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Point-by-point response to reviewer comment on 

manuscript acp-2020-443 “Impact of organic acids on 

chloride depletion of inland transported sea spray 

aerosols” 
 

We appreciate the two  anonymous reviewers for their constructive comments to improve the 

manuscript. We have addressed every comment and made changes to improve the manuscript.   

With kindest regards, 

By Bojiang Su on behalf of all authors 

 

Note 

Referee Comments in black. 

Authors’ Response in blue. 

Changes in manuscript in Red. 

Anonymous Referee #1 

General comments 

This paper discusses the depletion of chloride in sea spray aerosol (SSA) particles based on a 

field observation of atmospheric aerosol during the East Asian summer monsoon using a single 

particle aerosol mass spectrometer. The authors claim that up to 34% of chloride depression could 

be explained by organic acids. They also claim that SSA of biogenic origin exhibits chloride 

depression that is distinctly different from that of commonly observed aged SSA, and infer that 

organic coatings on SSA could influence on the heterogeneous reactivity of SSA particles. The 

subject of this study is important to understand the chemical processes of SSA and also their role in 

the atmosphere. 

Although the findings from this study are potentially significant, the conclusions are not fully 

supported by the experimental evidence provided in the current version of the manuscript. For 

example, in the quantitative analysis of the contributions of inorganic and organic acids on chloride 

depression, no explanation is provided about possible different sensitivity of the mass spectral 

analysis to different compounds. Further, the comparison of Cl/Na from mass spectra and that from 

mass concentrations was performed by omitting a substantial fraction of data points, without an 

adequate explanation on the rationale of the omission. To draw a solid conclusion from the data set 

presented in this paper, a thorough revision is necessary. More specific comments are listed below. 

Author’s Response: We appreciate the valuable time and efforts from the referee to improve the 

manuscript. Please see below for the point-by-point response to reviewers’ comments. 
 

R1-C1: For example, in the quantitative analysis of the contributions of inorganic and organic acids 

on chloride depression, no explanation is provided about possible different sensitivity of the mass 

spectral analysis to different compounds. 
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Author’s Response: Thanks for the referee’s comment. In the revised manuscript, we have added 

a new section to discuss the quantitative analysis of single particle aerosol mass spectrometer. In 

addition, the possible different sensitivity of different species (especially Na, Cl, nitrate, sulfate and 

organics) in single particle mass spectrometry was also discussed. 
“Using single particle mass spectrometry (SPMS) alone is subjected to the transmission efficiencies 

of particles through the aerodynamic lens, the possible selectivity and matrix effects on chemical 

components, resulting in inaccuracies of the number concentration, size distribution and chemical 

composition of the ambient aerosols (Gross et al., 2000; Qin et al., 2006; Pratt and Prather, 2012). 

Thus, a comparison analysis based on the obtained particle counts, size distributions and peak area 

/ relative peak area via SPMAS in this study should be considered as the semi-quantitative analysis 

from statistical perspective (Hinz et al., 2005; Jeong et al., 2011; Healy et al., 2012; Zhou et al., 

2016). More detailed discussion for the semi-quantitative analysis of SSA particles could be seen in 

Supplement.”  

 

“1. Semi-quantitative analysis of SSA particles (in supplement) 

“Using single particle mass spectrometry (SPMS) alone is subjected to the transmission 

efficiencies of particles through the aerodynamic lens, the possible selectivity and matrix effects on 

chemical components, resulting in inaccuracies of the number concentration, size distribution and 

chemical composition of the ambient aerosols (Gross et al., 2000; Qin et al., 2006; Pratt and Prather, 

2012).  

Despite this, some species (e.g., sulfate, nitrate, sodium, ammonium, elemental carbon and 

organic carbon) presented relative strong correlations between peak area / relative peak area (data 

set from SPMS) and mass concentration (data set from other measurements such as micro-orifice 

uniform deposit impactor (MOUDI)), which indicated the real ambient condition could be reflected 

by SMPS in some extent (Qin et al., 2006; Jeong et al., 2011; Healy et al., 2012; Healy et al, 2013; 

Zhou et al., 2016). Besides, similar results of correlation analysis on Na+, Cl-, K+ for SSA particles 

(< 2 μm) were also obtained, which suggested no significant additional composition effect for the 

desorption and ionization process (Dall'Osto et al., 2006). 

In addition, for the core-shell structure of the most SSA particles (Collins et al., 2014; Chi et al., 

2015), the pulse energy of the desorption and ionization laser via SPMS was influential for the 

selectivity of the detected components on the surface of the particles (Woods et al., 2002; Cai et al., 

2006; Zelenyuk et al., 2008). Sultana et al. (2017) suggested that higher laser energy (> 1 mJ) could 

result in greater sodium signal, indicating more complete particle desorption and ionization. And 

lower laser energy (< 1 mJ) could be more likely to generate greater contribution to ion signature 

from the coating components such as organic species (Sultana et al., 2017). In order to reduce the 

impact of laser power on organic species, relative low laser energy (0.5 ± 0.05 mJ) was applied in 

this study.  

Thus, a comparison analysis based on the obtained particle counts, size distributions and peak 

area / relative peak area via SPMAS in this study should be considered as the semi-quantitative 

analysis from statistical perspective (Hinz et al., 2005; Healy et al., 2012; Zhou et al., 2016).” 

 

R1-C2: Further, the comparison of Cl/Na from mass spectra and that from mass concentrations was 

performed by omitting a substantial fraction of data points, without an adequate explanation on the 

rationale of the omission. 
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Author’s Response: Thanks for the referee’s comment. We have reviewed the original data set from 

the mass concentration and the mass spectral analysis. Only 3 data points should be excluded due 

to the maximum, minimum and the abnormal value. This part was reconsidered and rewritten in the 

revised manuscript as shown below: 

“It is noted that excess [Cl]- produced by fuel combustion (Lightowlers et al., 1988) could lower 

the %Cl- and high sensitivity of SPAMS to Na+ (Gross et al., 2000) could increase the Cl / Na value. 

These potential inaccuracies might be more likely to explain the weak difference for the two 

assessment methods of ageing degree of SSA particles, which are evaluated by hourly mean peak 

area of Cl / Na and quantification  of chloride depletion on mass concentration. Generally, the 

quantitative analysis of mass concentration could directly evaluate the degree of chloride depletion 

in SSA particles (Braun et al., 2017). We note that there are some consistencies between the two 

assessment methods, which are supported by a positive correlation (r2 = 0.22, p < 0.001) (Fig. S7). 

Hence, the hourly mean peak area of Cl / Na could also semi – quantitatively reflect the degree of 

chloride depletion, in some extent.” 

On the other hand, Fig. S7 and Table S1 were modified and their description were also rewritten as 

shown below: 

“Fig S7. Correlation analysis of the both assessment methods of chloride depletion. These data were 

conducted significance test and p < 0.001. The correlation analysis was carried out on 19 among 22 

set of data due to the rest of the maximum, minimum and the abnormal value (detailed in Table S1).” 
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“Table S1. The major ions, chloride depletion (%Cl-) and hourly mean peak area ratio of Cl / Na in 

the sample of cloud water and PM2.5 during sampling period. The mass concentrations (μg m-3) of 

Na+, Ca2+, Cl-, NO3
- and SO4

2- were analyzed using an ion chromatography (Metrohm, Herisau, 

Switzerland). The cloud water was sampled by a Caltech Active Strand Cloud Water Collector 

Version 2 (CASCC2) (Modini et al., 2015), when visibility was < 3 km until the volume exceeded 

250 ml. The PM2.5 was sampled using an Atmospheric particle sampler (Mingye Environmental 

Protection Technology Co., Ltd., China) with an inlet cyclone with a cut-off aerodynamic diameter 

of 2.5 μm.” 

In R1-C17, we have discussed two assessment methods of chloride depletion (i.e., Cl / Na evaluated 

by hourly mean peak area and quantification on mass concentration.). Generally, the quantitative 

analysis of mass concentration could directly evaluate the degree of chloride depletion in SSA 

particles. We note that there are some consistencies between the two assessment methods, which are 

supported by a positive correlation (r2 = 0.22, p < 0.001). Thus, the hourly mean peak area of Cl / 

Na could semi–quantitatively reflect the degree of chloride depletion, in some extent.  

Specific comments 

R1-C3: Page 3, lines 25-26: For nitrogen and sulfur, the explanation here sounds an overstatement. 

Author’s Response: Thanks for pointing out this. The sentence was rewritten as “Heterogeneous 

reactions on sea spray aerosols (SSA) are the potential pathway to drive the circulation of chlorine, 

nitrogen, and sulfur in the atmosphere.” 

 

R1-C4: Page 6, line 80: Is there any experimental/theoretical evidence to support reaction R5? 

Author’s Response:  Exactly,  Wang and Laskin, (2014) reported that internally mixed nitrate 

particles with organic acids could result in nitrate depletion and formation of organic salts, 

represented as: 

NaNO3 (aq) + R-COOH (g or aq) ↔ HNO3 (g or aq) + R-COONa (s or aq) 

 

R1-C5: Page 9, lines 146-151: If both types of particles were subjected to the analysis, it should be 

explained explicitly. 

Author’s Response: Thanks for the referee’s opinion. We added a sentence:  

Sampling set names Sampling dates Duration (min) Na+ Ca2+ Cl- NO3
- SO4

2-
 Cl-% depletion Peak area ratio of Cl / Na 

Cloud Water 1 May 11 480 0.24 0.01 0.16 1.26 1.81 0.64 0.005*

Cloud Water 2 May 26 150 1.31 0.74 0.58 5.59 9.32 0.65 0.023

Cloud Water 3 May 26 140 1.73 0.98 0.56 3.90 6.48 0.74 0.028

Cloud Water 4 May 26 180 5.24 1.80 0.99 6.41 9.65 0.87 0.025

Cloud Water 5 May 27 214 1.98 1.21 1.08 9.33 13.84 0.55 0.029

Cloud Water 6 May 30 270 1.85 1.35 0.53 8.57 13.08 0.73 0.030

Cloud Water 7 May 30 305 1.88 1.07 0.79 11.14 16.95 0.67 0.028

Cloud Water 8 May 30 515 1.68 1.22 0.83 11.59 19.32 0.55 0.026

Cloud Water 9 Jun 1 225 1.07 0.79 0.31 5.57 5.71 0.73 0.028

Cloud Water 10 Jun 2 230 0.99 0.42 0.05 2.10 3.84 0.96 0.011

Cloud Water 11 Jun 2 141 1.63 0.59 0.30 3.84 5.64 0.88 0.016

Cloud Water 12 Jun 2 134 1.44 0.46 0.15 1.85 2.63 0.93 0.014

Cloud Water 13 Jun 2 203 3.79 1.03 0.35 3.85 5.80 0.94 0.046*

PM2.5 1 May 14-15 1440 1.12 1.04 0.38 1.05 2.60 0.62 0.038

PM2.5 2 May 18-19 1406 1.46 0.47 0.40 1.80 4.75 0.82 0.032

PM2.5 3 May 19-20 1423 0.45 0.22 0.07 2.07 5.09 0.88 0.031

PM2.5 4 May 20-21 1366 0.70 0.22 0.21 3.22 4.70 0.80 0.027

PM2.5 5 May 21-22 1431 0.48 0.18 0.13 2.11 3.52 0.82 0.029

PM2.5 6 May 22-23 1414 0.57 0.16 0.06 0.97 2.94 0.93 0.032

PM2.5 7 May 24-25 1419 0.72 0.21 0.17 2.59 4.22 0.80 0.054*

PM2.5 8 May 26-27 1391 0.72 0.47 0.25 2.36 3.20 0.70 0.029

PM2.5 9 May 29-30 1421 0.51 0.03 0.01 0.35 1.84 0.99 0.023

Mean 1.43 0.67 0.38 4.16 6.68 0.78 0.026
* These data are excluded because of  the maximum (0.054), minimum (0.005) and abnomal value (0.046).
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“In the following discussion, the cloud residual particles and cloud-free particles were combined as 

the total of detected particles.” 

 

R1-C6: Page 10, line 163: What is the exact number of groups? 

Author’s Response: The detected particles were clustered into 8 groups by ART-2a. The sentence 

was rewritten as “A total of ~2 million detected particles were clustered into 8 groups using an 

Adaptive Resonance Theory neural network (ART-2a) (Song and Hopke, 1999) with a vigilance 

factor of 0.75, a learning rate of 0.05 and a maximum of 20 iterations.” 

 

R1-C7: Page 10, line 166: To justify the identification of SSA particles, a brief explanation on the 

differences between SSA particles and other types of particles should be provided. 

Author’s Response: We agree with the referee’s opinion. And we added a sentence as below:  

“In single particle mass spectral fingerprints, it is the key to distinguish SSA from other groups of 

particles whether to present the ion signature of 23 [Na]+, 46 [Na2]+, 62 [Na2O]+, 63 [Na2OH]+, 81 

[Na2
35Cl]+ and 83 [Na2

37Cl] + simultaneously. (Ault et al., 2014; Collins et al., 2014; Lin et al., 2019).” 

 

R1-C8: Page 13, line 222: What can crystallize? The meaning of “precipitation” is not clear. 

Author’s Response: Ault et al. (2014) and Sultana et al. (2017) observed the types of SSA particles 

associated with Na-deficient and Ca-rich mass spectral signatures. This Ca-rich population may be 

the coating of Na-rich particles (Sultana et al., 2017), which comes from the precipitation and 

crystallization by calcium sulfate, calcium sulfate hydrates, and sodium calcium sulfate salts during 

the dehydration of seawater and seawater droplets (Xiao et al., 2008). 

The relevant sentences had been rewritten as below: 

“This SSA population has been previously classified as “organic-carbon dominated (OC)” (Prather 

et al., 2013; Collins et al., 2014), likely resulted from the coating of Na-rich SSA particles through 

crystallization and precipitation of Ca-containing sulfate (e.g., calcium sulfate and sodium calcium 

sulfate) during the dehydration of sea water and seawater droplets (Xiao et al., 2008; Sultana et al., 

2017; May et al., 2018).” 

 

R1-C9: Page 13, lines 228-229: The definition of hourly-mean peak areas in Fig. 2 is unclear. 

Author’s Response: Thanks for pointing out this. We have given a definition of hourly mean peak 

area. This part has been rewritten as: 

“The linear correlations based on hourly mean peak area between Na and chloride, sulfate, nitrate, 

and organic acids in the SSA-Aged and SSA-Bio particles are shown in Fig. 2. Herein, hourly mean 

peak area was defined as the mean peak area of a component for hourly detected particles, indicating 

the variations of chemical composition in individual particles.” 

 

R1-C10: Page 13, lines 232-233: This explanation is reasonable if nitrate was observed less 

frequently for non-SSA particles. 

Author’s Response: Thanks for the referee’s opinion. It is true that relative low number fractions 

of nitrate (varying from 46% to 95%) were observed in other types of particles (i.e., Aged-EC, OC, 

K-rich and HM) at the same field site (Lin et al., 2017). However, for SSA particles, we emphasize 

the significance of heterogeneous reaction HNO3 (g or aq) + NaCl (s or aq) → NaNO3 (aq) + HCl (g or aq) 

plays important role on chloride depletion of SSA particles during long-range transport. 
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R1-C11: Page 13, lines 236-238: It is difficult for readers to follow this part without an explanation 

about the mechanism of the suppression. Isn’t it also possible that nitric acid and other acids have 

different reactivity to sea salts? 

Author’s Response: We agree with the referee’s comment. For this part, we think that the relative 

high concentration of precursor NOx was one of the factors in explanation of nitric acids responsible 

for chloride depletion.  

The sentence had been rewritten as below: 

“It is possible supported by the relative high concentration of its precursor NOx (4.67 μg m-3) in the 

south China sector (Wang et al., 2016; Wu et al., 2019).” 

 

R1-C12: Page 14, lines 245-246: The expression is misleading because the result in Fig. S4 is on 

number basis and may not relate to the mass concentrations of different organic salts in SSA 

particles. 

Author’s Response:  We agree with the referee’s comment. The relevant sentence had been 

rewritten as below: 

“The detailed mixing state (by NFs) between SSA particles and several detected organic acids, as 

shown in Fig. S4, indicates that formate, oxalate, malonate, and glutarate might be the dominant 

organic salts. This result may be associated with the wide range of occurrence of corresponding 

organic acids in the atmosphere (Ghorai et al., 2014; Kawamura and Bikkina, 2016).” 

 

R1-C13: Page 14, lines 246-258: In the absence of an appropriate explanation on possible different 

sensitivities of this mass spectrometry to different types of chemical components 

(sulfate/nitrate/organics), the discussion here is questionable. 

Author’s Response: Thanks for the referee’s comment. We have added a detailed discussion on the 

possible different sensitivities and matrix effect of the mass spectrometry to different chemical 

component (including sulfate, nitrate, chloride, sodium and organics) in Supplement 1. Our obtained 

results were based on the semi-quantitative analysis from statistical perspective. In addition, we 

have referred the other citations as below:  

“The similar method was also introduced to evaluate the extent of chloride depletion in previous 

study (Ault et al., 2014).” 

 

R1-C14: Page 14, lines 258-261: Are the peak areas here hourly mean values? 

Author’s Response: It is correct. To make it clear, we have rewritten the sentence as below: 

“In addition, similar variations in hourly mean peak area of sulfate, nitrate and organic acids were 

observed in the SSA-Aged and SSA-Bio particles throughout the sampling period (Fig. S6), 

indicating a close connection of the formation mechanism between inorganic and organic acids.” 

 

R1-C15: Page 15, lines 264-265: Isn’t there any possibility that matrix substances in the particles 

affect the relative sensitivity to detect Na and Cl? 

Author’s Response: Exactly, there is a possibility that matrix effect might be likely to affect the 

relative sensitivity to detect Na+ and Cl-. The detailed discussion of this part was supplemented in 

Supplement 1. 
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R1-C16: Page 15, lines 272-275: The mass concentrations of Na+ and Cl- seem to be from ion 

chromatography but there is no explanation about the methodology in the main manuscript. 

Author’s Response: Thanks for the referee’s opinion. We have supplemented the explanation of 

methodology related to ion chromatography in this part. As shown below: 

“The mass concentration of major ions (such as Na+ and Cl-) was analyzed using an ion 

chromatography (Metrohm, Herisau, Switzerland), detailed information could be found in 

supplement Table S1. The overall %Cl- for the total SSA particles varying from 55% to 99% with 

an average of 78% (Table S1), which is similar to the previous field study in the PRD region reported 

by Chen et al. (2016).” 

 

R1-C17: Page 15, line 280: Two assessment methods should be explained explicitly. 

Author’s Response: Thanks for the suggestion. We have rephrased this part to explain clearly.  

“It is noted that excess [Cl]- produced by fuel combustion (Lightowlers et al., 1988) could lower 

the %Cl- and high sensitivity of SPAMS to Na+ (Gross et al., 2000) could increase the Cl / Na value. 

These potential inaccuracies might be more likely to explain the weak difference for the two 

assessment methods of ageing degree of SSA particles, which are evaluated by hourly mean peak 

area of Cl / Na and quantification  of chloride depletion on mass concentration. Generally, the 

quantitative analysis of mass concentration could directly evaluate the degree of chloride depletion 

in SSA particles (Braun et al., 2017). We note that there are some consistencies between the two 

assessment methods, which are supported by a positive correlation (r2 = 0.22, p < 0.001) (Fig. S7). 

Hence, the hourly mean peak area of Cl / Na could also semi – quantitatively reflect the degree of 

chloride depletion, in some extent.” 

R1-C18: Page 15, line 281-283: The analysis of the correlation is problematic because 7 among 22 

set of data were omitted from the analysis without an appropriate assessment. 

Author’s Response: Thanks for the referee’s comment. We have reviewed the original data set from 

the mass concentration and the mass spectral analysis. Only 3 data points should be excluded due 

to the maximum, minimum and the abnormal value. Thus, the correlation analysis was carried out 

on 19 among 22 set of data. Detailed explanation could be found in R1-C2. 

 

R1-C19: Page 33, line 623: Which part of data shows a normal distribution? Why it is obtained by 

the logarithmic transformation? 

Author’s Response: The data set related to hourly mean peak area of Na, nitrate, chloride and 

sulfate was logarithmically transformed to follow a normal distribution. From the statistical 

perspective, the correlation analysis should base on the data following the normal distribution. For 

the peak area of single particle mass spectrometry, there is a significant difference (1 ~ 4 orders of 

magnitude) between maximum and minimum because of the different degree of desorption / 

ionization. In order to obtain the more accurate results, we thus used logarithmical transformation 

to make the data follow the normal distribution as possible.  

 

R1-C20: Page 35, lines 632-635: An explanation on the box and whisker plots should be given 

Author’s Response: Thanks for the referee’s opinion. We supplemented this part as shown below: 

“Figure 4. A box and whisker plot of hourly mean peak area of Cl / Na in SSA-Aged and SSA-

Bio. Herein, the Cl / Na value is applied to evaluate the ageing degree of SSA particles. There is a 

significant difference of Cl / Na between the SSA-Aged and SSA-Bio (1.9% versus 5.4%, by mean 
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value, respectively). In the box and whisker plot, the lower and upper lines of the box denote the 25 

and 75 percentiles, respectively. The lower and upper edges denote the 10 and 90 percentiles, 

respectively.” 

 

R1-C21: Page 36, lines 637-639: Isn’t it more reasonable to write Cl/Na as a function of peak areas 

of phosphate and organic nitrogen? 

Author’s Response: We agree with the referee’s opinion. We have rewritten this sentence as below: 

“Figure 5. The hourly mean peak area ratio of Cl / Na varied as a function of logarithmical peak 

area of phosphate (m/z -63 and -79) and organic nitrogen (m/z -26 and -42).” 

 

R1-C22: Page 2, lines 7-11 (supplement): The association between trajectories on the map and C1-

C4 should be explained. The graph superimposed on the map should also be explained. 

Author’s Response: Thanks for the referee’s opinion. We have rewritten and reorganized this part, 

as shown below: 

“Figure S1. Quantitative distributions of SSA particles associated with clustered 72h back 

trajectories of air masses at 1800m above the ground during the sampling period (from 11 May to 3 

June 2018). Four major cluster trajectories of air mass (namely C1, C2, C3, C4) were calculated by 

Meteoinfo (Wang, 2014) and plotted by Arcgis (Esri, Environmental Systems Research Institute, 

Inc.). Cluster 1 (41.64%) from Indo China Peninsula and Cluster 4 (18.46%) from south China Sea 

crossing through Hainan Peninsula carried the most (~ 25,000) and the least (~ 5,000) SSA particles, 

respectively. The both from the South China Sea Cluster 2 (28.92%) and Cluster 3 (10.98%), which 

brought approximately 12,500 and 7,500 SSA particles respectively, were rarely affected by 

anthropogenic emissions before reaching the coastline. Changes in proportions of the three types of 

SSA particles in different clusters were slight.” 

 

R1-C23: Page 4, lines 19-20 (supplement): If the detection efficiency for small particles was low, 

the peak shapes may be skewed. The possibility that similar peak shapes were obtained as a result 

of this bias needs to be discussed. 

Author’s Response: We agree with the referee’s comment. There is a possibility that the peak 

shapes may be skewed due to the low detection efficiency for small particles (dva < 0.2 μm). We 

noted that SSA-Aged, SSA-Bio and SSA-Ca exhibited similar size distribution, concentrating in 

size range of 0.4 - 0.7 μm and peaking around 0.5 μm, which indicated that SSA particles were aged 

during the inland transport and exhibited in fine particles. Besides, the transmission efficiencies of 

particles through the aerodynamic lens presented relative high in this size range (dva) from 0.2 μm 

to 2 μm. (Fig. R1). Our results obtained were only based on this size (dva) range. If the detection 

efficiency of small particles is improved, the peak shapes might skew. And the total peak shapes in 

size (dva) range from 0.2 μm to 2 μm should also simultaneously skew. This change will little affect 

our present results. The following content is added:  
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“It is noted the results were only based on the size (dva) range from 0.2 μm to 2 μm. There is a 

possibility that similar results were obtained for small particles (dva < 0.2 μm).” 

Figure R1. The simulational and experimental transmission efficiency of aerodynamic lens in 

SPAMS.  

Technical corrections 

R1-C24: Page 3, line 35: “may be associated”? 

Author’s Response: Thanks for the technical suggestions. Revisions has been made accordingly. 
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Anonymous Referee #2 

General comments 

The manuscript presented the chemical composition of individual sea salt aerosol particles (SSA) 

using a single particle aerosol mass spectrometer (SPAMS). About 50,000 SSA from 2 million 

detected particles were identified. These SSA were classified as SSA-aged, SSA-bio, and SSA-Ca. 

The manuscript showed positive correlations between Na and organic acids. Thus, the authors 

claimed that organic acids played significant role in the chloride depletion, then up to 34% of 

depletion was estimated. It also claims that SSA-bio particles can be assigned as the biological 

origin. This study provides additional data sets for the better understanding in the atmospheric 

processes of sea salt aerosol. Some of the conclusions need clarifications before it can be considered 

for publication. 

Author’s Response: We appreciate the valuable time and efforts from the referee to improve the 

manuscript. Please see below for the point-by-point response to reviewers’ comments. 

 

Specific comments 

R2-C1: Line 22, 321-323. Please clarify which part of the SSA-bio particles are biological origin? 

Do you mean the SSA part in SSA-bio particles, like [Na] detected in the mass spec. are these 

components also biological origin? If so, is there any previous studies showing that biological 

sources produces SSA-like particles or components? If not, that means among SSA, half of them 

are sea salt aerosol (likely from sea spray) mixed with biological components during the transport, 

then current statement is misleading and not accurate. 

Author’s Response: We agree with the reviewer’s opinion that current statement is misleading and 

not accurate. In this study, three types of SSA particles with distinct mass spectral characteristics 

were obtained by using an Adaptive Resonance Theory neural network (ART-2a), including SSA-

Aged, SSA-Bio and SSA-Ca. For SSA-Bio, it was identified not only by the general characteristics 

of the SSA (i.e., 23 [Na]+, 46 [Na2]+, 62 [Na2O]+, 63 [Na2OH]+, 81 [Na2
35Cl]+ and 83 [Na2

37Cl] +), 

but also identified by the significant additional organic ion markers (e.g., amine  (m/z: 58 

[C2H5NHCH2]+ and 59 [N(CH3)3]+), organic nitrogen (m/z: -26 [CN]- or 42 [CNO]-) and phosphate 

(m/z: -63 [PO2]-, 79 [PO3]-)). This population of SSA with the above mentioned organic matters was 

identified as the “BioSS” in previous laboratory studies (Ault et al., 2014; Sultana et al., 2017). It is 

more likely produced by the ejection of SSA with microbes (e.g., phytoplankton and bacteria) in the 

sea surface microlayer (Cochran et al., 2017a; Cochran et al., 2017b; Wang et al., 2017). Thus, the 

mass spectra of SSA-Bio may be likely produced by the microbial, microbe-containing, or microbe-

fragment-containing SSA particles, which is also similar with previous studies (Steele et al., 2003; 

Czerwieniec et al., 2005; Srivastava et al., 2005; Sultana et al., 2017).  

We have rephrased this sentences as the summary of SSA-Bio particles as below: 

“Ault et al. (2014) and Sultana et al. (2017) have also observed a special SSA type with higher 

biological ion markers in laboratory studies, which indicates it is more likely produced by the 

ejection of SSA with microbes (e.g., phytoplankton and bacteria) in SSML (Patterson et al., 2016; 

Cochran et al., 2017a; Cochran et al., 2017b; Wang et al., 2017).” 
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R2-C2: Line 23, 36-41, 251-252, 308-309. It is not clear how these conclusions were reached. 

Author’s Response:   

Line 23: Organic acids considerably contribute to chloride depletion of SSA particles. 

The results of strong correlation on hourly mean peak area between Na and organic acids and high 

number fraction of organic acids in SSA indicate the possible presence of organic salts in SSA and 

the substantial contribution of organic acids to the chloride depletion (Fig. 2 and Fig. 3). 

Additionally, the evaluation by relative peak area ratio also shows organic acids considerably 

contribute to chloride depletion of SSA particles. 

 

Line 36-41: Strongly positive correlations between Na and organic acids (including formate, acetate, 

propionate, pyruvate, oxalate, malonate, succinate, and glutarate) were observed for the SSA-Aged 

(r2 = 0.52, p < 0.01) and SSA-Bio (r2 = 0.61, p < 0.01), indicating the significance of organic acids 

in the chloride depletion during inland transport. 

In single particle mass spectrometry, the variation of peak area in time series could reveal the 

reaction mechanism of atmospheric chemistry (Zauscher et al., 2013). The correlation analysis 

based on peak area of different species could reflect the chemical composition of some types of 

particles in some content (Peng et al., 2019). Thus, we think that a perspective on correlation 

analysis between Na and organic acids may be likely to reflect the organic acids to chloride depletion. 

 

Line 249-252: In the ageing process of the SSA particles, nitrate occupies a large proportion in the 

SSA-Aged (63-96%) and SSA-Bio particles (64-95%), respectively. Notably, chloride depletion 

attributed to organic acids could account for 2–34% in the SSA-Aged particles and 2–29% in the 

SSA-Bio particles. 

The hourly mean relative peak area (RPA) ratio (acids / (sulfate + nitrate + organic acids)) is further 

applied to roughly evaluate the relative contribution of different acids (nitric acid, sulfuric acid, and 

organic acids) to the chloride depletion of SSA particles. The similar method was also introduced to 

evaluate the extent of chloride depletion in previous study (Ault et al., 2014). Further explanation 

cloud be seen in R2-C3. 

 

Line 308-309: Up to 34% of chloride depletion could be explained by diverse organic acids. 

The evaluation of acids to chloride depletion could be seen in R2-C3. We have reploted the Figure. 

S5 to exhibit the scale range of the relative contribution of acids to the chloride depletion in SSA 

particles. Based on this method, we think that up to 34% of chloride depletion could be explained 

by diverse organic acids. 

 

R2-C3: Line 251-252, it claims organic acids contributed about 2-34% chloride depletion in 

SSA-aged, and 2-39% in SSA-bio particles. Where do these numbers come from? Are these 

estimates based on SPAMS or bulk measurements as showing in Line 270-276? 

Author’s Response: We used the data set via SPAMS of hourly mean relative peak area (RPA) ratio 

(i.e., acids / (sulfate + nitrate + organic acids)) to roughly evaluate the relative contribution of 

different acids to the chloride depletion of SSA particles. Each of hourly mean RPA ratio makes up 

the scale range of the relative contribution of acids to the chloride depletion in SSA particles. In 

order to further improve the reliability of this evaluation, we have referred the other citations as 

below:  
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“The similar method was also introduced to evaluate the extent of chloride depletion in previous 

study (Ault et al., 2014).” 

 

R2-C4: In Fig.S5, organic acids only contribute less the 20% of all acids. 

Author’s Response: Thanks for the reviewer’s opinion. We have also noticed the possibility of 

misleading from this part. We have reploted the Figure. S5 to exhibit the scale range of the relative 

contribution of acids to the chloride depletion in SSA particles. 

R2-C5: In Fig. 4 and Fig. 5, how can readers relate peak area of Cl/Na to the chloride depletion? 

For pure NaCl particles, what is the value of peak area of Cl/Na, if it is plotted in Fig.4/5? 

Author’s Response: Thanks for the reviewer’s opinion. In order to improve the understanding for 

the broader readers, we have rephrased the figure caption of Figure. 4 and given the definition for 

Cl / Na in main text. 

“Figure 4. A box and whisker plot of hourly mean peak area of Cl / Na in SSA-Aged and SSA-Bio. 

Herein, the Cl / Na value is applied to evaluate the ageing degree of SSA particles. There is a 

significant difference of Cl / Na between the SSA-Aged and SSA-Bio (1.9% versus 5.4%, by mean 

value, respectively). In the box and whisker plot, the lower and upper lines of the box denote the 25 

and 75 percentiles, respectively. The lower and upper edges denote the 10 and 90 percentiles, 

respectively.” 

The definition of Cl/ Na is given in main text: 

“In this study, Cl / Na value was defined as the ratio of hourly mean peak area of Cl to Na, which 

presented the degree of the chloride depletion in SSA particles.” 

For pure NaCl particles, we could hardly obtain the mass spectra because of the few responses of 

NaCl particles to 266 nm Nd:YAG laser with ca. 0.5 mJ laser energy. Briefly, there is a challenge 

for ionization and desorption of pure NaCl particles with the crystalline structure because of the 

disparity between the first ionization potentials of sodium (5.1 eV) and chlorine (13 eV) (Reents 

and Ge, 2000; Zawadowicz et al., 2015). If both easily ionized and difficult ionized species are 

simultaneously present, then charge will be transferred within the ion cloud from high-ionization-

potential cations to neutral species having a low-ionization-potential (Reents and Schabel, 2001; 

Zawadowicz et al., 2015). Thus this, it is difficult to produce surface ionization for pure NaCl 

particles due to the relative high-ionization-potentials (Sinha and Friedlander, 1985, Hatch et al., 

2011).  

 

R2-C6: Line 288-291, the relation/trend shown in Fig. 5 does not mean that they are “direct 

evidence”. 

Figure S5. The relative contribution of different 

acids (nitric acid, sulfuric acid, and organic acids) to 

the chloride depletion of SSA particles. The ratio 

referred to the hourly mean relative peak area (RPA) 

ratio (acids / (sulfate + nitrate + organic acids)). 

Sulfate, nitrate and organic acids referred to peaks at 

m/z -97, m/z -46 and -62, and the mentioned organic 

acids in Fig. S4, respectively.  
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Author’s Response: Thanks for the reviewer’s opinion. We have deleted the “direct”.  

 

R2-C7: Line 270-276, please provide details for the bulk measurements. 

Author’s Response: Details for the bulk measurement and SPAMS analysis as shown below:  

Table S1. The major ions, chloride depletion (%Cl-) and hourly mean peak area ratio Cl / Na in the 

sample of cloud water and PM2.5 during sampling period. The mass concentrations (μg m-3) of Na+, 

Ca2+, Cl-, NO3
- and SO4

2- were analyzed using an ion chromatography (Metrohm, Herisau, 

Switzerland). The cloud water was sampled by a Caltech Active Strand Cloud Water Collector 

Version 2 (CASCC2) (Modini et al., 2015), when visibility was < 3 km until the volume exceeded 

250 ml. The PM2.5 was sampled using an Atmospheric particle sampler (Mingye Environmental 

Protection Technology Co., Ltd., China) with an inlet cyclone with a cut-off aerodynamic diameter 

of 2.5 μm. 

In table S1, we simultaneously obtained the %Cl- depletion and hourly mean peak area ratio Cl / Na 

corresponding to the sampling period. Then, we compared the degree of chloride depletion of SSA 

particles in quantitative analysis by mass concentration and semi-quantitative analysis by hourly 

mean peak area ratio. 

 

R2-C8: In the main text, please define “hourly mean peak area” in Figure 2 and “peak area of 

Cl/Na” (do you mean ratio of peak area of Cl to peak area of Na in y axis?) in Figure 4 and 5. 

Author’s Response: Thanks for the reviewer’s opinion. We have given a definition for that.  

Fig S7. Correlation analysis of the both 

assessment methods of chloride depletion. 

These data were conducted significance test 

and p < 0.001. The correlation analysis was 

carried out on 19 among 22 set of data due 

to the rest of the maximum, minimum and 

the abnormal value (detailed in Table S1). 

Sampling set names Sampling dates Duration (min) Na+ Ca2+ Cl- NO3
- SO4

2-
 Cl-% depletion Peak area ratio of Cl / Na 

Cloud Water 1 May 11 480 0.24 0.01 0.16 1.26 1.81 0.64 0.005*

Cloud Water 2 May 26 150 1.31 0.74 0.58 5.59 9.32 0.65 0.023

Cloud Water 3 May 26 140 1.73 0.98 0.56 3.90 6.48 0.74 0.028

Cloud Water 4 May 26 180 5.24 1.80 0.99 6.41 9.65 0.87 0.025

Cloud Water 5 May 27 214 1.98 1.21 1.08 9.33 13.84 0.55 0.029

Cloud Water 6 May 30 270 1.85 1.35 0.53 8.57 13.08 0.73 0.030

Cloud Water 7 May 30 305 1.88 1.07 0.79 11.14 16.95 0.67 0.028

Cloud Water 8 May 30 515 1.68 1.22 0.83 11.59 19.32 0.55 0.026

Cloud Water 9 Jun 1 225 1.07 0.79 0.31 5.57 5.71 0.73 0.028

Cloud Water 10 Jun 2 230 0.99 0.42 0.05 2.10 3.84 0.96 0.011

Cloud Water 11 Jun 2 141 1.63 0.59 0.30 3.84 5.64 0.88 0.016

Cloud Water 12 Jun 2 134 1.44 0.46 0.15 1.85 2.63 0.93 0.014

Cloud Water 13 Jun 2 203 3.79 1.03 0.35 3.85 5.80 0.94 0.046*

PM2.5 1 May 14-15 1440 1.12 1.04 0.38 1.05 2.60 0.62 0.038

PM2.5 2 May 18-19 1406 1.46 0.47 0.40 1.80 4.75 0.82 0.032

PM2.5 3 May 19-20 1423 0.45 0.22 0.07 2.07 5.09 0.88 0.031

PM2.5 4 May 20-21 1366 0.70 0.22 0.21 3.22 4.70 0.80 0.027

PM2.5 5 May 21-22 1431 0.48 0.18 0.13 2.11 3.52 0.82 0.029

PM2.5 6 May 22-23 1414 0.57 0.16 0.06 0.97 2.94 0.93 0.032

PM2.5 7 May 24-25 1419 0.72 0.21 0.17 2.59 4.22 0.80 0.054*

PM2.5 8 May 26-27 1391 0.72 0.47 0.25 2.36 3.20 0.70 0.029

PM2.5 9 May 29-30 1421 0.51 0.03 0.01 0.35 1.84 0.99 0.023

Mean 1.43 0.67 0.38 4.16 6.68 0.78 0.026
* These data are excluded because of  the maximum (0.054), minimum (0.005) and abnomal value (0.046).
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“The linear correlations based on hourly mean peak area between Na and chloride, sulfate, nitrate, 

and organic acids in the SSA-Aged and SSA-Bio particles are shown in Fig. 2. Herein, hourly mean 

peak area was defined as the mean peak area of a component for hourly detected particles, indicating 

the variations of chemical composition in individual particles.” 

“In this study, Cl / Na value was defined as the ratio of hourly mean peak area of Cl to Na, which 

presented the degree of the chloride depletion in SSA particles.” 

 

R2-C9: Figure 3, what are the standard deviations in these numbers? 

Author’s Response: The number of individual particles was assumed to follow the Poisson 

distribution (Pratt et al., 2010; Lin et al., 2017), standard deviations for the hourly mean number 

fractions of major component in SSA-Aged and SSA-Bio as shown below: 
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Highlights  21 

1. Half of the sea spray aerosol (SSA) particles could be assigned as the biological 22 

origin. 23 

2. Organic acids considerably contribute to chloride depletion of SSA particles. 24 

3. Biological organic coatings may inhibit heterogeneous reactions of SSA particles. 25 



3 
 

Abstract. Heterogeneous reactions on sea spray aerosols (SSA) are the potential 26 

pathway to drive the circulation of chlorine, nitrogen, and sulfur in the atmosphere. The 27 

release of Cl will significantly affect the physicochemical properties of SSA. However, 28 

the impact of organic acids and mixing state on chloride depletion of SSA is still unclear. 29 

Hence, the size and chemical composition of individual SSA particles during the East 30 

Asian summer monsoon were investigated by a single particle aerosol mass 31 

spectrometer (SPAMS). According to the chemical composition, SSA particles were 32 

classified into SSA-Aged, SSA-Bio and SSA-Ca. In comparison to the aged Na-rich 33 

SSA particles (SSA-Aged), some additional organic species related to biological origin 34 

were observed in SSA-Bio, and each of two types accounts for approximately 50% of 35 

total SSA particles. SSA-Ca may be associated with organic shell of Na-rich SSA 36 

particles, which only accounts for ~3%. Strongly positive correlations between Na and 37 

organic acids (including formate, acetate, propionate, pyruvate, oxalate, malonate, 38 

succinate, and glutarate) were observed for the SSA-Aged (r2 = 0.52, p < 0.01) and 39 

SSA-Bio (r2 = 0.61, p < 0.01), indicating the significance of organic acids in the chloride 40 

depletion during inland transport. The contribution of these organic acids to the chloride 41 

depletion is estimated to be up to 34%. Interestingly, the degree of chloride depletion is 42 

distinctly different between SSA-Aged and SSA-Bio. It is most probably attributed to 43 

the associated organic coating in the SSA-Bio particles, which inhibits the displacement 44 

reactions between acids and chloride. As revealed from the mixing state of SSA-Bio, 45 

Cl / Na ratio increases with increasing phosphate and organic nitrogen, which is known 46 

to originate from biological activities. This finding provides some basis for the 47 
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improvement of modeling simulations in chlorine circulation and a comprehensive 48 

understanding of the effects of organics on chloride depletion of SSA particles. 49 

Keywords: 50 

Sea spray aerosols; individual particles; chloride depletion; mixing state; organic acids. 51 
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1 Introduction 52 

As one of the largest natural sources of aerosols, sea spray aerosols (SSA) have a 53 

global flux of 2000-10000 Tg yr-1 (Gantt and Meskhidze, 2013) and global average 54 

distribution of 10.1 μg m-2 (Ma et al., 2008). SSA are highly complex mixtures, and the 55 

chemical composition and mixing state of original SSA depends on the components of 56 

local seawater and the mechanisms of formation (Wang et al., 2017). While fresh SSA 57 

particles contain approximately 90% sodium chloride (NaCl) in mass, multiphase 58 

reactions considerably affect the chemical composition and mixing state, and 59 

subsequently, the physical and chemical properties of SSA. The multiphase reactions 60 

of SSA, as have been widely reported in field experiments and laboratory studies (Ault 61 

et al., 2014; Ghorai et al., 2014; Ryder et al., 2015; Trueblood et al., 2016; Bondy et al., 62 

2017; Martin et al., 2017; Bertram et al., 2018), drive the circulation of elements (e.g., 63 

C, O, N, S, P, Cl) affecting tropospheric chemistry and global ecosystem (Finlayson-64 

Pitts, 2003). 65 

As one of the most important reactions, chloride depletion, as shown in R1, in SSA 66 

by interacting with acidic species modifies the physicochemical properties of SSA. 67 

HA (g or aq) + NaCl (aq or s) → NaA (aq or s) + HCl (g or aq)                      (R1) 68 

where NaCl represents the major component of SSA, and HA represents acidic 69 

species (e.g., HNO3, H2SO4, and organic acids). Generally, inorganic acids are 70 

considered as the major contributors to chloride depletion in SSA (Dasgupta et al., 2007; 71 

Laskin et al., 2012; Chi et al., 2015), represented as: 72 
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HNO3 (g or aq) + NaCl (s or aq) → NaNO3 (aq) + HCl (g or aq)                           (R2) 73 

H2SO4 (g or aq) + NaCl (s or aq) → Na2SO4 (aq) + HCl (g or aq)                  (R3) 74 

However, growing evidence indicates that inorganic acids cannot fully explain the 75 

chloride depletion (Laskin et al., 2012). It is therefore proposed that organic acids 76 

should be included to further explain the mechanism of chlorine depletion in aged SSA 77 

(Ault et al., 2013; Wang and Laskin, 2014; Wang et al., 2015). Similarly, the 78 

heterogeneous reaction on SSA with organic acids can be described as (Wang and 79 

Laskin, 2014): 80 

R-COOH (g or aq) + NaCl (s or aq) → R-COONa (aq or s) + HCl (g or aq)           (R4) 81 

R-COOH (g or aq) + NaNO3 (s or aq) → R-COONa (s or aq) + HNO3 (g or aq)        (R5) 82 

(s, solid; aq, aqueous; and g, gaseous)  83 

The physicochemical properties of SSA could be substantially altered through the 84 

production of organic salts (Trueblood et al., 2016; Bertram et al., 2018). With 85 

ubiquitous existence in the atmosphere, some typical organic acids, such as formic acid, 86 

acetic acid, and oxalic acid, may potentially contribute to chloride depletion. Mochida 87 

et al. (2003) suggested that organic acids (e.g., oxalic acid and succinic acid) should be 88 

considered in the models in order to predict chloride depletion accurately. Through 89 

investigating the interactions between the pure NaCl and carboxylic acids in the 90 

laboratory, Laskin et al. (2012) even suggested interactions between carboxylic acids 91 

and NaCl was the main contribution of chloride depletion. Consistently, Ghorai et al. 92 

(2014) observed that some dicarboxylic acids might cause obvious chloride depletion 93 

under a specific meteorological condition. These dicarboxylic acids (e.g., malonic acid 94 
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and succinic acid) are ubiquitous in urban and marine aerosols (Kawamura and Bikkina, 95 

2016), which may come from the polluted continental outflow and the open ocean 96 

(Bikkina et al., 2015). 97 

Given the potential contribution of organic acids to the chloride depletion, the 98 

understanding of the relative contribution and the influencing factors is still unclear. 99 

The investigation of factors that affect chloride depletion is indispensable to understand 100 

the ageing process of SSA and the ability to serve as cloud condensation nuclei (CCN) 101 

(Drozd et al., 2014; Wang et al., 2015). The morphology of fresh SSA particles is core-102 

shell structure, which consists of salt-core dominated by sodium chloride and outer shell 103 

covered by K+, Ca2+, Mg2+, SO4
2-, Cl- and organic components (Laskin et al., 2012; 104 

Collins et al., 2014; Chi et al., 2015). These organic components such as alkanes, fatty 105 

acids, sugars, dicarboxylic acids and phosphate may emitted from phytoplankton and 106 

bacteria in the sea surface microlayer (SSML) (Gaston et al., 2010; Bikkina et al., 2015; 107 

Cochran et al., 2017a; Cochran et al., 2017b; Wang et al., 2017), and the chemical 108 

composition and size distribution of SSA particles could be greatly changed by wave 109 

breaking. In recent literature, organic coatings on the particles resulted from 110 

atmospheric oxidation of hydrocarbons of biogenic and anthropogenic origin may 111 

significantly regulate uptake of N2O5 (Folkers et al., 2003; Ryder et al., 2014; Ryder et 112 

al., 2015).  113 

In the present study, a single particle aerosol mass spectrometer (SPAMS) was 114 

used to investigate the particle size, chemical composition and ageing degree of 115 

individual SSA particles after long-range inland transport during the summer monsoon, 116 
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to reveal the relative contribution of organic acids on chloride depletion and the 117 

influencing factors. The displacement reactions on the SSA particles with various types 118 

of organic acids are considered, and the results suggest a significant impact of organic 119 

acids on chloride depletion during inland transport. The influence of biogenic organics 120 

in the chloride depletion is also discussed. 121 

2 Materials and Methods 122 

2.1 Field site description 123 

The sampling site is located at Nanling national background station (Mt. Tianjing, 124 

24°41′56″ N, 112°53′56″ E; 1690 m a.s.l.), which was approximately 350 km north of 125 

the South China Sea and 200 km north of the Pearl River Delta (PRD) region. It is also 126 

surrounded by a national park forest (273 km2), where there were barely anthropogenic 127 

pollutants. However, under the influence of the East Asian summer monsoon, the air 128 

mass originated from the South China Sea might cross the PRD region to the sampling 129 

site. As can be seen in Supplement Fig. S1, four major cluster back trajectories of air 130 

masses originated from the South China Sea and Indo China Peninsula transported 131 

across inland regions to the sampling site within 72 h. During the sampling period, the 132 

average relative humidity was 87%, the average temperature was 26.3℃, the wind 133 

direction was mainly southwesterly, and the average wind speed was 10 m s-1. More 134 

detailed information on the meteorological data can be found in Supplement Fig. S2. 135 
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2.2 Instrumentation 136 

Individual particles were analyzed using a SPAMS (Hexin Analytical Instrument 137 

Co., Ltd., China) from 11 May to 3 June 2018. The SPAMS was used to on-line measure 138 

the size and chemical composition of individual particles. The design and principles of 139 

SPAMS have been reported in detail previously (Li et al., 2011). Briefly, the aerosols 140 

are drawn into the aerodynamics lens. Then the collimated particles beam through two 141 

continuous laser beams (Nd: YAG laser, 532 nm) with a pace of 6 cm. The obtained 142 

time of flight and velocity are corresponding to the vacuum aerodynamic diameter. The 143 

velocity of an individual particle is applied to trigger the pulse laser (Nd: YAG laser, 144 

266 nm). Subsequently, the generated ion fragments are detected by a bipolar time-of-145 

flight mass spectrometer. Standard polystyrene latex spheres of 0.2-2.2 μm were used 146 

to calibrate vacuum aerodynamic particle sizes (dva) of the measured individual 147 

particles. 148 

Using single particle mass spectrometry (SPMS) alone is subjected to the 149 

transmission efficiencies of particles through the aerodynamic lens, the possible 150 

selectivity and matrix effects on chemical components, resulting in inaccuracies of the 151 

number concentration, size distribution and chemical composition of the ambient 152 

aerosols (Gross et al., 2000; Qin et al., 2006; Pratt and Prather, 2012). Thus, a 153 

comparison analysis based on the obtained particle counts, size distributions and peak 154 

area / relative peak area via SPMAS in this study should be considered as the semi-155 

quantitative analysis from statistical perspective (Hinz et al., 2005; Jeong et al., 2011; 156 

Healy et al., 2012; Zhou et al., 2016). More detailed discussion for the semi-quantitative 157 
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analysis of SSA particles could be seen in Supplement. 158 

It is also noted that aerosols were sampled through two parallel inlets. The first 159 

one is a ground-based counterflow virtual impactor (GCVI model 1205, Brechtel 160 

Manufacturing Inc., USA), sampling the cloud residual particles, dried from cloud 161 

droplets (with size larger than 8 μm) during cloud event (i.e., when the relative humidity 162 

was higher than 95% and the visibility was lower than 3 km) (Zhang et al., 2017). The 163 

other one is a PM2.5 sampling inlet, delivering fine particles during cloud-free periods. 164 

In the following discussion, the cloud residual particles and cloud-free particles were 165 

combined as the total of detected particles. 166 

2.3 Classification of SSA 167 

The general characteristic peaks of SSA particles include m/z 23 [Na]+, 39 [K]+, 168 

46 [Na2]+, 62 [Na2O]+, 63 [Na2OH]+, 81 [Na2
35Cl]+ and 83 [Na2

37Cl]+ (Collins et al., 169 

2014; Arndt et al., 2017; Martin et al., 2017). There are some additional organic peaks 170 

of biological origin (such as at m/z 58 [C2H5NHCH2]+, 59 [N(CH3)3]+, 74 171 

[(C2H5)2NH2]+, -26 [CN]-, -42 [CNO]-, -63 [PO2]-, -79 [PO3]-, etc.), besides sodium-172 

related peaks in SSA particles (Ault et al., 2014; Sultana et al., 2017b). In this study, 173 

SSA particles were identified by the presence of peaks at m/z 23, 46, 62, 63, 81 and 83, 174 

which was coincident with the previous study at the same site reported by Lin et al. 175 

(2019). In addition, these organic signals are also considerable for identification of SSA 176 

particles, when the above sodium related peaks exist.   177 

A total of ~2 million detected particles were clustered into 8 groups using an 178 
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Adaptive Resonance Theory neural network (ART-2a) (Song and Hopke, 1999) with a 179 

vigilance factor of 0.75, a learning rate of 0.05 and a maximum of 20 iterations. In 180 

single particle mass spectral fingerprints, it is the key to distinguish SSA from other 181 

groups of particles whether to present the ion signature of 23 [Na]+, 46 [Na2]+, 62 182 

[Na2O]+, 63 [Na2OH]+, 81 [Na2
35Cl]+ and 83 [Na2

37Cl] + simultaneously (Ault et al., 183 

2014; Collins et al., 2014; Lin et al., 2019). Based on the above representative peaks, 184 

~50 000 SSA particles were identified. Three types of SSA particles with distinct mass 185 

spectral characteristics were obtained, including ~25 000 SSA-Aged, ~25 000 SSA-Bio 186 

and 1 500 SSA-Ca, respectively. We note that the mass spectral characteristics of SSA 187 

for the cloud residual particles ensemble those for the cloud-free particles. And 188 

therefore, we focus on the influence of long-range transport, rather than in-cloud 189 

process, on the modification of SSA. 190 

3. Results and discussion 191 

3.1 General characteristics of inland transported SSA particles 192 

Figure 1 provides the averaged positive and negative ion mass spectra of three 193 

types of SSA particles. SSA-Aged is characterized by prominent ion signature for m/z 194 

at 23 [Na]+, 39 [K]+, 40 [Ca]+, 46 [Na2]+, 62 [Na2O]+ and 63 [Na2OH]+. Some 195 

contributions from m/z 24 [Mg]+, 56 [Fe]+ or 56 [CaO]+, 81 [Na2
35Cl]+, 83 [Na2

37Cl]+, 196 

108 [Na2NO3]+ and 165 [Na2SO4]+ were also observed. These mass spectral 197 

characteristics are similar to those in previous literature (Hughes et al., 2000; Collins et 198 

al., 2014; Sultana et al., 2017a). This type of SSA particles with a significant ion marker 199 
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of Na is typically represented as Na-rich sea salt particles. In the negative ion spectra, 200 

abundant nitrate were observed due to the ratio of m/z at -46 [NO2]-, -62 [NO3]-, and -201 

147 [Na(NO3)2]-, in contrast to weak chlorine ion signal at m/z -35 [35Cl]- and -37 [37Cl]-, 202 

indicating that the particles have undergone partial but not fully atmospheric ageing 203 

(Hughes et al., 2000; Sultana et al., 2017b). Several peaks are assigned as organic acids, 204 

such as formate at m/z -45 [HCO2]-, acetate at m/z -59 [C2H3O2]-, propionate at m/z -73 205 

[C2HO3] -, pyruvate at m/z -87 [C3H3O3]-, oxalate at m/z -89 [C2HO4]-, malonate at m/z 206 

-103 [C3H3O4]-, succinate at m/z -117 [C4H5O4]-, and glutarte at m/z -131 [C5H7O4]- 207 

(Lin et al., 2019), which may be related to algal activity in the SSML or conversion of 208 

second organic aerosols (SOAs) in the atmosphere (O'Dowd et al., 2014). 209 

Compared with SSA-Aged, the averaged ion spectra of SSA-Bio are more 210 

complex. SSA-Bio had significant additional signals from biological organic matter 211 

(i.e., organic nitrogen and phosphate), besides the general characteristics of the SSA-212 

Aged particles (Prather et al., 2013; Ault et al., 2014; Guasco et al., 2014). While these 213 

markers might also be associated with dust (Zawadowicz et al., 2017), it is most likely 214 

attributed to biological markers herein, since there is negligible ion marker (e.g., Al, Ti, 215 

Si) for dust. Distinct characteristics of amines (58 [C2H5NHCH2]+, 59 [N(CH3)3]+) were 216 

presented in the positive spectra, which is similar to the results in a prior laboratory 217 

study (Ault et al., 2014; Sultana et al., 2017a). Besides, the source of amines could also 218 

be influenced by the formation of secondary species (such as animal husbandry and 219 

biomass burning) during transport (Cheng et al., 2018). The organic nitrogen (i.e., -26 220 

[CN]-, -42 [CNO]-) has been assigned to the ionization of amino acids in previous 221 



13 
 

studies (Srivastava et al., 2005; Czerwieniec. et al., 2005). Phosphate peaks at m/z -63 222 

[PO2]- and -79 [PO3]- are likely assigned as the ionization of components such as 223 

phospholipids in biological cells (Fergenson, 2004; Collins et al., 2013; Cochran et al., 224 

2017a; Cochran et al., 2017b; Nguyen et al., 2017). It is noted that SSA-Bio should be 225 

regarded as the SSA population influenced by biological activity (Prather et al., 2013). 226 

In addition, the peaks of m/z 56 represents [CaO]+ / [KOH]+ or [56Fe]+. In contrast to 227 

SSA-Aged, those aforementioned organic acids exhibited higher peak signal in SSA-228 

Bio. Similar to SSA-Aged, inorganic acids (-46 [NO2]-, -62 [NO3]- and -97 [HSO4]-) 229 

with strong ion signals were also observed. Despite of the different mass spectral 230 

pattern, the behavior and inland transport of SSA-Aged and SSA-Bio may be similar. 231 

As can be seen in Fig. S1, the relative proportions of them keep stable in the different 232 

air masses. They also exhibit similar size distribution, concentrating in size range of 233 

0.4-0.7 μm and peaking around 0.5 μm (Fig. S3). 234 

SSA-Ca is identified by relatively higher contributions from calcium-related 235 

compounds at m/z 40 [Ca]+, 56 [CaO]+, 57 [CaOH]+, 75 [Ca35Cl2]+, 77 [Ca37Cl2]+, and 236 

113 [(CaO)2H]+, whereas associated with smaller sodium peak than other types. The 237 

negative spectra are dominated by nitrate, sulfate, organic nitrogen, phosphate and 238 

chloride. This SSA population has been previously classified as “organic-carbon-239 

dominated (OC)” (Prather et al., 2013; Collins et al., 2014), likely resulted from the 240 

coating of Na-rich SSA particles through crystallization and precipitation of Ca-241 

containing sulfate (e.g., calcium sulfate and sodium calcium sulfate) during the 242 

dehydration of sea water and seawater droplets (Xiao et al., 2008; Sultana et al., 2017b; 243 
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May et al., 2018). The mass spectral characteristics of the Ca-rich SSA particles are 244 

quite similar to those of lake spray aerosols (Axson et al., 2016; May et al., 2018). 245 

However, SSA-Ca only accounts for a negligible fraction (3.2%) and thus will not be 246 

covered in the following discussions. 247 

3.2 Contribution of organic acids to the chloride depletion in the SSA particles 248 

The linear correlations based on hourly mean peak area between Na and chloride, 249 

sulfate, nitrate, and organic acids in the SSA-Aged and SSA-Bio particles are shown in 250 

Fig. 2. Herein, hourly mean peak area was defined as the mean peak area of a 251 

component for hourly detected particles, indicating the variations of chemical 252 

composition in individual particles. As expected, there are strong correlations between 253 

Na and nitrate in both the SSA-Aged (r2 = 0.79, p < 0.01) and SSA-Bio (r2 = 0.86, p < 254 

0.01) particles. In addition, more than 99% of SSA particles are internally mixed with 255 

nitrate (Fig. 3). This indicates that chemistry in Reaction 2 (R2) is prevalent during 256 

long-range transport (Bondy et al., 2017). This is also consistent with previous studies 257 

regarding that nitric acid is a major contributor to chloride depletion (Zhao and Gao, 258 

2008; Chi et al., 2015; AzadiAghdam et al., 2019). It is possible supported by the 259 

relative high concentration of its precursor NOx (4.67 μg m-3) in the south China sector 260 

(Wang et al., 2016; Wu et al., 2019). 261 

Strong positive correlations between Na and organic acids are also observed in 262 

both the SSA-Aged (r2 = 0.52, p < 0.01) and SSA-Bio particles (r2 = 0.61, p < 0.01). 263 

Furthermore, very high number fractions (NFs) of organic acids are also found in SSA-264 
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Aged (72%) and SSA-Bio (59%), as shown in Fig. 3. This indicates the possible 265 

presence of organic salts in SSA particles and the substantial contribution of organic 266 

acids to the chloride depletion. The detailed mixing state (by NFs) between SSA 267 

particles and several detected organic acids, as shown in Fig. S4, indicates that formate, 268 

oxalate, malonate, and glutarate are the dominant salts. This result may be associated 269 

with the wide range of occurrence of corresponding organic acids in the atmosphere 270 

(Ghorai et al., 2014; Kawamura and Bikkina, 2016). The hourly mean relative peak 271 

area (RPA) ratio (acids / (sulfate + nitrate + organic acids)) is further applied to roughly 272 

evaluate the relative contribution of different acids (nitric acid, sulfuric acid, and 273 

organic acids) to the chloride depletion of SSA particles (Fig. S5). The similar method 274 

was also introduced to evaluate the extent of chloride depletion in previous study (Ault 275 

et al., 2014). In the ageing process of the SSA particles, nitrate occupies a large 276 

proportion in the SSA-Aged (63-96%) and SSA-Bio particles (64-95%), respectively. 277 

Notably, chloride depletion attributed to organic acids could account for 2–34% in the 278 

SSA-Aged particles and 2–29% in the SSA-Bio particles. The relative contribution of 279 

organic acids to chloride depletion has been reported to be higher than 30% at the 280 

eastern United States coast (Braun et al., 2017) and up to 40% in Southeast Asia 281 

(AzadiAghdam et al., 2019). The contribution of sulfuric acids (0-10% versus 0-18 %) 282 

is the lowest, although it shows positive correlation (r2 = 0.24, p < 0.01 versus r2 = 0.54, 283 

p < 0.01) for the SSA-Aged and SSA-Bio particles, respectively (Fig. 2). In addition, 284 

similar variations in hourly mean peak area of sulfate, nitrate and organic acids were 285 

observed in the SSA-Aged and SSA-Bio particles throughout the sampling period (Fig. 286 
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S6), indicating a close connection of the formation mechanism between inorganic and 287 

organic acids. 288 

3.3 Effect of particle type on chloride depletion 289 

Cl / Na value is typically applied to evaluate the ageing degree of SSA particles 290 

(Laskin et al., 2012; Bondy et al., 2017). In this study, Cl / Na value was defined as the 291 

ratio of hourly mean peak area of Cl to Na, which presented the degree of the chloride 292 

depletion in SSA particles. There is a significant difference of Cl / Na between the SSA-293 

Aged (1.9%) and SSA-Bio (5.4%) particles (Fig. 4). This result reflects less chloride 294 

remaining in the SSA-Aged, attributed to more severe ageing. It might also be 295 

supported by relatively weak positive correlation (r2 = 0.46, p < 0.01) between Na and 296 

Cl (Fig. 2). This result may be explained by the influence of chemical composition and 297 

mixing state on the evolution of the SSA particles (Collins et al., 2014; Quinn et al., 298 

2015; Sultana et al., 2017b). Additionally, concentration calculation was also further 299 

quantified the chloride depletion percentage using the following equation:  300 

%Cl- depletion = (1.81 × [Na+] – [Cl-]) / (1.81 × [Na+]) × 100%      (R6) 301 

where [Na+] and [Cl−] are mass concentrations (μg m−3), and 1.81 is the typical 302 

mass ratio of Cl / Na in seawater (Zhao and Gao, 2008; Braun et al., 2017; 303 

AzadiAghdam et al., 2019). The mass concentration of major ions (such as Na+ and Cl-) 304 

was analyzed using an ion chromatography (Metrohm, Herisau, Switzerland), detailed 305 

information could be found in supplement Table S1. The overall %Cl- for the total SSA 306 

particles varying from 55% to 99% with an average of 78% (Table S1), which is similar 307 
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to the previous field study in the PRD region reported by Chen et al. (2016). However, 308 

SSA particles are not the only source of chlorine ion in the atmosphere (Lightowlers et 309 

al., 1988). It is noted that excess [Cl]- produced by fuel combustion (Lightowlers et al., 310 

1988) could lower the %Cl- and high sensitivity of SPAMS to Na+ (Gross et al., 2000) 311 

could increase the Cl / Na value. These potential inaccuracies might be more likely to 312 

explain the weak difference for the two assessment methods of ageing degree of SSA 313 

particles, which are evaluated by hourly mean peak area of Cl / Na and quantification 314 

of chloride depletion on mass concentration. Generally, the quantitative analysis of 315 

mass concentration could directly evaluate the degree of chloride depletion in SSA 316 

particles (Braun et al., 2017). We note that there are some consistencies between the 317 

two assessment methods, which are supported by a positive correlation (r2 = 0.22, p < 318 

0.001) (Fig. S7). Hence, the hourly mean peak area of Cl / Na could also semi – 319 

quantitatively reflect the degree of chloride depletion, in some extent. 320 

Further analysis indicates that organic matter of biological origin might play an 321 

important role in such inhibition of chloride depletion in the SSA-Bio particles. It is 322 

supported by the relationship between hourly mean peak area ratio of Cl / Na and the 323 

biological origin markers (-26 [CN]-, -42 [CNO]-, -63 [PO2]- and -79 [PO3]-) described 324 

in section 3.1. As shown in Fig. 5, hourly mean peak area ratio of Cl / Na exhibits an 325 

increasing trend with both phosphate (-63 [PO2]-, -79 [PO3]-) and organic nitrogen (-26 326 

[CN]- and -42 [CNO]-). This evidence indicated phosphate might have a considerable 327 

effect on chloride depletion in SSA particles. The relationship between Cl / Na and 328 

organic nitrogen is also consistent with that reported in our previous field observations 329 
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at the same site (Lin et al., 2019). Previous laboratory study results have also shown 330 

that reactivity could be inhibited by the organic matter of biological origin (Ault et al., 331 

2014; Ryder et al., 2015). As shown in Fig. S8, transmission electron microscopy (TEM) 332 

images clearly show NaCl core and organic coating of the SSA particles with various 333 

thicknesses. The thicker organic coating may inhibit the reactive uptake of HNO3 (g) or 334 

N2O5 (g) to SSA particles (Folkers et al., 2003; Ryder et al., 2014; Ryder et al., 2015), 335 

resulting in a less released Cl to the atmosphere. Such organic coatings are mostly 336 

composed of long-chain hydrocarbon, saccharides, carbohydrate, amine and anionic 337 

surfactant (Jayarathne et al., 2016; Bertram et al., 2018), and thus have stronger 338 

hydrophobicity and probably inhibit the occurrence of Cl transport of convection and 339 

diffusion (Bondy et al., 2017). 340 

4. Conclusion and atmospheric implication 341 

We investigated the chloride depletion of SSA particles after long-range inland 342 

transport in south China, during a monsoon season. The SSA particles still account for 343 

~3% of the observed submicron particles and are extensively internally mixed with 344 

various acids. While the contribution of nitric acid dominates over other acids to the 345 

chloride depletion, our results suggest that the role of organic acids should not be 346 

neglected. Up to 34% of chloride depletion could be explained by diverse organic acids. 347 

Our results add to the growing body of evidence that carboxylic acid may play a 348 

significant role in acid displacement reactions (Ma et al., 2013). Given the substantial 349 

influence of organic acids on the hygroscopic properties of SSA (Ghorai et al., 2014), 350 
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such processes may affect CCN / IN activities and lifetime of SSA (Knopf et al., 2014), 351 

and thus should be considered in models to predict the climate impact of SSA accurately. 352 

Currently, the calculation model of organic acids (especially water-soluble organic 353 

compounds) to chloride depletion is still limited (Laskin et al., 2012; Xu et al., 2013). 354 

Peng et al. (2016) suggested organic salts produced by NaCl react with dicarboxylic 355 

acids inhibit the volatilization of HCl that is resulting in less chloride depletion. Our 356 

data may improve the understanding of chloride depletion responsible for mixing state 357 

of diverse organic acids in the future study. 358 

In addition, this is the first report to observe the SSA type of biological orgin in 359 

field study. Ault et al. (2014) and Sultana et al. (2017a) have also observed a special 360 

SSA type with higher biological ion markers in laboratory studies, which indicates it is 361 

more likely produced by the ejection of SSA with microbes (e.g., phytoplankton and 362 

bacteria) in the SSML (Patterson et al., 2016; Cochran et al., 2017a; Cochran et al., 363 

2017b; Wang et al., 2017). We stress that there is a SSA type (i.e., SSA-Bio) likely 364 

attributed to the biological origin, exhibiting distinctly different chloride depletion, in 365 

comparison with the commonly observed SSA-Aged type. Our data indicate that 366 

organic matter of biological origin might play an essential role in such inhibition of 367 

chloride depletion in the SSA-Bio particles. As previously reported, the presence of 368 

organic coatings on SSA particles could effectively influence the heterogeneous 369 

reactivity of SSA particles (Ryder et al., 2015; Bondy et al., 2017). Considering the 370 

considerable contribution (~50%) of the SSA-Bio particles to the overall SSA, such 371 

information should be useful to improve that model results for the climate impact of 372 
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SSA.  373 
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Figures 693 

 694 

 695 

Figure 1. The averaged digitized positive and negative ion mass spectra of the major 696 

types of SSA particles.   697 
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 698 

 699 

Figure 2. Correlations between hourly mean peak area of Na (m/z 23) and sulfate (m/z 700 

-97), nitrate (m/z -46 and 62), organic acids (m/z -45, -59, -73, -87, -89, -103, -117 and 701 

-131) and chloride (m/z -35 and -37) in the SSA-Aged and SSA-Bio. The data is 702 

logarithmically transformed to follow a normal distribution.   703 
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 704 

Figure 3. Hourly mean number fractions (NFs) of major component in the SSA-Aged 705 

and SSA-Bio. The major component includes chloride (m/z -35 or -37), sulfate (m/z -706 

97), organic acids (m/z -45, -59, -73, -87, -89, -103, -117 or -131), nitrate (m/z -46 or -707 

62), ammonium (m/z 18), amine (m/z 58 and 59), organic nitrogen (m/z -26 or -42), 708 

phosphate (m/z -63 or -79), and organic carbon (m/z 27 and 43). 709 

   710 
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 711 

Figure 4. A box and whisker plot of hourly mean peak area of Cl / Na in SSA-Aged and 712 

SSA-Bio. Herein, the Cl / Na value is applied to evaluate the ageing degree of SSA 713 

particles. There is a significant difference of Cl / Na between the SSA-Aged and SSA-714 

Bio (1.9% versus 5.4%, by mean value, respectively). In the box and whisker plot, the 715 

lower and upper lines of the box denote the 25 and 75 percentiles, respectively. The 716 

lower and upper edges denote the 10 and 90 percentiles, respectively.   717 
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 718 

Figure 5. The hourly mean peak area ratio of Cl / Na varied as a function of 719 

logarithmical peak area of phosphate (m/z -63 and -79) and organic nitrogen (m/z -26 720 

and -42). 721 
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1. Semi-quantitative analysis of SSA particles 6 

Using single particle mass spectrometry (SPMS) alone is subjected to the 7 

transmission efficiencies of particles through the aerodynamic lens, the possible 8 

selectivity and matrix effects on chemical components, resulting in inaccuracies of the 9 

number concentration, size distribution and chemical composition of the ambient 10 

aerosols (Gross et al., 2000; Qin et al., 2006; Pratt and Prather, 2012). 11 

Despite this, some species (e.g. sulfate, nitrate, sodium, ammonium, elemental 12 

carbon and organic carbon) presented relative strong correlations between peak area / 13 

relative peak area (data set from SPMS) and mass concentration (data set from other 14 

measurements such as micro-orifice uniform deposit impactor (MOUDI)), which 15 

indicated the real ambient condition could be reflected by SMPS in some extent (Qin 16 

et al., 2006; Jeong et al., 2011; Healy et al., 2012; Healy et al, 2013; Zhou et al., 2016). 17 

Besides, similar results of correlation analysis on Na+, Cl-, K+ for SSA particles (< 2 18 

μm) were also obtained, which suggested no significant additional composition effect 19 

for the desorption and ionization process (Dall'Osto et al., 2006). 20 

In addition, for the core-shell structure of the most SSA particles (Collins et al., 21 

2014; Chi et al., 2015), the pulse energy of the desorption and ionization laser via SPMS 22 

was influential for the selectivity of the detected components on the surface of the 23 

particles (Woods et al., 2002; Cai et al., 2006; Zelenyuk et al., 2008). Sultana et al. 24 

(2017) suggested that higher laser energy (> 1 mJ) could result in greater sodium signal, 25 

indicating more complete particle desorption and ionization. And lower laser energy (< 26 

1 mJ) could be more likely to generate greater contribution to ion signature from the 27 
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coating components such as organic species (Sultana et al., 2017). In order to reduce 28 

the impact of laser power on organic species, relative low laser energy (0.5 ± 0.05 mJ) 29 

was applied in this study.  30 

Thus, a comparison analysis based on the obtained particle counts, size 31 

distributions and peak area / relative peak area via SPMAS in this study should be 32 

considered as the semi-quantitative analysis from statistical perspective (Hinz et al., 33 

2005; Healy et al., 2012; Zhou et al., 2016).  34 
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Figure S1. Quantitative distributions of SSA particles associated with clustered 72h 35 

back trajectories of air masses at 1800m above the ground during the sampling period 36 

(from 11 May to 3 June 2018). Four major cluster trajectories of air mass (namely C1, 37 

C2, C3, C4) were calculated by Meteoinfo (Wang, 2014) and plotted by Arcgis (Esri, 38 

Environmental Systems Research Institute, Inc.). Cluster 1 (41.64%) from Indo China 39 

Peninsula and Cluster 4 (18.46%) from south China Sea crossing through Hainan 40 

Peninsula carried the most (~ 25,000) and the least (~ 5,000) SSA particles, respectively. 41 

The both from the South China Sea Cluster 2 (28.92%) and Cluster 3 (10.98%), which 42 

brought approximately 12,500 and 7,500 SSA particles respectively, were rarely 43 

affected by anthropogenic emissions before reaching the coastline. Changes in 44 

proportions of the three types of SSA particles in different clusters were slight.  45 
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 46 

 47 

Fig S2. The hourly average variations in meteorological conditions and Wind Rose. 48 
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 49 

Figure S3. Unscaled size-resolved number distributions of major types of SSA particles 50 

during sampling period. SSA-Aged and SSA-Bio have similar trend in size range 0.2-51 

2 μm, with approximately 70% of the particles concentrated in size range of 0.4-0.7 μm 52 

and peaked at size of 0.5 μm, suggesting that the both particle types may undergo the 53 

similar atmospheric chemical process. Such results indicate that SSA particles were 54 

aged during the inland transport and exhibited in fine particles. It is noted the results 55 

were only based on the size (dva) range from 0.2 μm to 2 μm. There is a possibility that 56 

similar results were obtained for small particles (dva < 0.2 μm). 57 
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 58 

Figure S4. Hourly mean number fractions (NFs) of all detected organic acids in SSA-59 

Aged and SSA-Bio, which included formate (m/z -45), acetate (m/z -59), propionate 60 

(m/z -73), pyruvate (m/z -87), oxalate (m/z -89), molonate (m/z -103), succinate (m/z -61 

117) and glutarate (m/z -131).  62 
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Figure S5. The relative contribution of different acids (nitric acid, sulfuric acid, and 63 

organic acids) to the chloride depletion of SSA particles. The ratio referred to the hourly 64 

mean relative peak area (RPA) ratio (acids / (sulfate + nitrate + organic acids)). Sulfate, 65 

nitrate and organic acids referred to peaks at m/z -97, m/z -46 and -62, and the 66 

mentioned organic acids in Fig. S4, respectively.  67 
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 68 

Figure S6. Hourly variations in the peak areas of sulfate (m/z -97), nitrate (m/z -46 and 69 

-62) and organic acids (sum of the mentioned organic acids in Fig. S4) in SSA-Aged 70 

and SSA-Bio during whole sampling period.   71 
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Fig S7. Correlation analysis of the both assessment methods of chloride depletion. 72 

These data were conducted significance test and p < 0.001. The correlation analysis 73 

was carried out on 19 among 22 set of data due to the rest of the maximum, minimum 74 

and the abnormal value (detailed in Table S1).   75 
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 76 

Figure S8. Transmission electron microscopy (TEM) images and energy dispersive X-77 

ray (EDX) spectra of individual particles with coating of various thickness. These 78 

particles contained abundant Na and kept the crystalline phase with its irregular shape, 79 

which were regarded as SSA particles (Chi et al., 2015). High energy electron beams 80 

by TEM / EDS could cause the loss of volatile components, such as nitrate. This typical 81 

transparent coating with high C and O indicated a possible organic coating, and Na-rich 82 

core completely surrounded by the organic coating.    83 
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Table S1. The major ions, chloride depletion (%Cl-) and hourly mean peak area ratio 84 

of Cl / Na in the sample of cloud water and PM2.5 during sampling period. The mass 85 

concentrations (μg m-3) of Na+, Ca2+, Cl-, NO3
- and SO4

2- were analyzed using an ion 86 

chromatography (Metrohm, Herisau, Switzerland). The cloud water was sampled by a 87 

Caltech Active Strand Cloud Water Collector Version 2 (CASCC2) (Modini et al., 88 

2015), when visibility was < 3 km until the volume exceeded 250 ml. The PM2.5 was 89 

sampled using an Atmospheric particle sampler (Mingye Environmental Protection 90 

Technology Co., Ltd., China) with an inlet cyclone with a cut-off aerodynamic diameter 91 

of 2.5 μm.  92 

Sampling set names Sampling dates Duration (min) Na+ Ca2+ Cl- NO3
- SO4

2-
 Cl-% depletion Peak area ratio of Cl / Na 

Cloud Water 1 May 11 480 0.24 0.01 0.16 1.26 1.81 0.64 0.005*

Cloud Water 2 May 26 150 1.31 0.74 0.58 5.59 9.32 0.65 0.023

Cloud Water 3 May 26 140 1.73 0.98 0.56 3.90 6.48 0.74 0.028

Cloud Water 4 May 26 180 5.24 1.80 0.99 6.41 9.65 0.87 0.025

Cloud Water 5 May 27 214 1.98 1.21 1.08 9.33 13.84 0.55 0.029

Cloud Water 6 May 30 270 1.85 1.35 0.53 8.57 13.08 0.73 0.030

Cloud Water 7 May 30 305 1.88 1.07 0.79 11.14 16.95 0.67 0.028

Cloud Water 8 May 30 515 1.68 1.22 0.83 11.59 19.32 0.55 0.026

Cloud Water 9 Jun 1 225 1.07 0.79 0.31 5.57 5.71 0.73 0.028

Cloud Water 10 Jun 2 230 0.99 0.42 0.05 2.10 3.84 0.96 0.011

Cloud Water 11 Jun 2 141 1.63 0.59 0.30 3.84 5.64 0.88 0.016

Cloud Water 12 Jun 2 134 1.44 0.46 0.15 1.85 2.63 0.93 0.014

Cloud Water 13 Jun 2 203 3.79 1.03 0.35 3.85 5.80 0.94 0.046*

PM2.5 1 May 14-15 1440 1.12 1.04 0.38 1.05 2.60 0.62 0.038

PM2.5 2 May 18-19 1406 1.46 0.47 0.40 1.80 4.75 0.82 0.032

PM2.5 3 May 19-20 1423 0.45 0.22 0.07 2.07 5.09 0.88 0.031

PM2.5 4 May 20-21 1366 0.70 0.22 0.21 3.22 4.70 0.80 0.027

PM2.5 5 May 21-22 1431 0.48 0.18 0.13 2.11 3.52 0.82 0.029

PM2.5 6 May 22-23 1414 0.57 0.16 0.06 0.97 2.94 0.93 0.032

PM2.5 7 May 24-25 1419 0.72 0.21 0.17 2.59 4.22 0.80 0.054*

PM2.5 8 May 26-27 1391 0.72 0.47 0.25 2.36 3.20 0.70 0.029

PM2.5 9 May 29-30 1421 0.51 0.03 0.01 0.35 1.84 0.99 0.023

Mean 1.43 0.67 0.38 4.16 6.68 0.78 0.026
* These data are excluded because of  the maximum (0.054), minimum (0.005) and abnomal value (0.046).
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