
indicates ice supersaturated conditions with dry aerosols, and the dotted region represents 271 
conditions where aerosol particles experience ice supersaturated conditions and relative 272 
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humidities that exceed their deliquescence point.  273 

Figure 3 shows the combined size distributions from the SMPS and APS for SSA and NaCl after 274 

drying but before size selection. The blue diamonds denote SMPS data with a measurement 275 

range of 12 – 615 nm and cyan circles denote APS data with a measurement range of 520 nm – 276 

20 µm. The black solid line represents the best fit line averaged for 4 separate scans from the 277 

SMPS and APS. APS measurements were converted to true diameter from aerodynamic diameter 278 

using equation (1): 279 

Dt = Da!
!
"!

       (1) 280 

where Dt is the true diameter, Da is the aerodynamic diameter, 𝜒 is the dynamic shape factor, and 281 

𝜌# is dry particle density. For dynamic shape factor, we used 1.08 and 1.05 for NaCl and SSA, 282 

respectively64 and estimated particle densities for SSA and NaCl of 2.2 g m-3 65, and 2.16 g m-3, 283 

respectively. The resulting corrections shifted APS data towards slightly smaller sizes. In 284 

general, the distributions of both SSA and NaCl had peaks ~100 nm. The SSA distribution 285 

indicated an increase in number concentrations of particles < 1µm of almost five times that 286 

obtained for NaCl, and also showed a broader distribution of particles > 1 µm, consistent with 287 

previous studies using a similar method combining SMPS and APS data for SSA66,67. 288 
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 289 

Figure 3. Combined particle size distributions for (a) NaCl and (b) SSA particle by combining 290 
measurements from a SMPS (blue diamonds) and an APS (cyan circles). The solid black line is 291 
the best fit from four measurement scans from the SMPS and APS.  292 

Figure 4 shows the fraction of different sized particles predicted to be present after size selection 293 

at 150 and 600 nm with the DMA. For SSA (NaCl), a +1 charge represents 74% (76%) of the 294 

sample after applying the fractional contributions of the monodisperse aerosol population for 150 295 

nm, and 86% (92%) for 600 nm, based on their respective size distributions. Larger, multiply-296 

charged particles were present in sufficient numbers that we must consider their effects in 297 

detection of frozen particles, as discussed below, and explicitly account for their contributions to 298 

aerosol surface area, as discussed in Section 3. 299 
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 300 

Figure 4. The fraction of particles represented by a given DMA multiplet, ranging from charges 301 
of +1 up to +6 for a monodisperse aerosol distribution of (a) 150 nm and (b) 600 nm particles.   302 

2.2 Ice nucleation detection 303 

For detection of ice, an optical particle counter (OPC) located immediately downstream of the 304 

CFDC column detects particle sizes. Aerosol particles that do not freeze or deliquesce will not 305 

change size appreciably. Frozen particles, however, will grow rapidly, only constrained by the 306 

rate of diffusional growth and residence time in the instrument. To distinguish between frozen 307 

and unfrozen particles, we introduce a size bin cutoff in OPC response. This size cutoff is 308 

determined by analyzing the distribution of seed particles from the OPC against the distribution 309 

of particles at conditions where a high frozen fraction was observed, and is different for 150 nm 310 

and 600 nm particles but identical between temperatures. The size bin cutoff is chosen such that 311 

no ice nucleation is detected for NaCl samples at higher temperatures where ice nucleation is not 312 

expected to occur. This approach essentially accounts for impacts of larger multiply charged 313 

(a) 

(b) 
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particles passing through the DMA, ensuring that those large particles are not counted as frozen 314 

particles unless they have actually frozen. 315 

3. Results 316 

For ice nucleation experiments, the procedure for the CFDC involves “scans”, while sampling 317 

the aerosol stream, where RHw and RHi increase over time at a quasi-steady laminar temperature, 318 

which is achieved by incrementally increasing the outer wall temperature (TOW) while holding 319 

the inner wall temperature (TIW) constant. Once a fraction of ice of 10% is reached, the TIW is 320 

stepped down 5 K and the TOW is decreased incrementally until the fraction of ice is < 0.1%. The 321 

cycle is generally repeated 4 – 6 times until temperatures reach < 220 K. For each aerosol type 322 

and size, two CFDC scans were conducted, one beginning at ~228 K and one at ~223 K, totaling 323 

eight experiments. The time series in Figure 5 represent scans for 150 nm NaCl particles at 324 

different temperatures producing different freezing results. For example, Figure 5a shows two 325 

subsequent CFDC scans that began at 228 K and 223 K. In the first case, there was no ice 326 

formation until the SSi reached nearly 50%, and there was a sudden increase in the number of ice 327 

particles (Figure 5a, cyan line). This scan illustrates a case of homogeneous freezing, where no 328 

ice is formed until the SSi reaches the homogeneous freezing threshold and nearly all the aerosol 329 

particles freeze. A similar trend was observed as RH was increased again beginning at 223 K, 330 

where in this particular case the SSi reached even higher values (~55%) before ice formation 331 

began. This observation is consistent with results from expansion chamber experiments using 332 

anhydrous NaCl particles starting at 235 K42, wherein particles passed their DRH and 333 

subsequently froze via homogeneous freezing. In addition, the ~5% increase in RHi between 228 334 

and 223 K follows closely with the expected homogeneous freezing conditions for fully 335 

dissolved particles13. 336 
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 337 

Figure 5. CFDC time series for NaCl experiments at (a) ~228 K and 223 K, and experiments at 338 
(b) ~218 K and 214 K. Red line indicates temperature and blue and green lines indicate water 339 
and ice supersaturations, respectively. Black and cyan lines indicate the number of particles from 340 
the CPC and ice nucleating particles, respectively.  341 

For CFDC scans of NaCl starting at colder temperatures (Figure 5b), ice nucleation behavior was 342 

considerably different. In the first scan starting at 218 K, ice formation was observed at SSi as 343 

low as 30%, with a gradual increase in the number of ice particles with increasing SSi up to ~40% 344 

before RH was reset to a lower value. Note the scans reset when the temperature (red line) 345 

dropped 5 K, and produced a modest increase in supersaturations due to the TIW decreasing faster 346 

than the TOW. The second scan starting ~214 K showed a similar trend and SSi only reached 38% 347 

before the ice fraction reached 10% and the RH was brought back down. This SSi was well 348 

below the highest SSi that was reached during scans at warmer temperatures. These cases 349 

illustrate NaCl freezing through an apparent heterogeneous nucleation process since the onset of 350 

freezing occurred at ~30% SSi, well below the threshold expected for homogeneous freezing. 351 

(a) 

(b) 
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The ice nucleating behavior of SSA for 150 nm particles produced very similar trends as 352 

observed for NaCl (see Supporting Information).  353 

To elucidate the ice nucleating behaviors of differing aerosol sizes, Figure 6 shows the ice 354 

fraction of 1% and 10% freezing in T – RHw space for both sizes of SSA and NaCl at 355 

temperatures < 230 K. The fraction freezing is based on ice concentrations divided by total CPC 356 

counts rather than OPC counts. Using the CPC provided a more reliable total aerosol count since 357 

the OPC may not have captured the smallest aerosols that were not deliquesced, particularly for 358 

the 150 nm experiments. Results using total aerosol counts from the OPC can be found in the 359 

Supporting Information. The color and shape of markers indicate the size and ice active fraction 360 

of the particles, where open markers denote 150 nm and filled denote 600 nm particles. Black 361 

solid and dashed lines denote ice saturation and the predicted homogeneous freezing threshold13, 362 

respectively. The majority of NaCl particles froze near the homogeneous freezing line above 222 363 

K. The 10% ice fraction observations above the homogeneous freezing line were within the 364 

range of uncertainties for the RHw calculations (4%)68. Below 222 K there was a large decline in 365 

the required RHw for 1% and 10% ice frozen fractions for both aerosol sizes shown in Fig. 6a. 366 

For example, 1% freezing for both 150 and 600 nm NaCl particles occurred at ~80% RHw, at 218 367 

K, significantly lower than the 95% RHw observed at 225 K. The onset of freezing for both sizes 368 

also occurred within proximity (~1–3%) to the DRH line for anhydrous NaCl extrapolated to 369 

lower temperatures63 (dashed cyan line). In general, our NaCl freezing results agreed well with 370 

results from previous lower temperature studies, all of which observed a shift from homogeneous 371 

freezing to heterogeneous nucleation as temperature decreased below 225 K42,44,45.  372 
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 373 

Figure 6. Ice fractions for (a) NaCl and (b) SSA generated particles. Blue and red markers 374 
denote 10% and 1% frozen fraction, respectively, where filled markers represent 600 nm 375 
particles and open markers for 150 nm particles. The dashed cyan line represents the predicted 376 
deliquescence for NaCl63, and was lowered by ~0.7 RHw for SSA. Black solid and dashed lines 377 
denote ice saturation and expected homogeneous freezing13, respectively. 378 

Similar to NaCl, SSA showed a transition from homogeneous freezing to heterogeneous 379 

nucleation (Figure 6b). However, the temperature at which this transition was observed, ~217 K, 380 

was nearly 5 K lower than observed for NaCl. Ice fractions of 1% and 10% below 215 K were 381 

observed 1–3% RHw lower than for NaCl particles at the same temperature. In general, SSA 382 

heterogeneous freezing at a 10% ice fraction aligned above the extrapolated  DRH line, which 383 

was lowered by ~0.7% RHw for SSA, similar to the observed DRH in a previous study using 384 

synthetic seawater at low temperatures42, and 1% freezing conditions aligned below the DRH 385 

line, within RHw uncertainty. This ice nucleating behavior of SSA demonstrating freezing onsets  386 

at slightly lower RH than NaCl has been shown in previous studies42,44, one of which used 387 

synthetic seawater and another that used a 1:1 synthetic sea salt and sucrose mixture. However, 388 
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those studies differed on the inferred mode of heterogeneous freezing: the former attributed 389 

findings to possible deliquescence and immersion freezing since freezing occurred at the point 390 

where the liquid–solid transition was expected to initiate, and the latter inferred deposition 391 

freezing well below the DRH as the active mechanism. Particle sizes were different in those 392 

studies than used in this work, employing polydisperse distributions or supermicron particles. 393 

Previous studies focusing on heterogeneous nucleation have used the ice nucleation active 394 

surface site density (ns) as a parameter to determine the ice nucleation efficiency of aerosol 395 

particles for a given temperature and SSi, normalized by the surface area7,42,69. Therefore, we 396 

calculated ns for SSA and NaCl for both aerosol sizes, as shown in Figure 7. Average surface 397 

area concentrations per particle (Sa) for both aerosol sizes also accounted for DMA multiply-398 

charged particles using equation 2. 399 

𝑆$ = ∑ (𝜋%
&'( 𝑁&𝐷𝑝&))/∑ 𝑁&%

&'(      (2) 400 

In Eq. 2., Ni denotes the number concentration for each diameter with i positive charges, and Dpi 401 

is the expected diameter with i positive charge. Values of ns were then calculated by dividing the 402 

number of ice particles (Nice) by the product of Sa and the total number of aerosols from the CPC 403 

(Na) as shown in equation 3.  404 

𝑛*(𝑇, 𝑆𝑆&) =
+"#$
,%+%

      (3) 405 

The inclusion of Na serves as a scaling factor for Sa to the aerosol concentrations used in the 406 

experiments, since Sa was based on the generated size distributions, in which the aerosol 407 

concentrations were higher (Figure 3) due to the lack of dilution. In this manner, Sa still accounts 408 

for multiplet distributions and can be applied to the Nice and Na during experiments. While it is 409 

possible that the largest multiply charged particles freeze first due to thermodynamic 410 

considerations, that is both beyond the scope of the ns framework and unsupported by our 411 

experimental data. 412 

Figure 7 shows ns magnitudes for SSA and NaCl, where circles represent 150 nm particles and 413 

squares represent 600 nm particles for 1% ice fraction. Magnitudes of ns for 10% ice fraction can 414 

be found in the Supporting Information. In general, SSA and NaCl particles produced very 415 
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similar (within a factor of 5) ns magnitudes for each aerosol size, and the data suggested that 416 

higher ns magnitudes were required for smaller particles to produce the same frozen fraction. The 417 

upper limit of 600 nm ns magnitudes of ~1 × 1010 m-2 also agreed well with previous ns 418 

calculated values for 800 nm particles42. The most interesting feature of these results is the fact 419 

that ice onset was nearly the same regardless of the ns values. Or, alternately, a strict association 420 

with total particle surface area would have suggested that freezing onsets for the 600 nm 421 

particles would occur for the same ns values as for 150 nm particles. This result implies that the 422 

ns concept was not relevant for ice nucleation for SSA in our study, either because features 423 

controlling freezing were not consistently distributed as a function of size or through a different 424 

mechanism. In other words, the process driving freezing of SSA particles at low temperature 425 

occurred with the same efficiency regardless of the aerosol size or apparent geometric surface 426 

area.  427 

 428 

Figure 7. Ice active surface site density (ns) magnitudes for a given RHw and temperature for (a) 429 
NaCl and (b) SSA at 1% ice fraction. Circle and square markers indicate 150 nm and 600 nm 430 
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particles, respectively. The black solid line indicates ice saturation and the dashed line represents 431 
expected homogeneous freezing conditions13. 432 

4. Discussion and atmospheric implications 433 

It is clear from this study that SSA generated from natural seawater can initiate heterogeneous 434 

nucleation, and the similarities between NaCl and SSA for both aerosol sizes indicate that the 435 

freezing behavior may be dominated by the crystalline salts. The freezing behavior of NaCl and 436 

SSA as well as the ns calculations from this study indicate that the size of lofted salt particles 437 

may not be an important factor for initiating heterogeneous nucleation. Based on our results, 438 

regardless of the surface area and site density, conditions supporting the onset of freezing for 439 

SSA and NaCl particles remained largely the same. The higher ns values for 150 nm particles at 440 

the same freezing onsets as 600 nm particles clearly violate the concept of active site density, 441 

and suggest it is not applicable for NaCl and SSA. Instead, these results suggest little to no size 442 

dependence on the heterogeneous freezing behavior of SSA and NaCl, but rather dependence on 443 

the particle composition and thermodynamic conditions. 444 

It remains difficult to determine what mode of freezing is controlling the onset of heterogeneous 445 

nucleation, and the reason for the abrupt onset below a certain temperature threshold that differs 446 

between SSA and NaCl particles. Deposition nucleation could be inferred since most of the SSA 447 

particles begin to freeze (in 1% frozen fraction) at RHw below DRH. However, the steeper onset 448 

of freezing (between 1 and 10% frozen fraction) occurs around the DRH line, with a higher onset 449 

RHw for NaCl particles versus SSA. Therefore, it appears more likely that freezing nucleation is 450 

occurring somehow during initial water uptake by the crystalline salts, as opposed to classical 451 

deposition nucleation. The lower freezing onset of SSA may also be attributable to the additional 452 

calcium and magnesium salts, which have lower deliquescence points54, allowing for partial 453 

deliquescence at lower RHw than for the NaCl core. In addition, while assuming a dry crystalline 454 

phase state for NaCl and SSA, previous studies have shown that even after efflorescence, SSA 455 

particles may retain up to 5-10 wt% of residual water54,60,70, which may point towards SSA with 456 

coexisting solid and liquid phases freezing heterogeneously via the immersion freezing mode. 457 

We consider two possible pathways for heterogeneous freezing for NaCl and SSA at cirrus 458 

conditions, as outlined in Figure 8. We simplify the discussion by including only 150 nm data. 459 
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The immersion freezing mode is depicted as a required Δaw with respect to the ice line, following 460 

previous application of the water activity concept of homogeneous freezing to the heterogeneous 461 

freezing of mixtures of dissolved or partially dissolved particles15,16. It is possible to set a 462 

constant Δaw, and thus nucleation rate, to align more or less with the data (short dashed line, with 463 

uncertainties indicated by the blue shading). For classical immersion freezing, the temperature 464 

threshold could be understood as the impact of the kinetic competition between full 465 

deliquescence and freezing, where at higher temperatures, deliquescence would occur at 466 

progressively lower RHw values with respect to the onset RHw for freezing, favoring full 467 

dissolution and homogeneous freezing. The long black dashed lines in Figures 8a and 8b indicate 468 

the transition point between homogeneous and heterogeneous freezing for NaCl and SSA, 469 

respectively, near the intersection of the lower bound of the immersion freezing envelope and the 470 

DRH line. While conceivable, this immersion freezing framework appears to fail in not 471 

explaining why the freezing behavior is independent of particle size and surface area. Only if the 472 

microcrystalline structure of the 150 nm particles were substantially different than 600 nm 473 

particles could immersion freezing, controlled by external surface areas, be at play. 474 

On the other hand, PCF is a potential mechanism that might be insensitive to particle size or 475 

surface area, explaining the existence of both the onset of heterogeneous freezing with 476 

decreasing temperature, and the RHw onsets at a given temperature. In Figure 8, the solid green 477 

line represents the parameterized RHw for expected condensation of liquid water in a 11.5 nm 478 

pore10, relevant to onset conditions of PCF, and the intersection of this condition with the DRH 479 

boundary becomes the controlling factor in governing the onset conditions of freezing. We note 480 

that the transition point between homogeneous and heterogeneous freezing does reasonably align 481 

with the intersection of the PCF (for the pore size chosen) and the DRH lines. If the PCF RHw is 482 

above the DRH at a particular temperature, the pore freezing site is likely to be dissolved before 483 

it can activate heterogeneous freezing. If PCF RHw is below DRH, freezing may occur prior to 484 

dissolution.  Additional interactions between the PCF and immersion freezing processes are not 485 

considered here. 486 
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 487 

Figure 8. Conceptual diagram illustrating the competition between immersion freezing and pore-488 
condensation freezing (PCF). The solid green line indicates the parameterized RHw for the onset 489 
of condensation into a 11.5 nm pore10. The dashed cyan line indicates the deliquescence relative 490 
humidity (DRH) for NaCl, extrapolated to cold temperatures, and shifted towards slightly lower 491 
RHw for SSA. The dashed black line indicates a constant Daw with uncertainties represented by 492 
the shaded blue region. The long dashed black line indicates the intersection of the PCF and 493 
DRH lines, indicative of the transition from homogeneous to heterogeneous nucleation.  494 

 The PCF framework is most broadly consistent with our measurements, with the competition 495 

between PCF and DRH controlling the freezing onset temperature (Figure 8) and the availability 496 

of sufficient pore sites explaining the lack of surface area dependence on freezing (Figures 6, 7, 497 

S5, S6). SSA and NaCl particles produced from drying of aqueous solutions are suspected to be 498 

highly porous, with observations of supermicron single particles suggesting that SSA is even 499 

more likely to form porous aggregates than NaCl71,72. In addition, dry submicron NaCl aerosols 500 

were found to retain more water at low RHw than could be explained by solid crystalline NaCl 501 

morphologies71. That study states that their analysis is consistent with porous NaCl particles 502 
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containing NaCl solution (rather than adsorbed water), although the exact morphology could not 503 

be identified. Another study examined water uptake in pores filled with soluble material, which 504 

may be similar to the water uptake behavior of pores formed in soluble material73. Freezing 505 

behavior of solution filled pores will depend not only on pore size but also solution 506 

concentration13,47. At sufficiently low temperatures, however, it seems reasonable to expect that 507 

if a sufficiently large pore activates and fills with solution it will subsequently freeze. In this 508 

regime, pore size is the controlling factor on the RHw where freezing occurs. Further work is 509 

needed to constrain aerosol morphology, pore thermodynamics (filling behavior, solution 510 

concentrations), and kinetics. 511 

In this study we found that particles produced from natural SW spray froze via heterogeneous 512 

nucleation at conditions similar to those reported in previous studies42,44. We have demonstrated 513 

the ability to replicate and augment heterogeneous freezing results of NaCl particles and SSA 514 

from the AIDA cloud chamber42 in easily conducted scans using a CFDC. An advantage to this 515 

instrument and the scanning procedure employed is that the nature of the CFDC allows for study 516 

of particle response over a full profile of RHw up to water saturation for any temperature (i.e., the 517 

limitations imposed by ice formation depleting water vapor in an expansion cloud chamber do 518 

not exist), which allows for studies relevant to cirrus cloud ice nucleation over a wide range of 519 

environmental conditions. The method could be extended to measurements on ambient particles, 520 

for which there exists a dearth of data for freezing behaviors at these temperatures and 521 

humidities. 522 

Our results illustrate the potential of SSA to be a significant source of INPs in the cirrus regime. 523 

For both aerosol sizes, up to 10% of the SSA population froze below 80% RHw at temperatures < 524 

225 K. SSA concentrations in the upper troposphere range from 10-4 – 10-1 µg m-3, and assuming 525 

a density of 2.2 g cm-3 65, the upper and lower bounds of 150 and 600 nm particles could be in the 526 

range 10-1 – 104 L-1. Since average ice crystal number concentrations in cirrus clouds range 527 

between 0.01 – 10 L-1 depending on latitudinal location21,22,74, the projected population of SSA-528 

derived INPs would represent a significant source of heterogeneous INPs for cirrus clouds. In the 529 

absence of significant numbers of other efficient INPs, such as mineral dusts, one could expect 530 

SSA to be strongly competing or dominating ice formation. In addition, size distributions of SSA 531 

above 4 km were found to be dominated by sizes < 400 nm31. Therefore, the aerosol sizes chosen 532 
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in this study may be more representative of the sizes of SSA active in the cirrus regime as 533 

opposed to previous studies that used aerosols 800 nm or larger42,44,46. These results represent a 534 

strong case for explaining the observations of SSA as a cirrus INP in previous studies of cirrus 535 

IR over the tropical and subtropical oceans25. Although that study concluded that the dominant 536 

sources of cirrus INPs were mineral dust and metallic particles, the flights that took place over 537 

the ocean were located predominantly downstream of major sources of dust and pollution, and 538 

SSA still made up substantial fractions of IR when in direct competition with efficient INPs like 539 

mineral dust. It is unclear what fraction of IR would be sea salts if flights occurred over more 540 

pristine ocean regions, and this may warrant future exploration. 541 

When discussing SSA as a source of heterogeneous INPs it is important to address the origin of 542 

the cirrus, liquid versus in situ origin, as this could determine by which nucleation mechanism 543 

SSA would initiate freezing (i.e., homogeneous versus heterogeneous freezing). SSA in liquid 544 

origin cirrus would likely remain as aqueous solutions and initiate homogeneous freezing. 545 

However, SSA may be present at cirrus levels in effloresced crystalline structures and initiate 546 

heterogeneous nucleation to form in situ origin cirrus. There are a number of different scenarios 547 

where the latter case may occur. Firstly, SSA is lofted to cirrus temperatures via deep convective 548 

updrafts and detrained in anvils, specifically in the tropics where cirrus are most frequently 549 

observed75. However, it would require the SSA particles to encounter dry air and effloresce; 550 

understanding how often this particular scenario occurs is beyond the scope of this study. 551 

Secondly, warm conveyor belts associated with lofting of air in frontal systems are known to be 552 

the most frequent source of in situ cirrus22,23, which may occur over some ocean regions and 553 

bring SSA to high altitudes and lower temperatures. An example of this scenario may be large 554 

storm tracks over the Northern Atlantic where in situ origin cirrus can be present ~70% and > 555 

50% of the time above 200 hPa or below 220 K76,77, respectively. 556 

We have shown that SSA have the potential to initiate heterogeneous nucleation at temperatures 557 

below 220 K. It is known that cirrus clouds have the potential to warm or cool the atmosphere 558 

depending on their formation mechanism and origin type. Heterogeneous nucleation of SSA 559 

would drive the formation of the in situ origin type cirrus, that are shown to produce a net 560 

positive radiative forcing22. This illustrates a potentially significant indirect effect of SSA in the 561 

cirrus regime. Since SSA concentrations are strongly modulated by sea-surface temperatures78, 562 
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as well as surface winds, changes in SSA generation and lofting to the upper troposphere may 563 

represent an important aerosol-cloud interaction that should be studied in assessing atmospheric 564 

response in a warming future climate.  565 
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