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Abstract 16 

This study investigated the hygroscopic behavior of individual ambient aerosol particles 17 

collected at a coastal site of Jeju Island, Korea. The particles' size change along with phase transitions 18 

during humidification and dehydration processes, and their chemical compositions, were determined 19 

by optical microscopy and scanning electron microscopy-energy dispersive X-ray spectroscopy (SEM-20 

EDX), respectively. Of the 39 particles analyzed, 24 were aged sea-spray aerosols (SSAs) with diverse 21 

mixing ratios of Cl- and NO3
-.  22 

The ambient SSAs exhibited multiple deliquescence and efflorescence transitions that were 23 

dominantly influenced by NaCl, NaNO3, MgCl2, Mg(NO3)2 and organic species covering the surface 24 

of the aged SSAs. For Cl-rich SSAs with X(Na, Mg)Cl > 0.4, although some particles showed very slow 25 

water uptake at low RHs = ~30%, two major transitions were observed during the humidification 26 

process, firstly at RH = ~63.8%, regardless of their chemical compositions, which is the mutual 27 

deliquescence relative humidity (MDRH), and secondly at RH =  67.5−73.5%, depending on their 28 

chemical compositions, which are the final DRHs. During the dehydration process, the Cl-rich SSAs 29 

showed single-stage efflorescence at RH = 33.0−50.5%, due to simultaneous heterogeneous 30 

crystallization of inorganic salts. For Cl-depleted SSAs with X(Na, Mg)Cl < 0.4, two prompt deliquescence 31 
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transitions were observed during the humidification process, firstly at MDRH = 63.8 % and secondly 32 

at RH = 65.4−72.9%. The mutual deliquescence transition was more distinguishable for Cl-depleted 33 

SSAs. During the dehydration process, step-wise transitions were observed at efflorescence RHs (ERHs) 34 

= 24.6−46.0% and 17.9−30.5%, depending on their chemical compositions.  35 

Additionally, aged mineral particles showed partial or complete phase changes with varying 36 

RH due to the presence of SSAs and/or NO3
- species. In contrast, non-reacted mineral and Fe-rich 37 

particles maintained their size during the entire hygroscopic process. The mixture particles of organic 38 

and ammonium sulfate (AS) exhibited lower deliquescence and efflorescence RHs compared to pure 39 

AS salt, highlighting the impact of organic species on the hygroscopic behavior of AS. These findings 40 

emphasize the complexity of atmospheric aerosols and the importance of considering their composition 41 

and mixing state when modeling their hygroscopic behavior and subsequent atmospheric impacts. 42 

 43 

1 Introduction 44 

Atmospheric aerosols play a significant role in the global climate by directly scattering or 45 

absorbing incoming solar radiation and indirectly serving as cloud condensation nuclei (Pandis et al., 46 

1995; Haywood and Boucher, 2000). The hygroscopicity of ambient aerosol particles, critically 47 

depending on their compositions, is of vital importance in understanding their properties, including 48 

their effects on aerodynamic performance, cloud-droplet nucleation efficiency, optical properties, and 49 

heterogeneous chemical reactivity with atmospheric gas-phase species. (Ten Brink, 1998; Krueger et 50 

al., 2003; Wang and Martin, 2007; Wu et al., 2020). However, the study of their hygroscopic behavior 51 

is challenging because ambient aerosols typically exist as complex mixtures of several chemical species, 52 

even at the individual particle level, due to multiphase interactions (Krieger et al., 2012; Pöschl and 53 

Shiraiwa, 2015; Schiffer et al., 2018). 54 

Sea-spray aerosols (SSAs) are a significant component comprising 25-60% of atmospheric 55 

particulate matter mass (Finlayson-Pitts and Pitts, 2000; Song et al., 2022). Understanding the 56 

hygroscopic properties of SSAs is essential for study on aerosol-cloud interactions and global climate 57 

(Schill et al., 2015; Zieger et al., 2017), which however, is still defective owing to their complex 58 

chemical compositions (Meskhidze et al., 2013; Xu et al., 2020; Cochran et al., 2017). Nascent SSAs 59 

are formed when bubbles burst at the sea surface, generating both submicron and supermicron SSAs 60 

from film and/or jet drops (Quinn et al., 2015; Wang et al., 2017). The primary inorganic constituents 61 

of nascent SSAs are Na+, Cl-, and Mg2+, followed by SO4
2-, Ca2+, K+, and other minor compositions 62 
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(Seinfeld and Pandis, 2006). Submicron nascent SSAs contain more organic species and fewer 63 

inorganic salts than supermicron ones (Ault et al., 2013; Prather et al., 2013; Wang et al., 2015). In 64 

pristine marine environments, the organics in SSAs mostly originate from phytoplankton activities in 65 

the sea, while in polluted marine environments, non-biodegradable surfactants from anthropogenic 66 

waste run-offs to the sea are supposed to be added (Cochran et al., 2016; Forestieri et al., 2016). 67 

Reactions of SSAs with various atmospheric species, such as NOx/HNO3, SO2/H2SO4, and CH3SO3H, 68 

within minutes to hours of residence in air further increase the complexity of the chemical compositions 69 

(ten Brink, 1998; Saul et al., 2006; Liu et al., 2007), leading to partially or fully reacted (or aged) SSAs 70 

after Cl depletion (Pósfai et al., 1995; Gard et al., 1998; Laskin et al., 2012; Ault et al., 2014; Wu et al., 71 

2020). The further reactive uptake of N2O5 was also reported to be dependent on the chloride to nitrate 72 

ratio of the reacted SSAs and their phases (Ryder et al., 2014). In addition, SSAs interact with volatile 73 

organic carbons (VOCs), secondary organic aerosols (SOAs), etc., in the marine boundary layer (Su et 74 

al., 2022). The presence of primary and secondary organics, biogenic species, sea-salt sulfates (ss-75 

SO4
2-), non-sea-salt sulfates (nss-SO4

2-), etc., adds greater complexity to the interdependence of 76 

hygroscopic behavior and heterogeneous reactions in ambient SSAs (Keene et al., 2007; O'Dowd and 77 

de Leeuw, 2007; Ault et al., 2013; Beardsley et al., 2013; Prather et al., 2013). 78 

Many studies have investigated the hygroscopic behavior of both airborne and laboratory-79 

generated SSAs. It is generally accepted that sea-salt-containing particles result in higher hygroscopic 80 

factors in supermicron particles (Atkinson et al., 2015; Herich et al., 2009). Some single particle 81 

measurements have been reported on ambient fine and coarse mode SSAs that are dominated by 82 

inorganic salt species. For example, environmental transmission electron microscopy was used to 83 

measure the deliquescence and efflorescence relative humidities (DRHs and ERHs) of NaCl-bearing 84 

aerosols, sulfate/chloride containing SSAs, Mg-rich particles, etc., collected from clean and polluted 85 

environments (Wise et al., 2007; Semeniuk et al., 2007). It was found that NaCl moiety in 86 

sulfate/chloride containing SSAs underwent deliquescence at ~75% RH with the sulfate-bearing phases 87 

remaining insoluble, which is similar to the DRH of pure NaCl aerosols, whereas the DRH of the NaCl 88 

moiety was lowered in the presence of soluble compositions like NaNO3. In a follow-up study, the 89 

DRHs and ERHs of laboratory-generated and ambient SSA particles were found to be consistent (Wise 90 

et al., 2009). Similar observations for marine aerosols with insoluble sulfate moieties and a highly 91 

hygroscopic NaCl-moiety were also reported (Freney et al., 2010a). In-situ Raman spectrometry was 92 

used to probe the phase transitions of SSA droplets (80−100 µm) nebulized from sea-water, which 93 
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revealed that CaSO4·0.5H2O solidified at RH > 90%, followed by crystallizations of NaCl and 94 

KMgCl3·6H2O at RH = ~55% and ~44%, respectively (Xiao et al., (2008). Optical microscopy 95 

combined with low-Z particle energy-dispersive electron probe X-ray microanalysis (low-Z particle 96 

EPMA) was used to determine 2-D growth factors, phase transition RHs, and chemical compositions 97 

in ambient aerosols, including nascent and reacted/aged SSAs (Ahn et al., 2010). However, the 98 

relationship between hygroscopic properties and the evolving chemical compositions and mixing states 99 

of ambient SSAs remains unclear.  100 

Laboratory-generated inorganic salt particles have been utilized as surrogates to understand and 101 

parameterize the complex hygroscopic properties of SSAs for climate models. Since NaCl constitutes 102 

approximately 80% of nascent SSAs by mass, the hygroscopic behavior of pure NaCl particles has been 103 

extensively studied for parameterizing the thermodynamic and optical properties and cloud activation 104 

efficiency of ambient SSAs (Tang et al., 1997; Niedermeier et al., 2008). However, the hygroscopic 105 

growth factors of ambient or laboratory-generated SSAs are reported to be different from those of pure 106 

NaCl, possibly due to the presence of hydrates such as MgCl2·6H2O, organic substances, or other 107 

impurities (Ahn et al., 2010; Schindelholz et al., 2014; Zieger et al., 2017; Rosati et al., 2021; Guo et 108 

al., 2019; Kong et al., 2018). Consequently, the hygroscopic properties of multicomponent systems 109 

such as mixed cation chlorides (Ge et al., 1996, 1998; Chan et al., 2000; Li et al., 2014b; Gupta et al., 110 

2015a), sodium salts of mixed anions (Gupta et al., 2015b; Chang and Lee, 2002; Freney et al., 2010b; 111 

Chan et al., 1997), and other mixture systems such as NaCl-MgSO4 (Woods et al., 2010), NaCl-CaSO4 112 

(Freney et al., 2010b), NaCl-(NH4)2SO4 (Tobon et al., 2021) are of special relevance, which can serve 113 

as surrogates for ambient or reacted SSAs.  114 

As discussed in detail elsewhere (Li et al., 2014b; Gupta et al., 2015b), equilibrium 115 

thermodynamics state that binary mixture systems such as NaCl-KCl, NaCl-MgCl2, and NaCl-NaNO3 116 

exhibit multi-stage deliquescence/efflorescence transitions at mutual DRHs/ERHs (MDRHs/MERHs) 117 

due to the dissolution/crystallization of eutonic compositions, which are independent of the initial 118 

mixing ratios, and at specific DRHs/ERHs due to the richer salt moiety, respectively. Thermodynamic 119 

models, such as the Extended Atmospheric Inorganics Model (E-AIM) 120 

(http://www.aim.env.uea.ac.uk/aim/aim.php; (Ansari and Pandis, 1999; Carslaw et al., 1995; Clegg et 121 

al., 1998a, b; Wexler and Clegg, 2002) and the Aerosol Inorganic-Organic Mixtures Functional groups 122 

Activity Coefficients (AIOMFAC) (http://www.aiomfac.caltech.edu; Zuend et al., 2008, 2011), can 123 

predict MDRHs and DRHs for multicomponent mixture systems. However, as efflorescence is a kinetic 124 
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or rate-driven process, no general theoretical model can predict the efflorescence of single or 125 

multicomponent aerosol particles, and thus the best way is experimental observation (Seinfeld and 126 

Pandis, 2006; Cohen et al., 1987; Martin, 2000). Previous modeling and field studies have attributed 127 

the reduction in hygroscopic growth of SSAs to the organic fractions (Ming and Russell, 2001; Vaishya 128 

et al., 2013; Zhang et al., 2014), whereas recent measurements suggest that organic species have an 129 

insignificant influence (Nguyen et al., 2017). Therefore, establishing a systematic correlation between 130 

the chemical compositions and hygroscopic behavior of ambient SSAs vis-à-vis the multicomponent 131 

inorganic surrogates is a priority towards understanding the hygroscopic properties of ambient SSAs 132 

and parametrizing phase changes for model applications.  133 

Mineral particles, such as aluminosilicates and calcium carbonate, which are typically non-134 

hygroscopic, can become hygroscopic when they are internally mixed with SSAs or react with gaseous 135 

species such as NOx, SO2, and organic acids in the presence of water vapor (Tang et al., 2016; Li et al., 136 

2014a). In fact, mineral dust and aged SSAs may exist as internal and/or external mixtures in the 137 

atmosphere (Geng et al., 2014). For instance, Mg-silicate particle coagulated with SSA partially 138 

increased in size only at the SSA region with increasing RH and was covered with an aqueous droplet 139 

caused by the complete dissolution of the SSA part in high RH (Semeniuk et al., 2007). Additionally, 140 

aluminosilicates coated with sulfur-bearing materials or internally mixed with sea salt particles can 141 

absorb water, although the aluminosilicates remained as solid phases (Freney et al., 2010b).  142 

In this study, we systematically investigated the hygroscopic behavior of ambient aerosols 143 

collected on Jeju Island, Korea, together with their chemical compositions in various mixing states on 144 

a single particle basis. Especially, the hygroscopic properties and chemical compositions of ambient 145 

SSAs were examined and compared with multicomponent inorganic surrogate systems containing Na+, 146 

Mg2+, Cl-, and NO3
-. The phase transitions were observed by monitoring the 2-D size changes of the 147 

particles as a function of RH under optical microscopy and the hygroscopic curves and phase diagrams 148 

were derived. To determine the chemical compositions of the individual ambient aerosols and the 149 

spatial distribution of elements in the effloresced particles, we used scanning electron 150 

microscopy/energy dispersive X-ray spectroscopy (SEM/EDX) and analyzed their X-ray spectra and 151 

maps, respectively. Although ambient aerosols are complex in their compositions and hygroscopic 152 

properties, the detailed elucidation of their hygroscopic behavior according to chemical compositions 153 

of ambient aerosols can contribute to the ongoing efforts to improve our understanding of atmospheric 154 

aerosols and their impacts on global climate. 155 
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2 Experimental Section  156 

2.1 Samples  157 

Ambient aerosol particles 158 

Aerosol samples were collected on April 16 and 17, 2012, at the Gosan meteorological site 159 

(33.29°N, 126.16°E) located on the west coast of Jeju Island in South Korea (see Fig. 1). Ambient 160 

aerosols were loaded on TEM grids (200-mesh Cu coated with Formvar stabilized with carbon, Ted 161 

Pella, Inc.) mounted on stages 2 and 3 of a three-stage cascade PM10 impactor (Dekati Ltd.) with 162 

aerodynamic cut-off diameters of 10−2.5 µm and 2.5−1.0 µm, respectively, at a flow rate of 10 L min-163 
1. Sampling durations for each stage were adjusted to collect an appropriate number of particles without 164 

overloading. Stage 2 particles, which were sized between 10-2.5 µm, were used to measure chemical 165 

composition and hygroscopic behavior in this study.  166 

 167 

Laboratory-generated (Na, Mg)(Cl, NO3) mixture particles 168 

In the previous studies (Zhang et al., 2004; Gupta et al., 2015a; Gupta et al., 2015b), aerosols 169 

of NaCl, NaNO3, Mg(NO3)2, NaCl-NaNO3, and NaCl-MgCl2 were extensively investigated. As Na+, 170 

Mg2+, Cl-, and NO3
- are also major species of most ambient SSAs, we measured the hygroscopic 171 

behavior of NaCl-MgCl2-NaNO3-Mg(NO3)2 in this work to study the hygroscopic behavior of ambient 172 

SSAs that contain similar major elements. Pure solutions (1.0 M each) of NaCl (>99.9% purity, Aldrich), 173 

MgCl2·6H2O, and NaNO3 (99.9% purity, Aldrich) were prepared using de-ionized water (18 MΩ, 174 

Millipore Direct-QTM). The pure solutions were then mixed to obtain mixture solutions with 175 

[Cl-]:[NO3
-] = 3:1, 1:1, and 1:3 (i.e. X(Na,Mg)Cl = 0.75, 0.5, and 0.25) while the sea water ratio of [Na+] : 176 

[Mg2+] = 9:1 was maintained. A single jet atomizer (HCT4810) was used to generate aerosol particles 177 

from the mixture solutions on hydrophobic TEM grids. Herein, a notation system is used to represent 178 

aerosol particles of NaCl-MgCl2-NaNO3-Mg(NO3)2 as (Na, Mg)(Cl, NO3). 179 

 180 

2.2 Hygroscopic property measurements 181 

The experimental setup for measuring hygroscopic behavior consists of three main components: 182 

(A) a see-through impactor, (B) an optical microscope, and (C) a humidity control system. The TEM 183 

grid with aerosol particles was attached to the impaction plate in the see-through impactor, and the RH 184 

was controlled by mixing dry and wet gaseous N2 (99.999% purity) flows that were adjusted to obtain 185 

the desired RH in the range of ~5.0−92.0%. The humidity control system used wet N2 gas obtained by 186 
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bubbling through deionized water reservoirs. The RH was monitored by a digital hygrometer (Testo 187 

645) that was calibrated using a dew-point hygrometer (M2 Plus-RH, GE) to provide RH readings with 188 

±0.5% reproducibility. A detailed discussion of the impactor and humidity-controlling system can be 189 

found elsewhere (Li et al., 2021). The particles were continuously imaged in RH = 1% steps using a 190 

digital camera (Canon EOS 5D, full frame, Canon EF f/3.5 L macro USM lens) mounted on an optical 191 

microscope (Olympus, BX51M) during the humidification process (by increasing RH from ~5.0 to 192 

92.0 %), followed by the dehydration process (by decreasing RH from ~92.0 to 5.0 %). The changes in 193 

particle size with the variation of RH were monitored by measuring the particle areas in the optical 194 

images to generate hygroscopic curves. Each humidity condition was sustained for at least 2 mins to 195 

allow for sufficient time for water condensation or evaporation. The hygroscopic curves are represented 196 

by the area ratio (A/A0) as a function of RH, where the 2-D projected aerosol area at a given RH (A) is 197 

divided by that before starting the humidification process (A0). The images were processed using image 198 

analysis software (Matrox, Inspector v9.0). The experiments were conducted at room temperature (T = 199 

22 ± 1 oC). Pure NaCl particles were used to verify the accuracy of the system with DRH = 75.5 (± 200 

0.5) % and ERH = 46.3–47.6 %. 201 

 202 

2.3 Low-Z particle EPMA measurements using SEM-EDX 203 

The ambient aerosol particles were analyzed using low-Z particle EPMA measurements with a 204 

Jeol JSM-6390 SEM equipped with an Oxford Link super atmospheric thin window (SATW) EDX 205 

detector. The analysis was conducted both before and after the hygroscopic processes to determine the 206 

morphology, chemical composition, and spatial distribution of the chemical elements (elemental maps). 207 

The resolution of the detector was 133 eV for Mn Kα X-rays. Point mode and area mode X-ray spectra 208 

and elemental maps of individual particles were recorded using Oxford INCA Energy software. An 209 

accelerating voltage of 10 kV and beam current of 0.5 nA were used, and typical measurement durations 210 

were 20 sec. for point mode, 1 min. for area mode, and 5-10 min. for elemental mapping.  211 

The AXIL program was used to obtain the net X-ray intensities for chemical elements through 212 

non-linear least-squares fitting of the spectra. From these intensities, the elemental concentrations of 213 

individual particles were determined (Vekemans et al., 1994). For individual particles sitting on TEM 214 

grids, C and O concentrations were determined using a Monte Carlo calculation technique to correct 215 

for the interfering X-ray peaks of C and O emitted from the TEM grid, providing accurate quantification 216 
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results (Geng et al., 2010). A detailed explanation of the elemental quantification procedure can be 217 

found elsewhere (Wu et al., 2019a).  218 

 219 

3 Results and Discussion 220 

3.1 Chemical compositional analysis of individual ambient aerosol particles  221 

Firstly, low-Z particle EPMA measurement was performed to find out fields on TEM grids with 222 

well-separated particles based on their secondary electron images (SEIs, ~ 100 µm x 100 µm for a field) 223 

before conducting the hygroscopic study and chemical compositional analysis of individual ambient 224 

aerosols. The particles on the selected fields were monitored using an optical microscope at varying 225 

RHs during the humidification and dehydration processes to study their hygroscopic behavior. 226 

Subsequently, the effloresced particles were transferred back to SEM-EDX to obtain their SEIs and X-227 

ray spectra. In this study, a total of 39 particles on three fields were investigated, including 24 SSAs 228 

with diverse mixing ratios of Cl- and NO3
- and 15 other particles such as six aluminosilicates, five Ca-229 

containing particles, two Fe-rich particles, an aged SiO2, and a mixture particle of organic and 230 

(NH4)2SO4. The mole fraction of Cl as X(Na,Mg)Cl in the aged/reacted SSAs was calculated based on 231 

[Cl-]/([Na+]+2[Mg2+]) to determine the degree of Cl-depletion in the SSA particles. Fig. 2 shows the 232 

SEI of the first field containing 16 particles, where the chemical species of each particle are indicated, 233 

together with two exemplar X-ray spectra of aged SSAs #5 and #11 with X(Na,Mg)Cl = 0.75 and 0.23, 234 

respectively. The elemental concentrations of all particles and their chemical species, determined by X-235 

ray spectral analysis, are listed in Table S1 of Supporting Information.  236 

 237 

3.2 Hygroscopic behavior of ambient aerosol particles 238 

 The hygroscopic behavior of all 39 particles was investigated in detail, in conjunction with their 239 

chemical compositional analysis. In Fig. 3, optical images obtained at different RHs during the 240 

humidification and dehydration processes and the SEI after hygroscopic process for 16 particles on the 241 

first field are shown. Except particles #2, #4, #7, #8, and #14, the rest are aged SSAs. Optical images 242 

and the SEIs for particles on the second and third fields are provided in Figs. S1 and S2, respectively.  243 

Particles were initially solid at RH = 5.3 % before the hygroscopic measurement, as shown in 244 

Fig. 3A. During the humidification process, most of the SSAs showed partial deliquescence at RH = 245 

63.8 % (Fig. 3C), regardless of their aging degree, indicating the realization of the MDRH. Upon further 246 

increase of RH, SSAs underwent full deliquescence transitions at DRH = 65.4 − 73.5 %, which varied 247 
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for each SSA, as shown in Figs. 3D and E. The SSA droplets showed hygroscopic growth when RH 248 

increased further as shown in Fig. 3F. During the dehydration process, almost all SSAs exhibited 249 

colored ring-type patterns (Figs. 3G and H) due to the diffraction of visible light typically observed in 250 

the presence of organic surfactants on water, indicating the presence of considerable amounts of organic 251 

species in aged SSAs. SSA droplet #5 crystallized at ERH = 50.5 % (Fig. 3G), while the others 252 

effloresced over a lower range of ERH = 46.0 − 17.9%. The various DRHs and ERHs indicate different 253 

chemical compositions of SSAs.  254 

Aluminosilicates and Fe-rich particles did not exhibit any water uptake or changes as a function 255 

of RH. Aged aluminosilicates, aged SiO2, and some reacted Ca-containing particles showed modest 256 

growth/shrinkage continuously due to the presence of amorphous NO3
- phases (Ahn et al., 2010). The 257 

mixture particle of organic and ammonium sulfate experienced distinct deliquescence and efflorescence. 258 

Detailed description of hygroscopic behavior of the ambient aerosol particles is given as follows. 259 

 260 

3.3 SSA particles 261 

 The average atomic concentrations of C, Na, Cl, N, Mg, S, K, and Ca in SSAs are listed in Table 262 

S1 with the values being 43.0(±7.2)%, 13.6(±4.6)%, 8.0(±6.6)%, 7.9(±2.3)%, 1.5(±0.4)%, 0.8(±0.3)%, 263 

0.3(±0.1)%, and 0.3(±0.1)%, respectively. The elemental analysis of the SSAs indicates that they 264 

consist primarily of Na+, Mg2+, Cl-, NO3
-, and organic species. As the SSAs become more aged or 265 

reacted, their mole fractions of Cl- relative to Na+ and Mg2+ decrease, while their mole fractions of NO3
- 266 

increase. Although the aged/reacted SSAs are a complicated multi-component system, (Na,Mg)(Cl, 267 

NO3) mixture system is considered as an inorganic surrogate system for understanding their 268 

hygroscopic behavior. The AIOMFAC model predicts the eutonic compositions of Na(Cl, NO3) and 269 

(Na, Mg)(Cl, NO3) mixture systems as XNaCl  = 0.38 and X(Na,Mg)Cl  = 0.46, respectively. The mole 270 

fraction of Cl in the eutonic compositions of the inorganic component of the aged SSAs would be 271 

around 0.4. And thus, the SSAs can be classified as Cl-rich or Cl-depleted depending on their X(Na,Mg)Cl 272 

values being greater or less than 0.4, respectively.  273 

 274 

3.3.1 Cl-rich SSAs 275 

Fig. 4 displays the projected 2-dimensional (2-D) area ratio and optical images for Cl-rich SSAs 276 

#5 and #19 (panels a and d, respectively), and the 2-D area ratio of humidification (panels b and e) and 277 

dehydration (panels c and f) for the two SSAs as a function of RH. For SSAs #5 and #19 the mole 278 
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fraction of chloride, X(Na,Mg)Cl was calculated to be 0.75 and 0.72, respectively.  In addition, the figure 279 

also includes the (Na, Mg)(Cl, NO3) particle with X(Na,Mg)Cl = 0.75 for comparison.  280 

During the humidification process, SSAs #5 and #19 initially remained constant in size until 281 

RH reached around 30%, after which they gradually increased in size. This behavior is also consistent 282 

with the (Na, Mg)(Cl, NO3) system (Figs. 4b and e), suggesting that MgCl2·6H2O (DRH = 33.3 %) or 283 

Mg2+-rich eutonic part may have undergone water absorption (Gupta et al., 2015a; Zieger et al., 2017). 284 

However, the deliquescence transitions were not as distinct as those in particles with X(Na,Mg)Cl = 0.25 285 

and 0.5 generated from (Na,Mg)(Cl,NO3) mixture solutions (see Fig. S3 in the Supporting Information). 286 

The size increase was followed by a shrinkage until RH = 60.5% due to structural rearrangement in the 287 

remaining undissolved salt-mixture crystals. Structural rearrangements are commonly observed after 288 

preliminary absorption of water at RHs just before the prompt deliquescence transition (Mikhailov et 289 

al., 2009; Mikhailov et al., 2004; Ahn et al., 2010; Gupta et al., 2015a; Gupta et al., 2015b). At first 290 

DRH = 63.8%, a partial droplet-like shape appeared in the particle morphology although there was no 291 

significant change in the 2-D area ratio. Clear final deliquescence transitions were observed in both 292 

SSAs #5 and #19 at DRHs = 73.5 % and 72.9 %, respectively, due to the dissolution of the remaining 293 

solid NaCl moiety in these Cl-rich particles. The measured DRHs of SSAs #5 and #19 were closer to 294 

the final DRHs calculated for the Na(Cl, NO3) system using the AIOMFAC model (Fig. 6), and higher 295 

than the calculated and measured ones in the (Na, Mg)(Cl, NO3) particles (Figs. 4b and e and Fig. 6). 296 

These observations for the Cl-rich SSAs suggest that most of the Mg2+ salts (MgCl2·6H2O with DRH 297 

= 33.3 %; Mg(NO3)2 with DRH = 52%) have already dissolved at low RHs or undergone complexation 298 

with organic moieties (Eom et al., 2016), and the remaining NaCl and NaNO3 moieties drove the 299 

deliquescence transition. The hygroscopic growth of both SSAs #5 and #19 was much smaller than that 300 

of the (Na, Mg)(Cl, NO3) system (Figs. 4b and e) when RH was raised to 91.4%, indicating the presence 301 

of a partitioning hydrophobic layer composed of organic surfactants that covered the aqueous salt 302 

droplets and inhibited water uptake (Eom et al., 2016; Cochran et al., 2016; Bertram et al., 2018; Lee 303 

et al., 2020).  304 

During the dehydration process as RH decreased from ~91% to ~5%, both the SSA droplets 305 

showed a continuous shrinkage in size before their efflorescence. However, the rate of shrinkage was 306 

much smaller than that of pure inorganic surrogates, such as the (Na, Mg)(Cl, NO3) system with 307 

X(Na,Mg)Cl = 0.75 (Figs. 4c and f), indicating that the hydrophobic surfactant layers covering the aqueous 308 

salt droplets potentially impeded the water evaporation. SSAs #5 and #19 showed one clear 309 
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efflorescence transition at RH = 50.5% and 45.0%, respectively (Figs. 4a and d). Interestingly, SSA #5 310 

(X(Na,Mg)Cl = 0.75) underwent a sharp decrease in size from RH = 50.9 − 50.5%, which is considerably 311 

higher than the ERH range of ~45 − 47% for pure NaCl particles (Martin, 2000; Ahn et al., 2010; Eom 312 

et al., 2014), and the first ERHs of either Na(Cl, NO3) (Fig. 7) or (Na, Mg)(Cl, NO3) (Figs. 4c and 7) 313 

systems. On the other hand, SSA #19 (X(Na,Mg)Cl = 0.72) first showed a small decrease in size at RH = 314 

63.8 – 60.8%, which is not a typical efflorescence transition, followed by a sharp decrease in size at 315 

RH = 45.8 – 45.0%, which is on the lower side of the ERH range for pure NaCl and slightly higher 316 

than the first ERHs of Na(Cl, NO3) and (Na, Mg)(Cl, NO3) systems (Figs. 4f and 7). The higher ERH 317 

at RH = 50.5 % in SSA #5 indicates heterogeneous efflorescence of the NaCl moiety, while the ERH = 318 

45.0% in SSA #19 suggests the homogeneous nucleation of NaCl moiety. Both SSA droplets showed 319 

just one decisive efflorescence transition at their ERHs, indicating co-crystallization of most aqueous 320 

inorganic salt moieties along with NaCl, pointing towards the likelihood that the SSAs with more 321 

complicated chemical compositions than the inorganic surrogate aerosols contain chemicals which can 322 

act as seeds, such as (Na, Ca)SO4 crystals, for the complete crystallization at the efflorescence transition. 323 

These observations are substantiated by the distribution of S and O at the center and edge of the NaCl 324 

moiety in the X-ray maps obtained from the effloresced SSA particles #5 and #19, respectively (Fig. 325 

S4) (Li et al., 2014b; Gupta et al., 2015b). The apparent (not so sharp) decrease in size of SSA #19 at 326 

RH = 63.8 – 60.8% could be attributed to: (i) the sudden shrinkage of viscous organic moieties covering 327 

the aqueous salt droplet; or (ii) inhibited or slow water loss, probably due to a kinetic barrier to 328 

crystallization from amorphous/gel forming moieties such as MgSO4/Mg(NO3)2/(CH3SO3)2(Mg, Ca) 329 

(Xiao et al., 2008; Zhao et al., 2006; Zhang et al., 2004; Liu and Laskin, 2009); or (iii) a phase transition, 330 

such as heterogeneous efflorescence, had occurred, but the presence of viscous moieties (organics or 331 

Mg2+- organic complex) affected the relative 2-D size decrease on the TEM grid substrate. 332 

 333 

3.3.2 Equimolar and Cl-depleted SSAs 334 

Fig. 5 shows the plots of the projected 2-D area ratio and optical images for an equimolar SSA 335 

#23 (Fig. 5a) and a Cl-depleted SSA #11 (Fig. 5d), and 2-D area ratio of humidification (panels b and 336 

e) and dehydration (panels c and f) for the two SSAs as a function of RH. The calculated mole fractions 337 

of chloride, X(Na, Mg)Cl for SSAs #23 and #11 are 0.52 and 0.23, respectively. The figure also includes 338 

the (Na, Mg)(Cl, NO3) particles with X(Na, Mg)Cl = 0.5 and 0.25 for comparison. 339 
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During the humidification process, both SSAs #23 and #11 remained relatively constant until 340 

RH = ~50 %, unlike the (Na, Mg)(Cl, NO3) surrogates, probably due to the decreased concentration of 341 

MgCl2·6H2O. The particle size then began to shrink until RH = ~59%. Both SSAs exhibited two distinct 342 

deliquescence transitions. Partial deliquescence transitions occurred at RH = ~63.8%, which is the 343 

MDRH for the mixture of soluble moieties in the ambient SSAs and was reported for the first time. 344 

Both SSAs exhibited two clear deliquescence transitions. The observed and AIOMFAC-calculated 345 

MDRHs of the Na(Cl, NO3) system are ~68%, while the AIOMFAC-calculated second MDRH for the 346 

(Na, Mg)(Cl, NO3) system is 66.5% after the dissolution of MgCl2·6H2O at the calculated first MDRH 347 

of ~34%, as shown in Fig. 6. This indicates that the eutonic component in the ambient SSAs, with a 348 

lower MDRH of 63.8%, is composed of NaCl, NaNO3, Mg(NO3)2, and some other minor, less-soluble 349 

moieties. The mutual deliquescence transition was more distinct in Cl-depleted SSAs than in Cl-rich 350 

SSAs, suggesting that the eutonic component in the ambient SSAs is richer with other salts compared 351 

to NaCl. As RH increased further, both SSAs #23 and #11 underwent final deliquescence transitions at 352 

DRHs = 69.5%. The observed DRH for SSA #23 (X(Na,Mg)Cl = 0.52) is closer to the final DRH calculated 353 

from AIOMFAC for pure NaCl moiety in the Na(Cl, NO3) system (Fig. 6), and higher than the 354 

AIOMFAC-calculated final DRH for pure NaCl moiety in the (Na, Mg)(Cl, NO3) system (Figs. 5b and 355 

6). The observed DRH for SSA #11 (X(Na,Mg)Cl = 0.23) is lower than the AIOMFAC-calculated final 356 

DRH (Fig. 6) for pure NaNO3 moiety in the Na(Cl, NO3) system (Gupta et al., 2015b), and close to the 357 

AIOMFAC-calculated final DRH for pure NaNO3 moiety in the (Na, Mg)(Cl, NO3) system (Figs. 5e 358 

and 6). The observation of Cl-depleted SSAs during humidification suggests that a (Na, Mg)(Cl, NO3) 359 

dominant system drives the deliquescence transition. As RH increased further, the hygroscopic growth 360 

of both SSAs #23 and #11 was stunted, in comparison to the inorganic multicomponent surrogates (Figs. 361 

5b and e), likely due to the presence of hydrophobic surfactants covering the aqueous salt droplet.  362 

During the dehydration process, both SSAs #23 and #11 showed slower rates of shrinkage 363 

compared to the pure inorganic surrogates (Figs. 5c and f), suggesting inhibition of water evaporation 364 

due to surface hydrophobic organic moieties. The diffraction patterns at the aqueous salt droplet-365 

organic surfactant interface were more prominent in the form of color and/or ring-like patterns for 366 

equimolar and Cl-depleted SSAs (Figs. 5a and d), indicating that the hydrophobic organic film may 367 

become thicker or the concentration of organic surfactants may increase with aging. During dehydration, 368 

SSA #23, which is equimolar or slightly Cl-rich, showed one sharp transition at RH = 44.1-43.6% and 369 

a gradual decrease in size thereafter until RH = 30.7%, which is not considered an efflorescence 370 
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transition (Fig. 5a). The distinct ERH of 43.6% observed for SSA #23 was higher than the first ERHs 371 

of both Na(Cl, NO3) and (Na, Mg)(Cl, NO3) systems (Fig. 5c and 7), indicating possible homogeneous 372 

efflorescence of NaCl along with other salts on crystalline seeds such as (Ca, Na)SO4 (Pósfai et al., 373 

1995; Semeniuk et al., 2007; Wise et al., 2007), as shown in the X-ray maps in Fig. S5a. The remaining 374 

metastable amorphous/gel type NO3
- moieties and MgSO4·xH2O may be responsible for the gradual 375 

decrease in size after the efflorescence transition (Li et al., 2016).  Cl-depleted SSA #11 showed two 376 

clear efflorescence transitions at RH = 44.1−39.6% and 24.6−23.9%, as shown in Fig. 5d. The first 377 

ERH of 39.6% measured for SSA #11 was also higher than the ERHs for both Na(Cl, NO3) and (Na, 378 

Mg)(Cl, NO3) systems, while the second ERH of 23.9% was close to and lower than the ERH range for 379 

pure NaCl in (Na, Mg)(Cl, NO3) and Na(Cl, NO3) systems, respectively (Figs. 5f and 7). The 380 

observations for Cl-depleted SSA #11 suggest that the first ERH was most probably due to the 381 

heterogeneous crystallization of the dominant NaNO3 and/or Mg(NO3)2 on mixed cation sulfate 382 

crystalline seeds such as (Ca, Na)SO4, while NaCl continued to homogeneously nucleate until the 383 

second ERH, where it crystallized at the center/core of the particle (Woods et al., 2013), as shown in 384 

the X-ray maps in Fig. S5b. 385 

 386 

3.3.3 Phase diagrams of ambient SSAs in correlation with Na(Cl, NO3) and (Na, Mg)(Cl, NO3) 387 

surrogates systems 388 

 The phase diagrams of ambient SSAs in correlation with Na(Cl, NO3) and (Na, Mg)(Cl, NO3) 389 

surrogate systems can show the relationship between the observed deliquescence and efflorescence 390 

behavior of the ambient SSAs and those of the simpler surrogate systems. The ambient SSAs have more 391 

complex compositions, but the simpler surrogate systems can help to identify the dominant salts and 392 

their behavior in the ambient SSAs. For example, the observation of Cl-depleted SSAs during 393 

humidification suggests that a (Na, Mg)(Cl, NO3) dominant system drives the deliquescence transition. 394 

This information can be useful in understanding the hygroscopic properties and behavior of 395 

atmospheric aerosols. 396 

 397 

3.3.3.1 Deliquescence phase diagram  398 

Fig. 6 shows the experimentally measured DRHs for the ambient SSA particles and those of the 399 

(Na, Mg)(Cl, NO3) and Na(Cl, NO3) systems, calculated from the AIOMFAC model, plotted as a 400 

function of the mole fraction of chloride, f(X(Na, Mg)Cl or XNaCl). 401 
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The first MDRH of the (Na, Mg)(Cl, NO3) system, which was calculated from AIOMFAC, is 402 

34.2%, while the MDRH measured in laboratory-generated (Na, Mg)(Cl, NO3) particles is ~33.4% (Fig. 403 

S3). These values are attributed to the dominant MgCl2·6H2O eutonic component (Gupta et al., 2015a). 404 

In some Cl-rich SSAs, a gradual increase in size and a change in morphology were observed at RH = 405 

~33%, indicating that they were in the partial aqueous phase (Figs. 4a and d). It is also possible that the 406 

gradual water uptake observed in SSAs at low RHs is due to amorphous inorganic moieties such as 407 

MgSO4·xH2O (Zhao et al., 2006; Xiao et al., 2008) and Mg(NO3)2·xH2O (Zhang et al., 2004), and/or 408 

water-soluble secondary organics such as carboxylate salts formed due to reactions of the (Na, Mg)Cl 409 

species with dicarboxylic acids, which are ubiquitous in the marine boundary layer (Laskin et al., 2012; 410 

Ghorai et al., 2014; Li et al., 2021). Wise et al. (2009) reported that ambient SSAs started changing in 411 

morphology at 36(±15)% RH. 412 

For the (Na, Mg)(Cl, NO3) system, the eutonic composition is X(Na,Mg)Cl = 0.46, with a second 413 

MDRH of 66.5%, calculated from AIOMFAC, and a measured value of ~66.6(±0.4)% in the laboratory-414 

generated (Na, Mg)(Cl, NO3) particles (Fig. S3). For the Na(Cl, NO3) system, the eutonic composition 415 

is XNaCl = 0.38, with the MDRH of 67.9%, calculated from AIOMFAC, and a measured value of 416 

~67.9(±0.3)% in the laboratory-generated particles (Gupta et al., 2015b). The observed MDRH of 417 

63.8(±0.3)% for the ambient SSAs (Fig. 6) is slightly lower than those of the surrogate systems, 418 

indicating that the eutonic component in the mutual deliquescence transition may be Na(Cl, NO3)-rich, 419 

with minor concentrations of other soluble salt moieties, as the MDRH of salt mixtures is generally 420 

lower than individual salt DRHs (Wexler and Seinfeld, 1991). It is less likely that Na2SO4 or CH3SO3Na 421 

are major components of the eutonic component in these ambient SSAs, as they have much higher 422 

MDRHs, i.e., MDRHs = 84.0% for Na(Cl, SO4) and 71% for Na(Cl, CH3SO3) (Chang and Lee, 2002; 423 

Liu and Laskin, 2009; Liu et al., 2011). The lowest final DRH measured for SSA #1 with X(Na,Mg)Cl = 424 

0.33 is at RH = 65.4 % (Fig. 6), which is close to the observed MDRH of 63.8(±0.3)%, suggesting that 425 

the eutonic component likely has a chloride mole fraction within the range of X(Na,Mg)Cl = ~0.30−0.40. 426 

Interestingly, Wise et al. (2009) reported rounding in particle morphology at RH = 65(±4)%, which is 427 

close to the observed MDRH but was not confirmed as such since only four ambient SSA particles were 428 

studied. 429 

The final DRHs in both (Na, Mg)(Cl, NO3) and Na(Cl, NO3) systems are solely determined by 430 

the solid salt remaining after the mutual deliquescence of the eutonic component. Fig. 6 clearly shows 431 

that for the Cl-rich SSA particles with X(Na,Mg)Cl > 0.40, which contain more NaCl than the eutonic 432 
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composition, the final DRH values (~67.5-73.5%) approached the DRH of pure NaCl salt (~75.3% at 433 

298 K) as the chloride concentration increased. Similarly, for the Cl-depleted particles with X(Na,Mg)Cl < 434 

0.40, the final DRH values (~65.4-72.9%) approached that of pure NaNO3 salt (~74% at 298 K) as the 435 

chloride concentration decreased.  436 

The chemical components of each phase in the ambient SSAs during the humidification process 437 

are not well known, therefore, five possible single and/or mixed phases are notated as alphabets (P, Q, 438 

R, S, and T) and the possible major chemical components in each phase (s = solid; aq = aqueous) are 439 

listed as follows: 440 

(i) P-(s): all components are mixed in solid phase at RH < ~33−35% at all mole fractions of chloride. 441 

(ii) Q-(s + aq): a mixed phase comprising possibly aqueous MgCl2·6H2O dominant eutonic 442 

components, and solid NaCl + (Na, Mg, Ca)(NO3, SO4) + organics between RH = ~33% and 443 

the first clear MDRH of ~63.8%. 444 

(iii)  R-(s + aq): a mixed phase comprising solid NaNO3 + (Ca, Na)SO4 and aqueous eutonic 445 

components rich in Na(Cl, NO3) + Mg(NO3, SO4, organics) between RH = 63.8% and final 446 

DRHs for X(Na,Mg)Cl < 0.40, i.e., Cl-depleted SSAs.  447 

(iv)  S-(s + aq): a mixed phase comprising solid NaCl + (Ca, Na)SO4 and aqueous eutonic 448 

components rich in Na(Cl ,NO3) + Mg(Cl, NO3, SO4, organics) between the RH = 63.8% and 449 

final DRHs for X(Na,Mg)Cl > 0.40, i.e., Cl-rich SSAs. 450 

(v) T-(aq): aqueous phase for most components including NaCl + NaNO3 + Mg(Cl, NO3, SO4, 451 

organics) above the measured final DRHs at all mole fractions of chloride, while (Ca, Na)SO4 452 

should remain in crystalline solid phase and does not take part in the deliquescence transitions 453 

in the measured RH range. 454 

 455 

3.3.3.2 Efflorescence phase diagram 456 

The experimentally measured ERHs for the ambient SSA particles and those of (Na, Mg)(Cl, 457 

NO3) and Na(Cl, NO3) systems are plotted as a function of the mole fraction of chloride, f(X(Na,Mg)Cl or 458 

XNaCl) in Fig. 7.  459 

The first ERH values decrease from 44.5% to 24.8% and from 47.1% to 20.2% with decreasing 460 

mole fractions of chloride for X(Na, Mg)Cl = 0.75 to 0.25 in the (Na, Mg)(Cl, NO3) and XNaCl = 0.9 to 0.1 461 

in the Na(Cl, NO3) systems, respectively (Gupta et al., 2015b; Woods et al., 2013). This suggests that 462 
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the first efflorescence transitions in the surrogate systems are solely due to the homogeneous nucleation 463 

of NaCl for both Cl-rich and Cl-depleted particles, and that the amorphous (Na, Mg)NO3 species cannot 464 

undergo homogeneous crystallization even at high supersaturation (Kim et al., 2012; Zhang et al., 2004). 465 

In the case of Cl-rich (X(Na,Mg)Cl > 0.40) ambient SSAs, the first ERHs systematically decreased ranging 466 

from 50.5% to 33.0% due to the homogeneous nucleation of NaCl for most particles. However, for a 467 

few particles, such as SSA #5 (Fig. 4a, ERH = 50.5%), NaCl underwent heterogeneous crystallization 468 

on the mixed cation sulfate ((Ca, Na)SO4) crystalline seeds, resulting in higher ERH values. On the 469 

other hand, in Cl-depleted (X(Na,Mg)Cl < 0.40) SSA particles, the first ERH values ranged from 46.0% to 470 

24.6% as a random set of values higher than the first ERHs in either surrogate system (Fig. 7), indicating 471 

heterogeneous crystallization of the richer (Na, Mg)NO3 moieties on the mixed cation sulfate 472 

crystalline seeds for most particles.  473 

The second/final ERH in the Na(Cl, NO3) system was only observed for Cl-rich particles (XNaCl 474 

> 0.38) due to the mutual efflorescence of the eutonic component (XNaCl = 0.38) at MERH = 475 

~30.0−35.5%, while no second ERH was recorded for Cl-depleted particles as NaNO3 heterogeneously 476 

crystallized simultaneously on the homogeneously nucleated NaCl seeds (Gupta et al., 2015b). For the 477 

(Na, Mg)(Cl, NO3), a second ERH = ~29.6–27.4% was only observed for X(Na, Mg)Cl = 0.5 among the 478 

three compositions measured (Fig. S3), probably due to the stochastic heterogeneous crystallization of 479 

the Na(Cl, NO3)-rich eutonic moiety on the NaCl seed. On the other hand, the typical transitions from 480 

30.5% to 17.9% for the second/final ERH in ambient SSAs were only observed for Cl-depleted particles 481 

with decreasing chloride concentration, i.e. X(Na, Mg)Cl = ~0.33 to 0.15, indicating homogeneous 482 

nucleation of NaCl followed by assumed simultaneous heterogeneous crystallization of remaining 483 

aqueous salt moieties such as Mg(SO4, NO3).  484 

In the laboratory-generated (Na, Mg)(Cl, NO3) particles with different mole fractions of 485 

chloride, i.e. X(Na, Mg)Cl = 0.25, 0.5, 0.75 (Fig. S3), and 1.0 (Gupta et al., 2015a), clear final ERHs or 486 

MERHs were observed at low RHs ranging in 11.0−5.1% (X(Na, Mg)Cl = 0.25, 0.5, and 1.0) and 14.6−12.1% 487 

(X(Na, Mg)Cl = 0.75), probably due to the crystallization of the dominant eutonic component of 488 

MgCl2·4H2O and MgCl2·6H2O, respectively. However, such low values of ERHs were not observed in 489 

the ambient SSAs, possibly because the concentrations of MgCl2·xH2O were too small to be detected 490 

by the optical microscopy-derived 2-D area ratio. On the other hand, the very gradual shrinkage 491 
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observed in ambient SSAs at low RHs may be due to the presence of amorphous Mg(NO3, SO4)·xH2O 492 

moieties, which were present in some particles (e.g., SSAs #5, #19, and #23 in Figs. 4a, 4d, and 5a). 493 

Considering the possibility of water content at low RHs during the dehydration process (Cziczo 494 

et al., 1997; Tang et al., 1997; Gupta et al., 2015a), the ambient SSAs can be divided into five potential 495 

phases, denoted as alphabets (P, Q, R, S, T), based on the presence of different chemical components 496 

and their states at different relative humidities (RHs) and the major chemical components in each phase 497 

(s = solid; aq = aqueous) are listed as follows: 498 

(i) P-(aq): Almost all components, including NaCl, NaNO3, and Mg(Cl, NO3, SO4, organics), are 499 

mixed in the aqueous phase at RH > ~55% for all mole fractions of chloride. The (Ca, Na)SO4 500 

should remain in the crystalline solid phase as it does not take part in the phase transitions within 501 

the measured RH range. 502 

(ii) Q-(s + aq): a mixed phase including solid NaCl and other heterogeneously crystallized moieties 503 

+ aqueous nucleating species like (Mg·xH2O)2+ and Cl-/NO3
-/SO4

2- at RHs < 50.5% in Cl-rich 504 

SSAs (X(Na, Mg)Cl > 0.40). 505 

(iii)  R-(s + aq): a mixed phase including heterogeneously crystallized (Na, Mg)NO3·xH2O on 506 

crystalline (Ca, Na)SO4(xH2O) seeds + aqueous NaCl and other moieties, between the first 507 

ERHs = 46.0−24.6% and final ERHs = 30.5−17.9% for Cl-depleted SSAs (X(Na, Mg)Cl < 0.40). 508 

(iv)  S-(s + aq): a mixed phase including solid (Na, Mg, Ca)(NO3, SO4)·xH2O and homogeneously 509 

crystallized NaCl + aqueous/amorphous (Mg·xH2O)2+ and NO3
-/SO4

2-, and other minor species 510 

below final ERHs = 30.5−17.9%  for Cl-depleted SSAs (X(Na, Mg)Cl < 0.40). 511 

(v) T-(s): All components are mixed in solid phase at RH = ~14.6−5.0% for all mole fractions of 512 

chloride. Amorphous or gel forming Mg(NO3, SO4)·xH2O shows gradual water loss, while only 513 

a small amount of MgCl2·xH2O is expected to crystallize.   514 

 515 

3.4 Non-SSA particles 516 

 Generally, mineral particles such as aluminosilicates and calcium carbonate tend to be difficult 517 

to absorb water and grow in size with increasing RH. However, these particles can become hygroscopic 518 

after reaction with NOx and SO2
 in the presence of water and/or mixing with SSAs. Particle #14 shown 519 

in Fig. S6 is a highly aged aluminosilicate that has mixed with an SSA moiety, probably with (Na, 520 

Mg)(Cl, NO3) and organic species as confirmed using X-ray spectrum. Clear deliquescence and 521 
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efflorescence transitions are observed in the gradual growth and shrinkage of particle #14 due mainly 522 

to the SSA part, and the growth of the aged aluminosilicate is certainly smaller than the SSA at 523 

maximum RH. Particle #20 shown in Fig. S7 is a reacted Ca-containing particle with nitrate showing 524 

gradual change in size during humidification and dehydration processes, following hygroscopic 525 

property reported before (Ahn et al., 2010). Particle #36 is a typical ammonium sulfate mixed with 526 

organic species as shown in Fig. S8, and the major chemical components of particle #36 are C, N, O, 527 

and S. The particle showed a first partial deliquescence transition at RH = 67.5%, which may be the 528 

MDRH for the mixture of ammonium sulfate and organic species. Upon further increase in RH, the 529 

particle absorbed more moisture and fully dissolved at RH = 77.1%, which is slightly lower than the 530 

DRH of pure ammonium sulfate particles (Wu et al., 2019). During the dehydration process, particle 531 

#36 showed a slower rate of shrinkage than ammonium sulfate particles, indicating inhibition of water 532 

evaporation due to surface hydrophobic organic moieties, and effloresced at RH = 27.6%, which is 533 

lower than the ERH of ammonium sulfate particles (Wu et al., 2019). Some particles, such as reacted 534 

Ca-containing particles #17 and #25 and an aged SiO2 particle #37, exhibit partial dissolution as shown 535 

in Fig. S9 and S10. The 2-D area ratio of particle #17 at maximum RH is larger than that of particle 536 

#25, indicating the existence of more hygroscopic components in particle #17. Particle #37 showed 537 

gradual increase and decrease with partial dissolution only on the right side of particle, possibly due to 538 

the reacted Ca-containing one with nitrate moiety. The observation of the hygroscopic behavior of 539 

particles having partial growth suggests that a small content of hygroscopic chemical species can 540 

control the hygroscopic behavior of particles with major non-hygroscopic species. On the other hand, 541 

genuine aluminosilicate particles #29 and #32 (Fig. S11) and Fe-rich particles #2 and #7 (Fig. S12) did 542 

not show hygroscopic growth with changing RH.  543 

 544 

4 Atmospheric Implications  545 

            The investigation of the hygroscopic behavior of ambient SSAs is crucial for understanding the 546 

atmospheric chemistry and physics of marine environments. Previous studies have recognized that 547 

SSAs contain a wide range of inorganic sea salt and organic species (Schiffer et al., 2018), making it 548 

difficult to assess their hygroscopicity. In this study, the hygroscopic behavior of SSAs was 549 

systematically characterized and correlated with the role of inorganic salt moieties and enriched organic 550 

material coating. It was found that SSAs partially dissolve at lower RHs than the inorganic surrogates, 551 

including (Na, Mg)(Cl, NO3), due to the coexistence with other soluble moieties such as water-soluble 552 
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secondary organics. This indicates that SSAs will be increasingly susceptible to trace gas species and 553 

subsequent heterogeneous chemical reactions (Lee et al., 2020). The degree of chloride depletion was 554 

also found to affect the hygroscopic behavior of aged SSAs. SSAs with a higher degree of chloride 555 

depletion, i.e., higher aging degree, tend to exhibit multiple phase transitions with reducing RH, 556 

retaining phase-separated core-shell mixing state, which impacts aerosol-radiation interactions (Sun et 557 

al., 2018). The importance of considering these surrogate systems when modeling the hygroscopic 558 

behavior of ambient SSAs is apparent, especially in the case of field observations where a wide range 559 

of mixing states exist in particles. Even though there are still discrepancies regarding whether the 560 

organic fraction can influence the hygroscopic growth of SSAs, this study demonstrated that organic 561 

substances covering the sea salt moieties did suppress their hygroscopic growth. Further investigations, 562 

including obtaining exact elemental and molecular compositions of the organic shells, are needed to 563 

examine the aging of SSAs and quantify their uncertain effects on SSAs’ hygroscopicity in 564 

thermodynamic models.  565 

In addition, other species involving mineral dust and anthropogenic particles can be transported 566 

into marine environments and mixed with SSAs, which alter the particle compositions and in turn, their 567 

hygroscopicity. Heterogeneous mixing or coating of SSAs onto less hygroscopic dust particles can 568 

enhance their ability to interact with water vapor and reactive trace gases, leading to the formation of 569 

new particles and increased CCN activity (Tang et al., 2016). This mixing can also affect the optical 570 

properties and radiative forcing of atmospheric aerosols, as the scattering and absorption of solar 571 

radiation by aerosols are dependent on their size, composition, and mixing state. Furthermore, the 572 

impact of anthropogenic emissions on the hygroscopicity of marine aerosols is an important area of 573 

research, as increased levels of atmospheric pollutants may enhance the aerosol-water interaction and 574 

lead to changes in cloud properties and precipitation patterns (Su et al., 2022). Therefore, a 575 

comprehensive understanding of the hygroscopic behavior of marine aerosols and their interactions 576 

with other atmospheric constituents is necessary for accurately predicting their impacts on climate and 577 

air quality. 578 

 579 

5 Conclusions 580 

The hygroscopic behavior of individual ambient aerosol particles collected at a coastal site of 581 

Jeju Island, Korea, was investigated in correlation with their chemical compositions derived from X-582 

ray microanalysis. Specifically, we focused on the hygroscopic behavior of ambient aged SSAs and 583 
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their dependence on the extent of reaction between Cl- and NO3
- ions, estimated from the mixing ratios 584 

of these ions using SEM-EDX. The phase transitions of the aged SSAs were found to be dominated by 585 

inorganics involving Na(Cl, NO3) and/or (Na, Mg)(Cl, NO3) systems, with organic surfactant films 586 

covering the droplets suppressing hygroscopic growth and shrinkage with changing RH. For Cl-rich 587 

SSAs, two major transitions were observed during the humidification process, firstly at the MDRH and 588 

secondly at a final DRH. During the dehydration process, Cl-rich SSAs showed single-stage 589 

efflorescence. Cl-depleted SSAs showed two prompt deliquescence transitions during the 590 

humidification process and stepwise transitions during the dehydration process, depending on their 591 

chemical compositions.  592 

The hygroscopic behavior of other particle types, including aged aluminosilicate, Ca-containing, 593 

organic and ammonium sulfate mixture, and Fe-rich particles, was also observed. Aged mineral 594 

particles showed varying degrees of size changes with changing RH, potentially due to the presence of 595 

SSAs and/or NO3
- species resulting from coagulation and heterogeneous reactions, while non-reacted 596 

mineral and Fe-rich particles did not exhibit significant size changes during the hygroscopic process. 597 

The mixture particles of organic and ammonium sulfate displayed lower DRH and ERH values 598 

compared to pure ammonium sulfate salt, indicating the impact of organic species on the hygroscopic 599 

behavior of ammonium sulfate. While there have been some studies on the hygroscopic behavior of 600 

ambient marine aerosols, this study is one of the first to systematically investigate their hygroscopic 601 

behavior and to correlate it with their chemical compositions, providing better insights into their impact 602 

on climate change and atmospheric chemistry. 603 
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