
Responses to Reviewer #1 

 

This is a good paper that should be published after many minor revisions. Most corrections 

are typical of Asian writing. Section 4 is difficult to follow and is not well supported. A figure 

showing the bimodal GF is in order. However, this section could be removed. Several 

definitions are needed. Define refractory, non-refractory, MDL, OA, PM1, downweighting, 

standard density, rush hours, epsilon (in Fig. 9), and SNR. Citation needed for PMF. 

 

A: We thank the reviewer for encouraging and helpful comments on our manuscript, and 

such detailed editing of our English. We believe that the quality of our manuscript is 

improved as we reflect the reviewer’s comments. Below each of the questions/comments is 

written first with the Italic font and then our response is followed with the normal font. 

 

Comments  

Q1: Section 4 is difficult to follow and is not well supported. A figure showing the bimodal 

GF is in order. However, this section could be removed. 

 

A: Section 4 contains crucial results that describe the relationship between the mixing state of 

aerosols and aerosol chemical composition based on the HTDMA – HR-ToF-AMS dataset. 

Therefore, we think that it would be better to add or clarify some content to make it easier to 

follow than to remove all of this section. In this effort we added two figures, one table and 

their explanations. Below is the list of figures and tables we added.    

 

• Figure 10: Schematic plot of three aerosol Types  

(Previous Figures 10 and 11 → Figures 11 and 12)  

• Figure S6: Average diurnal variation of hygroscopic growth factor distribution for (a) 

30 nm, (b) 50 nm, (c) 100 nm, and (d) 150 nm dry diameters. 

• Table S2: Frequency and number of data (parentheses) for each aerosol Type for four 

different dry diameters (30, 50, 100, and 150 nm) during the measurement period. 

 

 

Q2: Several definitions are needed. Define refractory, non-refractory, MDL, OA, PM1, 

downweighting, standard density, rush hours, epsilon (in Fig. 9), and SNR. 

 

A: As the reviewer suggested, we added the definition or full name of refractory/non-

refractory (Line 149-150), MDL(Line 165), OA (Line 171), PM1 (Line 149-150), 

downweighting (Line 167-171 and add reference), rush hours (Line 353), epsilon in Fig.9 

(Line 399) and SNR (Line 166). For standard density, we adopted the term from Decarlo et 

al. (2004), indicating the unity density as a reference.   

 

• Reference for standard density  

 

Peter F. DeCarlo , Jay G. Slowik , Douglas R. Worsnop , Paul Davidovits & Jose L. Jimenez: 

Particle Morphology and Density Characterization by Combined Mobility and Aerodynamic 



Diameter Measurements. Part 1: Theory, Aerosol Science and Technology, 38:12, 1185-

1205, DOI: 10.1080/027868290903907, 2004. 

 

• Reference for downweighting  

 

Paatero, P. and Hopke, P. K.: Discarding or downweighting high-noise variables in factor 

analytic models, Anal.Chim.Acta, 490 (1-2),277-89, 2003. 

 

 

Q3: Citation needed for PMF. 

 

A: Citations for the PMF method and pre-processing method used in this study were added. 

 

References 

 

Ulbrich, I. M., Canagaratna, M. R., Zhang, Q., Worsnop, D. R., and Jimenez, J. L.: 

Interpretation of organic components from Positive Matrix Factorization of aerosol mass 

spectrometric data, Atmos. Chem. Phys., 9, 2891–2918, https://doi.org/10.5194/acp-9-2891-

2009, 2009. 

 

Zhang, Q., Alfarra, M. R., Worsnop, D. R., Allan, J. D., Coe, H., Canagaratna, M. R., and 

Jimenez, J. L.: Deconvolution and quantification of hydrocarbon-like and oxygenated organic 

aerosols based on aerosol mass spectrometry, Environ. Sci. Technol., 39, 4938–4952, 2005. 

 

Q4: L11. Correspondences singular. Were to was. Delete 1st the. 

 

A: Changed as suggested (Line 11) 

 

Q5: L13. Change infer to imply. 

 

A: Changed as suggested (Line 13) 

 

Q6: L15. Delete the. 

 

A: Changed as suggested (Line 15) 

 

Q7: L18. Delete the. 

 

A: Changed as suggested (Line 18) 

 

Q8: L26. Delete from its surrounding. 

 

A: Changed as suggested (Line 26) 

 

Q9: L27. Particle plural. Delete the. 

 

A: Changed as suggested (Line 27) 

 



Q10: L30. Rogers. Delete to be. 

 

A: Changed as suggested (Line 30) 

 

Q11: L32. Add s to influence. Delete on. 

 

A: Changed as suggested (Line 32) 

 

Q12: L33. Change it to hygroscopicity. 

 

A: Changed as suggested (Line 33) 

 

Q13: L35. Delete problem. Change under a to with. 

 

A: Changed as suggested (Line 34-35) 

 

Q14: L36. Add ity to humid. Delete condition. 

 

A: Changed as suggested (Line 35) 

 

Q15: L40. Add Kim et al. 2011. Move the after of. 

 

A: Changed as suggested (Line 40) and added Kim et al., (2011)  
 

Kim, J. H., Yum, S. S., Shim, S., Yoon, S.-C., Hudson, J. G., Park, J., and Lee, S.-J.: On 

aerosol hygroscopicity, cloud condensation nuclei (CCN) spectra and critical supersaturation 

measured at two remote islands of Korea between 2006 and 2009, Atmos. Chem. Phys., 11, 

12627–12645, https://doi.org/10.5194/acp-11-12627-2011, 2011. 

 

Q16: L42. Insert the after of. Delete the. 

 

A: Changed as suggested (Line 42-43) 

 

Q17: L43. Measurement plural. 

 

A: Changed as suggested (Line 43) 

 

Q18: L44. Change mixture to mixing. 

 

A: Changed as suggested (Line 44) 

 

Q19: L45. Delete would. 

 

A: Changed as suggested (Line 45) 

 

Q20: L46. Change can to could. 

 

A: Changed as suggested (Line 46) 



 

Q21: L47. Measurement plural. Insert a after for. 

 

A: Changed as suggested (Line 47) but ‘a’ is omitted because this conflicts with the Q22.  

 

Q22: L48. Mixture plural. 

 

A: Changed as suggested (Line 48) 

 

Q23: L51. Delete values. 

 

A: Changed as suggested (Line 51) 

 

Q24: L54. Delete their. Locations singular. 

A: Changed as suggested (Line 54) 

 

Q25: L61. Delete the. 

 

A: Changed as suggested (Line 61) 

 

Q26: L63. Delete of aerosols. 

 

A: Changed as suggested (Line 63) 

 

Q27: L65. Estimates. 

 

A: Changed as suggested (Line 65) 

 

Q28: L67. Various. 

 

A: Changed as suggested (Line 67) 

 

Q29: L73. Delete 1st the. 

 

A: Changed as suggested (Line 72) 

 

Q30: L75. Delete 2nd the. Area plural. 

 

A: Changed as suggested (Line 75) 

 

Q31: L81. Change in to to. 

 

A: Changed as suggested (Line 80) 

 

Q32: L82. Delete last the. 

 

A: Changed as suggested (Line 82) 

 

Q33: L82-3. Move SMA in front of air. 



 

A: Changed as suggested (Line 82-83) 

 

Q34: L83. Delete of. 

 

A: Changed as suggested (Line 83) 

 

Q35: L89. Delete from a global perspective. 

 

A: Changed as suggested (Line 88) 

 

Q36: L91. Delete the. Delete territory. Korea. 

 

A: Changed as suggested (Line 90) 

 

Q37: L94. Delete last the. 

 

A: Changed as suggested (Line 93) 

 

Q38: L98. Delete 2nd the. 

 

A: Changed as suggested (Line 97) 

 

Q39: L99. Insert a after by. Insert a after and. 

 

A: Changed as suggested (Line 98) 

 

Q40: L110. Measurement plural. 

 

A: Changed as suggested (Line 109) 

 

Q41: L113. Delete the. Move road (singular) in front of traffic (singular). Delete on the. 

 

A: Changed as suggested (Line 112) 

 

Q42: L116. Change such to this. Condition plural. 

 

A: Changed as suggested (Line 115) 

 

 

 

  



Responses to Reviewer #2 

 
This paper presents aerosol chemical and hygrosopic properties from a field measurement 

campaign in an urban setting. The authors do a good job of presenting the data, 

and the analysis and conclusions are scientifically sound and relevant. I recommend 

that the paper be published after the minor points listed below are addressed. 

 

A: We thank the reviewer for encouraging and helpful comments on our manuscript. We 

believe that the quality of our manuscript is improved as we reflect the reviewer’s comments. 

Below each of the questions/comments is written first with the Italic font and then our 

response is followed with the normal font. 

 

Q1: Measurements were made of non-refractory aerosol components as well as black 

carbon. While these likely account for the majority of sub-micron aerosol, dust and sea 

salt could also be present, and are not mentioned in the paper. What effect, if any, 

could these aerosols have on the results, especially the k-closure analysis. For sea 

salt, while it is likely not a major contributor to sub-micron aerosol, because of it’s very high 

kappa even a small amount could influence the measurements. This should be discussed in 

the paper. 

 

A: This study covers the hygroscopic properties of submicron (PM1) aerosols. There are two 

reasons why we excluded mineral dust and sea salt aerosols and included only non-refractory 

aerosol components and BC in our description of the chemical composition of submicron 

aerosols. First, as the reviewer mentioned, these components were likely to account for the 

majority of submicron aerosols. It is well known that even if PM2.5 inlet system is used for 

BC measurement, generally BC mass is dominantly determined by submicron particles (e.g., 

Clarke et al., 2004; Wu et al., 2013). In addition, it was reported that sea salt aerosols 

measured in Seoul occupied less than 3% of PM2.5 aerosols from a 24 hour period air sample 

(Heo et al., 2009). Second, the κ-closure results without mineral dust and sea salt showed 

very good agreement with measurement (Fig. 3), perhaps inferring that mineral dust and sea 

salt aerosols had little effect on the κ-closure analysis in this study. However, we agree that it 

would be informative to add some sentences on mineral dust and sea salt aerosols as the 

reviewer suggested, and therefore they were added in the revised manuscript (Line 177-182).  

 

“In this study, other refractory and semi-refractory aerosols like mineral dust and sea salt 

aerosols that have their own hygroscopic properties were not considered as they were likely 

to account for little portion of submicron aerosols. For example, sea salt aerosol occupied less 

than 3% among PM2.5 aerosols from a 24 hour period air sample collected in Seoul (Heo et 

al., 2009). The very good κ-closure results in Fig. 3, which did not consider mineral dust and 

sea salt, perhaps infers that mineral dust and sea salt aerosols had little effect on the κ-closure 

analysis.”    

 

Reference for answer  
 

Clarke, A.D., Shinozuka, Y., Kapustin, V.N., Howell, S., Huebert, B., Doherty, S., Anderson, 

T., Covert, D., Anderson, J., Hua, X., Moore, K.G., McNaughton, C., Carmichael, G., Weber, 

R., 2004. Size distributions and mixtures of dust and black carbon aerosol in Asian outflow: 



physiochemistry and optical properties. J. Geophys. Res. 109 (D15) 

http://dx.doi.org/10.1029/2003JD004378. D15S09. 

 

Wu, Z.J., Poulain, L., Henning, S., Dieckmann, K., Birmili, W., Merkel, M., van Pinxteren, 

D., Spindler, G., Müller, K., Stratmann, F., Herrmann, H., Wiedensohler, A., 2013. Relating 

particle hygroscopicity and CCN activity to chemical composition during the HCCT-2010 

field campaign. Atmos. Chem. Phys. 13, 7983e7996. http://dx.doi.org/10.5194/acp-13-7983-

2013. 

 

Q2: Measurements were made with an HTDMA at sub-saturated conditions (RH = 85%). 

However, previous measurements (Petters et al., 2009, Wex et al., 2009) have shown 

that organic aerosol does not always behave ideally and exhibits different hygroscopic 

properties at sub and supersaturated conditions. This is especially true for lower RH 

(<90%) as used in this study. This should be mentioned in the paper, at least as a 

caveat, and discussion added about how the limitation of the measurements might 

impact the conclusions. 

 

A: We thank the reviewer for this legitimate comment. In the revised manuscript, we noted 

the difference of organic aerosol hygroscopicity for sub- and supersaturation conditions and 

the limitation that may arise due to the measurement condition, citing the two references the 

reviewer suggested (Line 562-569). 

 

“To note is that organic aerosols do not always behave ideally and show an apparent 

discrepancy in hygroscopic growth between sub- and supersaturated conditions (Petters et al., 

2009; Wex et al., 2009). If hygroscopic growth were measured under a supersaturated 

condition, the estimated hygroscopicity parameter would be significantly higher than those 

estimated in this study under sub-saturated condition, due to the contribution of enhanced 

hygroscopic growth of organic components of aerosols. This would surely affect the CCN 

prediction results but it is uncertain how much that would be at this point. Perhaps, however, 

the overestimating tendency of chem shown in Fig. 4 may be reduced as the measured  

would become higher.” 

 

References: 

 

Petters, M. D., Wex, H., Carrico, C. M., Hallbauer, E., Massling, A., McMeeking, G. R., 

Poulain, L., Wu, Z., Kreidenweis, S. M., and Stratmann, F.: Towards closing the gap 

between hygroscopic growth and activation for secondary organic aerosol – Part 2: 

Theoretical approaches, Atmos. Chem. Phys., 9, 3999–4009, 2009, http://www.atmoschem- 

phys.net/9/3999/2009/. 

 

Wex, H., Petters, M. D., Carrico, C. M., Hallbauer, E., Massling, A., McMeeking, G. R., 

Poulain, L., Wu, Z., Kreidenweis, S. M., and Stratmann, F.: Towards Closing the Gap 

between Hygroscopic Growth and Activation for Secondary Organic Aerosol: Part I – 

Evidence from Measurements, Atmos. Chem. Phys. Discuss., 9, 3987–3997, 2009, 

http://www.atmos-chemphys.net/9/3987/2009/acp-9-3987-2009.html. 

 

 

Q3; More information is needed in section 4.4 about aerosol mixing state. Specifically, 

how were single vs multi-modal distributions determined? Was this just subjective 

http://dx.doi.org/10.1029/2003JD004378.%20D15S09
http://dx.doi.org/10.5194/acp-13-7983-2013
http://dx.doi.org/10.5194/acp-13-7983-2013


classification or was a curve fitting routine used? Also, how often, and when, were 

Types 1, 2 and 3 observed? Trends in the diurnal pattern are discussed in the paper but 

not shown. A figure showing diurnal variability would be helpful. Also, how often were 

more than two modes observed? The paper only says that this occurred “occasionally”. 

Finally, this section would benefit from more editing for clarity as it was hard to follow 

the analysis done here. 

 

A: Following the reviewer’s comments, Section 4.4 was supplemented with two figures, one 

table, and more detailed explanations in the revised manuscript. Each of the reviewer’s 

questions were answered below:  

 

1) We used a peakfit function MATLAB® to determine the single vs. multi-modal 

distribution. The description about this was added in Line 411 – 413 in the revised 

manuscript: 

 

“For determination of mixing state, the position, height and width of each peak for HTDMA 

data are computed by peakfit function for MATLAB® that performs a least-square curve fit of 

a Gaussian function to the top part of the peak (O’Haver, 2016).” 

 

2) We added a table (Table S2 in the revised manuscript) to present the frequency of 

occurrence of each aerosol Type for four dry diameters during the measurement period. 

The explanation on this was added in Line 423 – 426 in the revised manuscript:  

 

“During the measurement period, Type 1 (externally mixed) aerosols were predominantly 

observed (higher than 70%) in large particles (100 and 150 nm) whereas Type 3 (internally 

mixed with LH mode) aerosols occupied more than 50% of all aerosols in small particles (30 

and 50 nm) (Table S2).” 

  

3) The diurnal variability of hygroscopic growth factor distribution for four dry diameters 

was shown in Fig. S6 in the revised manuscript. This figure was reprinted from Kim et al. 

(2018). Additionally, we added more explanations about the diurnal pattern of 

hygroscopic growth in Line 426 – 432 in the revised manuscript. 

 

“Also found was that mixing state had a distinct diurnal pattern, as depicted in Fig. S6. 

Briefly, for small particles, Type 3 aerosols prevailed all day, except in the afternoon (12:00 

– 18:00 LT), when a significant portion of the aerosols turned into Type 2. For large particles, 

externally mixed aerosols (Type 1) dominated, especially during the rush hour (07:00 – 09:00 

LT) when hydrophobic particles emitted from traffics mix with preexisting large and aged 

particles. In the afternoon, mixing state change occurred in both small and large particles due 

to the photochemical processes. At night, however, no such change occurred as there was no 

photochemical process.” 

 

4) More than two modes (trimodal or higher modal distribution) were observed in less than 3 

percent of all measurement cases. A short description was added in Line 419, “less than 

3% of total measurement cases” in the revised manuscript.  

 

5) We added a figure in the revised manuscript (Figure 10. Schematic plot of three aerosol 

Types) to make it easier to understand how the aerosol types were classified in this study.  
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Abstract. Chemical effects on the size-resolved hygroscopicity of urban aerosols were examined based 

on the KORUS-AQ field campaign data. The information on size-resolved hygroscopicity and chemical 

composition of aerosols were obtained by a hygroscopic tandem differential mobility analyzer 

(HTDMA) and a high-resolution time of flight aerosol mass spectrometer (HR-ToF-AMS), respectively. 10 

Good correspondence was shown between measured and estimated κ values calculated from the 

combination of bulk chemical composition data and oxidation parameters of organic aerosols (𝑓44 and 

O/C). These results imply that chemical composition is closely associated with aerosol hygroscopicity. 

However, the correlation between measured and estimated κ values degraded as particle size decreased, 

implying that size-resolved chemical composition data is required for more detailed hygroscopicity 15 

analysis. In addition to size-resolved chemical data, the m/z tracer method was applied for size-resolved 

organic factors. Specifically, m/z 57 and 44 were used as AMS spectral markers for HOA and OOA, 

respectively. These size-resolved chemical composition data were found to be critical in explaining size-

dependent hygroscopicity as well as the diurnal variation of κ for small particles, i.e., low κ in the 

morning and high κ in the afternoon. Additionally, aerosol mixing state information was associated with 20 

the size-resolved chemical composition data. That is, the relationship between the number fraction of 

each hygroscopicity mode and volume fraction of different chemical composition was investigated. For 

example, the HOA volume fraction explained about 60 % of the variation of less hygroscopic (LH) 

mode number fraction for externally mixed aerosols. 
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1. Introduction  25 

Aerosol hygroscopicity, an ability of aerosols to absorb water vapor, describes an interaction 

between water vapor and particles under sub- and supersaturated conditions and determines the critical 

supersaturation for cloud droplet activation (McFiggans et al., 2006; Swietlicki et al., 2008). In general, 

aerosols can be characterized as hygroscopic, neutral or hydrophobic, depending on their affinity for water 

(Rogers and Yau; 1989). Hygroscopicity of aerosols is considered a crucial parameter in aerosol studies 30 

as it affects the number concentration of cloud condensation nuclei (CCN) and the lifetime of clouds, and 

thereby indirectly influences regional and global climate change (Zhang et al., 2008; Su et al., 2010; IPCC, 

2013; Rosenfeld et al., 2014). Moreover, hygroscopicity is responsible for degradation of visibility and 

multiphase chemical reactions, which are closely related to air quality as cross-sectional areas of aerosol 

particles increase after particles take up water vapor with humidity (Tang et al., 1996; Cheng et al., 2008; 35 

Liu et al., 2013; Zheng et al., 2015).      

Hygroscopicity measurement has been mainly performed with a hygroscopic tandem differential 

mobility analyzer (HTDMA) introduced by Liu et al., (1978), and/or with a combined system of a CCN 

counter (CCNC), a differential mobility analyzer (DMA) and a condensation particle counter (CPC) 

(Moore et al., 2010; Kim et al., 2011). Particularly, HTDMA provides information of the hygroscopic 40 

growth factor (GF) distribution at a given dry particle diameter for a fixed relative humidity (RH). 

Furthermore, we can infer the extent of the mixing state of aerosols, i.e., external versus internal mixing, 

through HTDMA measurements (Swietlicki et al. 2008). If internally mixed, all particles are considered 

to have identical composition and hygroscopicity, whereas external mixing indicates that particles of 

different composition and hygroscopicity coexist in a sample volume. So, even if the sizes of particles are 45 

the same, the critical supersaturation for activation could vary, depending on the mixing state of 

atmospheric particles. From HTDMA measurements, we may obtain a monomodal GF distribution for 

perfect internal mixtures, or bimodal or trimodal GF distribution (sometimes more than trimodal) for 

external mixture of atmospheric aerosols. Various field experiments around the world have conducted 
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hygroscopicity measurements for ambient aerosols. In marine environments, including Pacific, Atlantic, 50 

Indian and Arctic Oceans, atmospheric particles had higher GF than in other environments and mostly 

showed a monomodal pattern of GF distribution (Berg et al., 1998; Massling et al., 2003, 2006; Swietlicki 

et al., 2000; Tomlinson et al., 2007; Zhou et al., 2001). In rural sites, both aged and freshly formed particles 

were observed, and mixing state patterns tended to be different depending on location. Aerosols in the 

pristine Amazon forest showed moderate GF values due to organic compounds (Rissler et al., 2004; 55 

Thalman et al., 2017; Zhou et al., 2002). Hygroscopic properties of aerosols in urban regions where 

considerable anthropogenic emissions exist have been measured actively in recent years (Baltensperger 

et al., 2002; Cocker et al., 2001; Massling et al., 2005; Wang et al., 2017; Wu et al., 2016). The external 

mixture of hygroscopic aerosols from the background and freshly emitted hydrophobic aerosols was 

dominantly observed in these regions.   60 

In addition to direct measurements, various estimation methods to derive aerosol hygroscopicity 

have been suggested based on the relationship between chemical composition and hygroscopicity (Chang 

et al., 2010; Gunthe et al., 2009; Gysel et al., 2007; Wu et al., 2013). In general, the Zdanovskii-Stokes-

Robinson (ZSR) mixing rule (Zandnovskii, 1948; Stokes and Ronbinson, 1966) was applied for the 

estimates. Inorganic aerosols are well known to be hygroscopic from many field and laboratory studies. 65 

However, the hygroscopicity of organic materials that occupied a significant portion of atmospheric 

aerosols (Zhang et al., 2007) is relatively unknown and shows various water uptake abilities. Recent 

studies have focused on examining the hygroscopic properties of organics based on the measurements of 

organic fraction in various environments (Chang et al., 2010; Wu et al., 2013; Mei et al., 2013; Hong et 

al., 2015, 2018). According to several previous studies, the oxidation level of organics is the main factor 70 

that affects the water uptake ability of the organic fraction in aerosols. Despite these efforts, knowledge 

on aerosol hygroscopicity is still limited and subject to significant uncertainties due to difficulties in the 

identification and quantification of numerous organic compounds in ambient aerosols and their 

hygroscopic properties. Notably, various emission sources and complex chemical mechanisms of aerosol 
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production and the aging processes in urban areas make it difficult to fully understand the hygroscopic 75 

properties of aerosols and their link to aerosol chemical composition.   

  The Seoul Metropolitan Area (SMA) is one of the largest metropolitan areas in the world where 

commercial, residential, and industrial facilities of Korea are concentrated on a massive scale. The air 

masses in SMA are influenced not only by local anthropogenic emission sources but also by biogenic 

sources to the east (Kim et al., 2010) and industrial emissions to the west of SMA (Kim et al., 2018b). 80 

Furthermore, long-range transport of air pollutants from the Asian continent significantly impacts SMA 

air quality. In addition to local and regional sources, atmospheric processes and meteorological conditions 

affect aerosol properties. Nevertheless, knowledge of aerosol properties and their impact on air quality in 

SMA is still limited. Therefore, understanding the various sources and complex mechanisms of 

atmospheric aerosols in SMA is critical in establishing appropriate and effective environmental policies 85 

to mitigate air quality problems. Moreover, enhanced understanding of these characteristics of urban 

aerosols based on reliable measurement data can eventually be utilized for improving the estimation of 

global climate change.  

The Korea-US Air Quality Study (KORUS-AQ) is an international cooperative air quality field 

study that was conducted over Korea during spring/summer in 2016. A comprehensive set of 90 

measurements from aircraft, ships, satellite and ground sites along with air quality model calculations 

were made to assemble integrated observational data and examine the factors controlling the air quality 

in East Asia, where air pollution has increased so much in the past decades due to fast industrialization 

and urbanization (Swietlicki et al., 2008; Larkin et al., 2016). As part of the KORUS-AQ campaign, 

ground measurements of aerosol properties, gas-phase concentration, and meteorological parameters in 95 

SMA were conducted at Olympic Park, a supersite of the campaign. 

In this study, we focus on the measurement of size-resolved hygroscopicity and size-resolved 

chemical composition by a hygroscopic tandem differential mobility analyzer (HTDMA) and a high 

resolution time of flight aerosol mass spectrometer (HR-ToF-AMS), respectively. Our study aims to 
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identify the relationship between chemical composition and the hygroscopicity of aerosols in SMA. For 100 

this effort, aerosol hygroscopicity is analyzed in association not only with the size-resolved chemical 

composition data but also with the size-resolved organic factor data. In addition, aerosol hygroscopicity 

and CCN capability are examined in relation to the mixing state of aerosols.  

 

2. Experimental description  105 

2.1 Measurement site 

The KORUS-AQ field campaign was conducted at multiple ground sites as well as in the air above 

the Korean Peninsula by aircraft (DC-8 and King Air) from May to June 2016. This study focuses only 

on the ground measurements at Olympic Park, the main supersite of KORUS-AQ, in SMA (37.6ºN, 

127.04ºE). The measurement period was 9 May – 15 June. Although the measurement shelter was 110 

surrounded by trees and grass fields of the park, this site was mainly influenced by anthropogenic sources 

from nearby residential areas, and heavy road traffic. A detailed description of the site and the 

meteorological conditions during the campaign can be found in Kim et al. (2018a). Briefly, Olympic Park, 

in general, was affected by dominant westerly winds. However, in some periods during the campaign, 

this pattern disappeared. Specifically, a persistent high pressure with stagnant conditions prevailed on 17-115 

21 May (Period A in Fig.1), and pollution transport from southwestern China occurred on 25-28 May 

(Period B in Fig.1). As for meteorological conditions, campaign averaged value for relative humidity (RH) 

and temperature (T) were 61.0 % and 20.8 °C, respectively. Both RH and T in May are generally lower 

than those in June. The instruments installed in the measurement shelter are described in the following 

section. 120 
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Figure 1. Time series of (a) mass concentration and (b) volume fraction of aerosol chemical composition, 

and (c) mass concentration of three organic aerosol (OA) factors (*Additional blank of time series of volume 

fraction of chemical composition in (b) is due to BC data.)   

  125 
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2.2 H-TDMA measurement  

The measurement of size-resolved hygroscopicity by HTDMA in Seoul is detailed in Kim et al. 

(2017, 2018a) and therefore briefly described here. First, ambient aerosols were dried to below 20% RH 

by silica gel. Next dry aerosols were neutralized by Kr-85 aerosol neutralizer and then were classified to 

produce monodisperse particles by the first DMA. These classified particles grew under the humid 130 

condition of 85% RH. The number size distribution of grown particles was measured by the second DMA 

with TSI CPC 3010. Two RH sensors were placed at the exit of the Nafion humidifier and sheath air of 

the second DMA. After the campaign, we conducted the deliquescence relative humidity (DRH) 

measurement for NaCl and (𝑁𝐻4)2𝑆𝑂4  to validate the HTDMA measurement. In this study, four 

different dry diameters of 30, 50, 100, and 150 nm were chosen to classify in the first DMA for 135 

hygroscopicity analysis. The hygroscopic GF, the ratio of humidified (𝑑𝑤) and dry (𝑑𝑑) particle mode 

diameters at a given RH, can be derived from HTDMA output (Eq. 1):  

 𝐺𝐹 =  
𝑑𝑤

𝑑𝑑

  .                                                                       (1) 

In this study, we obtained the GF distribution for each dry diameter with 3 min time resolution. 

The experiment repeated five times for each size. Simultaneously, the information of the mixing state is 140 

estimated from the shape of GF distribution and GF values themselves. Kim et al. (2017) suggested an 

aerosol type classification based on mixing state and GF values as will be briefly introduced later.  

 

2.3 Aerosol chemical composition  

Real-time measurement of size-resolved chemical composition is done with a high-resolution time 145 

of flight aerosol mass spectrometer (HR-TOF-AMS, Aerodyne Research Inc, USA). It is based on the 

highly successful design of the first generation quadrupole-based system, the Q-AMS. However, the ToF-

AMS differs from the Q-AMS as the quadrupole mass filter is replaced by a time-of-flight mass 
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spectrometer. In this study, the non-refractory PM1 (NR-PM1), particulate matter with an aerodynamic 

diameter smaller than 1µm that evaporate rapidly at 600 °C under vacuum conditions, were collected 150 

using a PM1 cyclone (URG-2000-30EN, URG, USA). A Nafion drier (Perma-Pure, Toms River, NJ, USA) 

was used to dry the sampled ambient air. For calibration purposes, ammonium nitrate and polystyrene 

latex spheres (PSL) particles were produced by using a constant output atomizer (TSI 3936, TSI Inc., 

USA) from ammonium nitrate and PSL solution, respectively. Ammonium nitrate particles with 300 nm 

and PSL particles ranging from 50 to 450 nm were used to calibrate the ionization efficiency (IE) and 155 

particle size distribution, using a DMA. Mass spectrum data were saved every 5 min resolution. Collection 

efficiency of 0.5 was applied to all species. The software SQUIRREL V 1.51H and PIKA V 1.10H were 

used to analyze the collected data. 

For the specification of organics, positive matrix factorization (PMF) analysis was performed 

using the organic compounds of submicron particles. The PMF analysis of organic matters that account 160 

for more than 30 % of ultra-fine particles was used to identify aerosol characteristics, depending on the 

oxidation state. PMF result could provide information about the aging characteristic of organic matters 

such as the effect of direct emission or long-distance transport. The PMF Evaluation Tool (PET V 2.06) 

was used to analyze mass spectrum for mass-to-charge ratios (m/z) from 12 to 100. The modeling 

conditions are as follows: 1) MDL(method detection limit) = 0.15 μg m-3; 2) Down weighting of low-165 

signal-to-noise ratio (SNR; 0.2 ~ 2) data; 3) no use of bad-SNR (under 0.2) data; 4) Down weighting of 

repeated information (m/z 44 and related m/z values). Factor analysis was performed according to the 

PMF analysis procedure described by Zhang et al. (2005) and the pre-processing of input data for each 

step of PMF followed the method suggested by Ulbrich et al., (2009). Down-weighting is a process by 

lowering the weight of m/z, which may has higher noise than signal, and thereby lower the error and Q-170 

value (Paatero and Hopke 2003). In this study, three organic aerosol (OA) factors are used: 1) 

hydrocarbon-like organic aerosol (HOA), 2) semi-volatile oxygenated organic aerosol (SV-OOA), and 3) 

low-volatility oxygenated organic aerosol (LV-OOA). Figure S1 shows the high resolution mass spectra 
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and time series of the three OA factors.    

Mass concentration of black carbon (BC) was measured by the multi-angle absorption photometer 175 

(MAAP) with a PM2.5 inlet system as HR-TOF-AMS only provides information on chemical composition 

for non-refractory (NR) aerosols. In this study, other refractory and semi-refractory aerosols like mineral 

dust and sea salt aerosols that have their own hygroscopic properties were not considered as they were 

likely to account for little portion of submicron aerosols. For example, sea salt aerosol occupied less than 

3% among PM2.5 aerosols from a 24 hour period air sample collected in Seoul (Heo et al., 2009). The 180 

very good κ-closure results in Fig. 3, which did not consider mineral dust and sea salt, perhaps infers that 

mineral dust and sea salt aerosols had little effect on the κ-closure analysis.    

 

3. Overview of hygroscopic and chemical properties of aerosols  

3.1 Temporal variation of aerosol chemical composition  185 

Figure 1 shows the temporal variations of aerosol chemical compositions, including sulfate, nitrate, 

ammonium and, organics, at Olympic Park during the campaign period. The bulk mass concentration of 

PM1 (=NR-PM1+BC) ranged from 4.4 to 57.1 μg m-3 with a mean value of 19.1 μg m-3 and there was 

substantial variation of chemical composition (Fig.1a). Among non-refractory aerosols, organics occupied 

about 42.5 % of total mass concentration of PM1 aerosols during the whole period followed by sulfate 190 

(28.4%), nitrate (16.3%), ammonium (12.2%) and chloride (0.6%). Campaign averaged BC mass 

concentration was about 2.5 μg m-3 . In this study, 1300 kg m-3 and 1700 kg m-3 were assumed for 

densities of organic (Cross et al., 2007; Florou et al., 2017) and BC (Wu et al., 2013), respectively, to 

calculate the volume for each species. For BC, PM 2.5 mass concentration is used for calculation, 

assuming that BC mass is mainly determined by submicron particles (e.g., Clarke et al., 2004; Wu et al., 195 

2013). It can be said from the good agreement between predicted and measured 𝑁𝐻4
+ that observed 

anions (𝑆𝑂4
2−

, 𝑁𝑂3
−

 and 𝐶𝑙−) are fully neutralized by 𝑁𝐻4
+ (Fig. S2) and ion species mainly existed 
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in the form of (𝑁𝐻4)2𝑆𝑂4 and 𝑁𝐻4𝑁𝑂3 (Reilly and Wood (1969); Gysel et al. (2007)). Predominant 

volume fractions of (𝑁𝐻4)2𝑆𝑂4 and 𝑁𝐻4𝑁𝑂3 among inorganic compounds can also be found in Fig 

1b. For organics, HOA, SV-OOA, and LV-OOA accounted for 32.0%, 8.8%, and 59.2%, respectively, of 200 

the total OA mass concentration during the campaign. 

Chemical composition of PM1 aerosol showed substantial variation, especially for periods A and 

B. Organics were dominant in period A when stagnant conditions prevailed due to persistent high 

atmospheric pressure and weak synoptic flow (Kim et al. 2018a). The average ratio of organic to 

(inorganic + BC) was 1.60 ±0.82, ranging from 0.48 to 3.60. The average mass concentrations of each 205 

chemical species during period A were 7.9 μg m-3 (organic), 3.7 μg m-3 (sulfate), 2.9 μg m-3 (nitrate), 2.2 

μg m-3 (ammonium) and 2.4 μg m-3 (BC). At the beginning of period A, mass concentrations of both HOA 

and LV-OOA increased sharply, and that of LV-OOA remained high until 23 May (Fig.1c). For period B, 

total mass concentration increased as polluted air masses were transported directly from southwestern 

China, and inorganics were dominantly observed with a mean value of 0.32 for organic/(inorganic + BC). 210 

The volume fraction of inorganics reached up to 80% during period B. These contrasting chemical 

compositions of the two periods result in very different hygroscopic properties of aerosols for these two 

periods (Kim et al. 2018a). For example, hygroscopicity values of period A, an organic-dominant period, 

was much lower than the normal period that excludes periods A and B, although particle sizes are larger 

than those in the normal period. 215 

 

3.2 Size-resolved hygroscopicity of urban aerosols  

As mentioned above, size-resolved hygroscopicity for four dry diameters (30, 50, 100, and 150 

nm) was measured during the campaign. The average value of κ, a representative single hygroscopicity 

parameter (Petters and Kreidenweis 2007), ranged from 0.11 to 0.24 with distinct diurnal variation (Kim 220 

et al., 2018a). Figure 2 shows the size-resolved κ values measured in SMA from the two campaigns 

(MAPS-Seoul and KORUS-AQ) as well as the results from some other urban measurements including 
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Shanghai (Ye et al., 2013), Beijing (Wang et al., 2018), the Pearl River Delta (PRD) region (Jiang et al., 

2016) and Paris (Jur�́� nyi et al., 2013). The κ values in the figure were derived from HTDMA GF 

measurements except for Paris that derived κ from CCN measurement. The ĸ values of SMA were lower 225 

than those in Shanghai and similar to Beijing but the lowest κ values were observed from Paris for most 

diameters. According to Fig.2, most κ values increase with particle size. It is closely related to the fact 

that the mass fraction of inorganic species increases with increasing particle size (Fig. S3). Inorganic 

components measured by AMS are considered as the major water-soluble chemical components, 

influencing the hygroscopic behavior of atmospheric aerosols. Wu et al. (2016) showed increase of the 230 

particle number fraction of hydrophilic mode with increasing particle size, and this trend was more 

conspicuous for smaller particles ( < 150 nm). The size-dependency of κ is also shown in other 

environments such as coastline in UK (Gysel et al., 2007), forested site in Colorado (Levin et al. 2012, 

2014) and Wakayama, Japan (Deng et al., 2019), and boreal environment in Finland (Paramonov et al. 

2013). Although the Kelvin effect may cause some decrease of κ with decreasing particle size, this effect 235 

is small, less than 5%, for particles in the diameter ranged from 50 to 200 nm (Swietlicki et al., 2008; 

Wang et al., 2018). The average κ values of urban aerosols shown in Fig. 2 are smaller than 0.3 for 

diameters smaller than 300 nm, implying that the suggested typical continental κ value of 0.3 by Andreae 

and Rosenfeld (2008) is an overestimation for these urban aerosols. Consequently, it can cause the over-

prediction of CCN number concentration (𝑁𝐶𝐶𝑁) in urban areas.  240 
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Figure 2. Size-resolved hygroscopicity of aerosols in Seoul and other urban areas.  

 

 

3.3 ĸ closure  245 

Closure on hygroscopicity has been studied to understand the relationship between chemical 

composition and aerosol hygroscopicity (Chang et al., 2010; Gunthe et al., 2009; Gysel et al., 2007; Kim 

et al., 2017; Wu et al., 2013). The ZSR mixing rule (Eq. 2) with a volume fraction of aerosol composition 

is generally applied for the hygroscopicity closure.  

𝜅𝑐ℎ𝑒𝑚 =  ∑ 𝜀𝑖𝜅𝑖 ,                                                                              (2)

𝑖

 250 

where 𝜅𝑐ℎ𝑒𝑚 is the κ value of the mixed particle, 𝜅𝑖 is the hygroscopicity value of the chemical 



13 

 

component, 𝑖, in pure form and 𝜀𝑖 is the volume fraction of this chemical component. Unlike inorganic 

species, the hygroscopicity of organic aerosol (OA) is relatively unknown, and many estimation methods 

have been suggested for κ-closure. In general, oxidation parameters like O/C and f44 are used for the 

organic hygroscopicity. Among them, we compared the two methods suggested by Kim et al. (2017) that 255 

uses O/C (Eq. (3)) and by Mei et al. (2013) (Eq. (4)) that uses 𝑓44:  

𝜅𝑜𝑟𝑔  =  0.1 × (𝑂/𝐶) ,                                                                                  (3) 

𝜅𝑜𝑟𝑔  =  2.10(±0.07)  × 𝑓44  −  0.11(±0.01) .                                             (4)  

For inorganics, (𝑁𝐻4)2𝑆𝑂4 and 𝑁𝐻4𝑁𝑂3, κ values of 0.47 and 0.58 are applied, respectively 

(Gysel et al., 2007; Topping et al., 2005). BC is assumed to be hydrophobic.    260 

Figure 3 presents the scatterplot of κ𝐻𝑇𝐷𝑀𝐴  vs. κ𝑐ℎ𝑒𝑚  , which incorporates the κ𝑜𝑟𝑔  values 

derived from the two estimation methods above. Only 150 nm results are used for ĸ𝐻𝑇𝐷𝑀𝐴 . The 

agreement between κ𝐻𝑇𝐷𝑀𝐴  and κ𝑐ℎ𝑒𝑚  looks good regardless of the κ𝑜𝑟𝑔  estimation method and 

therefore it can be said that such oxidation parameters are suitable to use for estimating hygroscopicity of 

organic aerosols. Perhaps the similar results of the two methods was in part due to the fact that inorganic 265 

species having high κ values compared to organics occupied a major portion of the total mass. In this 

study, we adopted the method using f44 for further analysis because it produced better results than the 

method using O/C, in terms of the linear regression analysis (i.e., slope and the coefficient of 

determination) and the average ratio between κ𝐻𝑇𝐷𝑀𝐴 and κ𝑐ℎ𝑒𝑚 values (Table S1). According to Fig. 

4, however, a good agreement between κ𝐻𝑇𝐷𝑀𝐴 and κ𝑐ℎ𝑒𝑚  is shown only for 150 nm. As particle size 270 

becomes smaller, widely dispersed scatterplots between κ𝐻𝑇𝐷𝑀𝐴 and κ𝑐ℎ𝑒𝑚 are shown. Furthermore, 

the overestimation of κ𝑐ℎ𝑒𝑚 is clearly shown for small particles. It is because large particles mainly 

determine the volume fraction in bulk chemical composition data. This result implies that size-resolved 

chemical composition data should be accompanied when we analyze the relationship between 

hygroscopicity and chemical composition, especially for small particles. 275 
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Figure 3. Scatterplot between 𝜿𝑯𝑻𝑫𝑴𝑨  and 𝜿𝒄𝒉𝒆𝒎  using two different organic κ estimation 

methods. Dashed line and solid line indicate 1:1 line and linear regression line, respectively.  

 

Figure 4. Scatterplot between 𝜿𝑯𝑻𝑫𝑴𝑨  and 𝜿𝒄𝒉𝒆𝒎  for four different diameters. Dashed line and 280 

solid line indicate 1:1 line and linear regression line, respectively. 
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4. Size-resolved chemical composition and its link to hygroscopicity and mixing state  

4.1 Size-resolved chemical composition  

The importance of size-resolved chemical composition data has been manifested in the analyses 285 

of size-resolved hygroscopicity of aerosols (Bhattu et al., 2016; Levin et al., 2014; Meng et al., 2014). 

However, particle time-of-flight (P-ToF) mode for the size-resolved species cannot provide sufficient 

information of mass size distribution directly because of the relatively low signal to noise ratio compared 

to the bulk mass concentration from mass spectrum (MS) mode. Instead, reconstructed size-resolved mass 

concentration is applied combining with a bulk mass concentration from the MS mode and a size-resolved 290 

mass distribution from the P-ToF mode for individual species as described in Eq. (5) (Thalman et al. 

2017).  

𝑚𝑖(𝐷𝑝) =  𝑀𝑖,𝑏 ×
𝑚𝑖̅̅ ̅̅  (𝐷𝑝)

∫ 𝑚𝑖̅̅ ̅̅ (𝐷′
𝑝)𝑑𝑙𝑜𝑔𝐷′

𝑝
𝐷𝑝,𝑚𝑎𝑥

𝐷𝑝,𝑚𝑖𝑛

    ,                                                     (5)         

where 𝑀𝑖,𝑏 is the bulk mass concentration from MS mode measurement for chemical species i 

and 𝑚𝑖̅̅̅̅ (𝐷𝑝) is the average mass size distribution for chemical species i with respect to log𝐷𝑝. 𝐷𝑝,𝑚𝑎𝑥 295 

and 𝐷𝑝,𝑚𝑖𝑛  indicate the maximum and minimum diameters of the average mass size distribution, 

respectively. The average mass size distribution for the whole campaign period is shown in Fig. S3; from 

now on, the reconstructed mass size distribution is denoted as ‘size-resolved’ for simplicity. It is noted 

that size-resolved composition data for particles smaller than 70 nm are excluded due to high uncertainties. 

According to Fig. S3, the mass fraction of organics increases as the particle diameter decreases as 300 

expected. Notably, organics occupied more than 70 percent for aerodynamic diameter smaller than 150 

nm. In other words, specified organic factor information should be accompanied, especially for small 

particles, to analyze the size-resolved aerosol hygroscopicity. 
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4.2 Size-resolved organic factors 305 

Zhang et al. (2005) proposed a technique that uses m/z 57 and 44 as AMS mass spectral marker 

to quantify the mass concentrations of HOA and OOA (= SV-OOA + LV-OOA), using highly time-

resolved organic mass spectra obtained with HR-ToF-AMS. m/z 44, most likely 𝐶𝑂2
+, is known to be a 

major oxygenated organic species in AMS mass spectra and often increases in the afternoon when 

photochemical reaction is active (Alfarra et a., 2004; Zhang et al., 2005), whereas m/z 57, most likely 310 

𝐶4𝐻9
+ , is known to be a major species in mass spectra of hydrocarbon, which is associated with 

combustion exhaust and often increases in rush hours (Allan et al., 2004 and 2003; Alfarra et al., 2004; 

Canagaratna et al., 2004). Good correspondences between m/z 57 and HOA and between m/z 44 and OOA 

for bulk chemical data (not shown) support these assumptions. Although m/z 43 is also known to show a 

prominent peak for combustion exhaust like m/z 57, it is also influenced by oxygenated organic aerosols 315 

(𝐶2𝐻3𝑂+) and perhaps that is the reason why the correlation with HOA is not as good as that between 

HOA and m/z 57 (Fig. S4). Size-resolved organic factors are reconstructed by multiplying a number for 

each size bin. This number for each reconstructed HOA and OOA is the slope of the linear regression 

between each organic factor (HOA and OOA) and m/z (57 and 44) from bulk mass concentration. The 

slopes of the linear regressions are 35.29 and 7.89 for HOA and OOA, respectively. Each reconstructed 320 

organic factor is well correlated with the measured one, and the reconstructed organic mass concentration 

(= HOA + OOA) shows a good correspondence with measured bulk organic mass concentration (Fig. S5). 

In other words, organic mass concentration in this study can be explained substantially by the two organic 

factors. Also, m/z 57 and 44 can be considered as first-order tracers of the two major organic components. 

The correlation coefficient between measured and reconstructed HOA is slightly lower than that of OOA 325 

(Fig. S5) because the contribution of m/z 57 on HOA varies depending on time and/or sources, whereas 

m/z 44 contains a broader range of OOA. Figure 5 shows the campaign averaged size distribution of 

reconstructed HOA and OOA (From now on, ‘reconstructed’ HOA and OOA are just called as HOA and 

OOA in short.). The mode diameter of OOA is somewhat larger than that of HOA. Mass fraction of HOA 
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is larger than that of OOA for small particles (< 120 nm) but the opposite is true for larger particles (> 330 

120 nm). 

 

Figure 5. Campaign averaged size distributions of reconstructed HOA (grey) and OOA (pink). 

 

4.3 Size-resolved chemical effect on hygroscopicity 335 

  Figure 6 presents the campaign averaged size-resolved volume fraction of chemical species with 

size-resolved κ values. For direct comparison between aerosol hygroscopicity and chemical composition, 

the conversion of diameter is essential due to different particle sizing techniques (i.e., mobility diameter 

(𝑑𝑚 ) for HTDMA and vacuum aerodynamic diameter (𝑑𝑣𝑎 ) for AMS). Under the assumption of a 

spherical particle, 𝑑𝑣𝑎  can be converted into 𝑑𝑚  with density information as described in Eq. (6) 340 

(DeCarlo et al., 2004). 

𝑑𝑚 =  
𝜌0

𝜌𝑝
𝑑𝑣𝑎  ,                                                                              (6) 

where 𝜌𝑝 is the particle density and 𝜌0 is the standard density (1000 kg m-3). In this study, 1300 

kg m-3 is used as the particle density since organics are the most dominant chemical composition in the 
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particle size range of hygroscopicity measurement. As mentioned above, the κ value of 30 nm particle is 345 

excluded due to high uncertainties. Densities of chemical species are assumed for calculation of volume 

fraction: 930 kg m-3 (HOA), 1500 kg m-3 (OOA), and 1769 kg m-3 (inorganics). For small particles, 

volume fraction is dominated by organics (= HOA+OOA) and HOA, widely known to be hydrophobic, 

explains more than 50%. However, the volume fraction of inorganics, which is hygroscopic, increases as 

particle size increases. Among organics, a sharp decrease of HOA volume fraction and an increase of 350 

OOA with size are clearly shown. These results support the size-dependent hygroscopicity. Moreover, the 

dominant organic volume fraction for small particles (𝑑𝑣𝑎 < 100 nm) manifests the importance of size-

resolved organic factors to explain the variation of hygroscopicity. Figure 7 illustrates the diurnal variation 

of κ with chemical composition for 50 nm and 150 nm particles. For 50 nm (Fig. 7a), HOA explained 

more than 50% among chemical compositions, and the two organic factors showed considerable temporal 355 

variation compared to inorganics. The volume fraction of HOA increased slightly in rush hours (07:00-

09:00 LT) and decreased gradually after midday until 18:00. Conversely, the volume fraction of OOA 

decreased in the morning and increased in the afternoon when the photochemical reaction is active. It is 

consistent with the diurnal variation of κ, showing the relatively low values in the night hours and high 

values in the late afternoon. On the other hand, for 150 nm (Fig. 7b) chemical compositions showed little 360 

variation. Therefore, it can be said that the effect of chemical composition on diurnal variation of κ is 

more sensitive for small particles than for large particles. Such results demonstrate that, without proper 

specification of organic factors, it is difficult to explain the diurnal variation of κ. Also noted is that κ 

variation for small particles is mostly affected by the volume fraction of organics rather than that of 

inorganics.    365 
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Figure 6. Campaign averaged size-resolved volume fraction of chemical species with κ values 

(𝜅𝐻𝑇𝐷𝑀𝐴 ) for 50, 100 and 150 nm (Mobility diameter (𝐷𝑚) for κ value is converted to aerodynamic 

diameter (𝐷𝑣𝑎) for comparison). 
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 370 

Figure 7. Diurnal variation of κ values (𝜿𝑯𝑻𝑫𝑴𝑨 ) and chemical composition of (a) 50 nm and (b) 

150 nm particle. 

 

   As mentioned above, oxidation parameters, such as 𝑓44 and O/C ratio, are appropriate to use 

for indicating organic hygroscopicity and thereby several estimation methods using them have been 375 

proposed (e.g., Chang et al., 2010; Cerully et al., 2015; Kim et al., 2017; Mei et al., 2013; Hong et al., 

2018). Notably, the estimation method using f44 (bulk data) produces a good correlation between 
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measured and estimated κ as shown in Fig. 3. The increase in 𝑓44 value is known to be the result of 

photochemical oxidation. The size-dependent κ is also reflected in the degree of oxidation, as can be seen 

from the increase in size-resolved 𝑓44  with increasing particle diameter (Fig.8a). The positive 380 

relationship between size-resolved 𝑓44 and κ values for 50 nm particles (Fig.8b) also explains that the 

oxidation of organics affects the hygroscopic properties of particles. It is noted that data that the volume 

fraction of organics is larger than 0.7 were only used to exclude the effect of inorganics. Figure 9 presents 

scatterplots between 𝜅𝑜𝑟𝑔 (30, 50, and 150 nm) and volume fraction of HOA and OOA among organics. 

𝜅𝑜𝑟𝑔 is calculated by subtracting inorganic part from 𝜅𝐻𝑇𝐷𝑀𝐴. As expected, the volume fraction of HOA 385 

was negatively correlated with κ values, whereas that of OOA was positively correlated with κ values for 

all sizes of particles. These results demonstrate that the specification of size-resolved organic factor is an 

indispensable part of describing the relationship between size-resolved hygroscopicity and chemical 

composition of aerosols. 
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 390 

Figure 8. (a) Size-resolved f44 and (b) relationship between f44 and κ values (𝜿𝑯𝑻𝑫𝑴𝑨 ) for 50 nm 

particles (The 𝒇𝟒𝟒 values are only used when organic volume fraction is higher than 0.7). Red dots 

and bars indicate average and standard deviations for each of the 0.01 interval bins.  
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 395 

Figure 9 Scatterplot of 𝜅𝑜𝑟𝑔  vs. volume fraction of HOA (left column) and OOA (right 

column) among organics for 50 nm ((a) and (b)), 100 nm ((c) and (d)) and 150 nm ((e) and (f)) dry 

diameters. 𝜅𝑜𝑟𝑔  is calculated by equation as follows: 𝜅𝑜𝑟𝑔 = (𝜅𝐻𝑇𝑀𝐷𝐴 − 𝜀𝑖𝑛𝑜𝑟𝑔𝜅𝑖𝑛𝑜𝑟𝑔)/𝜀𝑜𝑟𝑔 . 𝜀 

indicates the volume fraction of each component.  

 400 
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4.4 Relevance to mixing state 

HTDMA measurement data can provide information on the mixing state of atmospheric particles, 

i.e., external or internal mixing. We can also infer the extent of chemical mixing of particles from this 

information (Swietlicki et al., 2008). External mixing was prevalently observed in Seoul during the 

MAPS-Seoul (2015), and the KORUS-AQ (2016) campaigns (Kim et al., 2017;2018a) like in other urban 405 

regions (Enroth et al., 2018; Wang et al., 2010; Hong et al., 2018). Kim et al. (2017) suggested an aerosol 

type classification based on the GF values and the mixing state information taken from the HTDMA GF 

distribution data (𝑑𝑁/𝑑𝑙𝑜𝑔(𝐺𝐹)); Type 1 (externally mixed aerosols: less and more hygroscopic particles 

are externally mixed), Type 2 (internally mixed aerosols with GF > 1.1: all particles are more hygroscopic), 

and Type 3 (internally mixed aerosols with GF < 1.1: all particles are less hygroscopic). Figure 10 presents 410 

the schematic plot of three aerosol Types. For determination of mixing state, the position, height and 

width of each peak for HTDMA data are computed by peakfit function for MATLAB® that performs a 

least-square curve fit of a Gaussian function to the top part of the peak (O’Haver, 2016).  

 

Figure 10. Schematic plot of three aerosol Types: Type 1 (externally mixed aerosol; solid line), Type 2 415 

(internally mixed aerosols with GF > 1.1; dotted line) and Type 3 (internally mixed with GF <1.1; dashed 

line).   
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For externally mixed particles (Type 1), the GF distributions were mostly bimodal but trimodal or 

higher modal distributions were only occasionally observed (less than 3% of total measurement cases). 

So, it is safe to assume that externally mixed particles are bimodal. Then the first peak (denoted as Peak 420 

1) in the GF distribution is defined as less hygroscopic (LH) mode that usually had GF value lower than 

1.1, and the second peak (denoted as Peak 2) is defined as more hygroscopic (MH) mode that has GF 

value larger than 1.1. During the measurement period, Type 1 (externally mixed) aerosols  were 

predominantly observed (higher than 70%) in large particles (100 and 150 nm) whereas Type 3 (internally 

mixed with LH mode) aerosols occupied more than 50% of all aerosols in small particles (30 and 50 nm) 425 

(Table S2). Also found was that mixing state had a distinct diurnal pattern, as depicted in Fig. S6. Briefly, 

for small particles, Type 3 aerosols prevailed all day, except in the afternoon (12:00 – 18:00 LT), when a 

significant portion of the aerosols turned into Type 2. For large particles, externally mixed aerosols (Type 

1) dominated, especially during the rush hour (07:00 – 09:00 LT) when hydrophobic particles emitted 

from traffics mix with preexisting large and aged particles. In the afternoon, mixing state change occurred 430 

in both small and large particles due to the photochemical processes. At night, however, no such change 

occurred as there was no photochemical process.  

      

Table 1. The area ratio, GF value and κ value for less hygroscopic (LH) mode and more hygroscopic 

(MH) mode for four dry diameters for all three types of aerosols.  435 

 
LH mode 

area ratio 

MH mode 

area ratio 

GF 

(LH mode) 
κ 

(LH mode) 

GF 

(MH mode) 
κ 

(MH mode) 

30 nm 0.61 0.39 1.07 0.05 1.26 0.25 

50 nm 0.69 0.31 1.04 0.02 1.28 0.22 

100 nm 0.35 0.65 1.01 0.01 1.34 0.25 

150 nm 0.22 0.78 1.02 0.01 1.43 0.31 
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Table 2. The area ratio, GF value and κ value for less hygroscopic (LH) mode and more hygroscopic 

(MH) mode for four dry diameters for only Type 1 (externally mixed aerosol) aerosol. 

 
LH mode 

area ratio 

MH mode 

area ratio 

GF 

(LH mode) 
κ 

(LH mode) 

GF 

(MH mode) 
κ 

(MH mode) 

30 nm 0.60 0.40 1.04 0.03 1.34 0.37 

50 nm 0.57 0.43 1.01 0.01 1.32 0.25 

100 nm 0.42 0.58 1.01 0.01 1.36 0.26 

150 nm 0.28 0.72 1.02 0.01 1.45 0.32 

 

Table 1 presents the area ratio, GF, and κ value of LH and MH modes for the four different dry 440 

diameters. The area ratio of each mode is directly related to the number fraction of each mode as the area 

is calculated by integrating the GF distribution, 𝑑𝑁/𝑑𝑙𝑜𝑔(𝐺𝐹), for each mode. The results in Table 1 

contain all three types of aerosols. LH mode includes Peak 1 of Type 1 (externally mixed) aerosols and 

all Type 3 (internally mixed and non-growth) aerosols. MH mode includes Peak 2 of Type 1 aerosols and 

all Type 2 (internally mixed and growth) aerosols. The area ratio of LH mode is substantially high for 445 

small particles compared to MH mode, and the area ratio of MH mode becomes larger as particle size 

increases. It is directly connected to the size-dependency of κ. The GF value of MH mode increases as 

particle size increases. Table 2 shows only the Type 1 (externally mixed) aerosols for comparison. An 

increasing trend of MH mode area ratio and GF value with increasing diameter is similar to the results in 

Table 1. However, GF values of MH mode particles are slightly higher than those in Table 1, especially 450 

for smaller diameters (30 nm, 50 nm). It can be explained by the fact that Type 2 (internally mixed and 

growth) aerosols usually had lower GF values than the MH mode aerosol of Type 1 (externally mixed) 

aerosols. During the campaign, the number fraction of Type 2 aerosols was the highest in the afternoon, 

whereas that of Type 3 aerosols was the lowest at that time for all diameters (Kim et al., 2018a). Moreover, 

a bimodal GF distribution, implying Type 1, in the morning mostly changed to unimodal in the afternoon 455 

(Fig.S6). It can be inferred that less hygroscopic particles gained hygroscopicity due to quick coating by 
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secondary hygroscopic species and LH mode disappeared as the day went on. Kim et al. (2018b) 

suggested from the strong correlation between OOA vs. 𝑂𝑥 that the photochemical reaction occurred 

actively in the afternoon during the campaign period. Although the GF value of hydrophobic particles 

increased by coating and GF distribution changed from bimodal to unimodal, the GF values of coated 460 

particles (Type 2) were still slightly lower than that of the existing hygroscopic particles, MH mode of 

Type 1 aerosols. 

For NCCN prediction, several studies have considered the mixing state of aerosols with chemical 

species data (e.g., Bhattu et al., 2015; Ervens et al., 2010; Ren et al., 2018; Wang et al., 2010). For 

externally mixed aerosols, chemical species can be divided into two modes, LH and MH mode, based on 465 

their hygroscopic properties. In general, BC and organics (or only HOA) are classified into LH mode, 

whereas inorganics and/or OOA are classified into MH mode in externally mixed aerosols. In this study, 

we identify and quantify chemical species of each mode for externally mixed aerosols with GF 

distribution data and size-resolved chemical data to understand the relationship between the mixing state 

and chemical composition of atmospheric aerosols. Figure 11 shows the scatterplot of the Peak 1 (LH 470 

mode) area ratio vs. the volume fraction of each chemical species for different diameters. As mentioned 

above, the area ratio of each mode in the GF distribution (𝑑𝑁/𝑑𝑙𝑜𝑔(𝐺𝐹) ) corresponds the number 

fraction of particles in each mode and thereby can be compared directly with the volume fraction of each 

chemical species for a diameter. Note that only the observed externally mixed aerosols (Type 1) are used 

for comparison. The volume fraction of HOA is positively correlated with Peak 1 area ratio (Fig.10a) 475 

when all sizes are combined but not for each diameter. The slope between them and the coefficient of 

determination (𝑅2) were 0.73 and 0.58, respectively. In other words, the HOA volume fraction can explain 

about 58% of the variation of number fraction for LH mode in externally mixed aerosols. We can infer 

that the unexplained part can be complemented by BC, which is known to be hydrophobic. Unfortunately, 

size-resolved BC is not available in this study. The results in Fig. 10b (LH mode vs. volume fraction of 480 

organics) and 10c (LH mode vs. volume fraction of OOA) also support this speculation. The volume 
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fraction of all organics, including both HOA and OOA (Fig. 10b), is much higher than the number fraction 

of LH mode. Furthermore, negative and even weak correlation was shown between the volume fraction 

of the OOA and Peak 1 area ratio (Fig. 10c).  

 485 

Figure 11. Scatterplots between Peak 1 (LH mode) area ratio and volume fraction of (a) HOA, (b) 

organics (HOA+OOA) and (c) OOA for 50 nm (turquoise), 100 nm (grey) and 150 nm (red) particles. 

Dashed line and solid line present 1:1 line and linear regression line, respectively. The coefficient of 

determination (𝑹𝟐) of each scatterplot is indicated.  

 490 
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Figure 12. Scatterplots between Peak 2 (MH mode) area ratio and volume fraction of (a) 

OOA, (b) inorganic, (c) OOA+inorganic, and (d) HOA for 50 nm (turquoise), 100 nm (grey) and 150 

nm (red) particles. Dashed line and solid line present 1:1 line and linear regression line, respectively. 

The coefficient of determination (𝑹𝟐) of each scatterplot is indicated.  495 

 

For Peak 2 (MH mode), OOA (Fig. 12a) and inorganic (Fig. 12b) did show a positive correlation 

with Peak 2 area ratio, but it was not strong enough to explain a significant portion of MH mode. The 

sum of OOA and inorganic volume fraction (Fig. 12c) can explain a significant portion of MH mode 

variation in externally mixed aerosols, whereas a negative correlation is clearly shown between the 500 

volume fraction of HOA and Peak 2 area ratio (Fig. 12d). For individual diameters, correlations tended 

to be stronger for larger (100 nm and 150 nm) than smaller (50 nm) diameters. It is related to the fact that 

there are high uncertainties of size-resolved chemical composition data for small diameters. Nevertheless, 

these results give meaningful implications that HTDMA – HR-ToF-AMS dataset could successfully 
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explain connections between aerosol composition and hygroscopic mode (i.e., mixing state) and their 505 

relative contributions. Specifically, the volume fraction of HOA (and BC) can explain a major portion of 

the number fraction of LH mode particles. For MH mode, volume fraction of the sum of OOA and 

inorganics, , can explain the number fraction of MH mode particles. During the campaign, externally 

mixed aerosols (Type 1) were observed about 50% of the total period, meaning that LH mode particles 

(i.e., HOA) and MH mode particles (i.e., inorganics and OOA) were externally mixed in the atmosphere 510 

half of the time during the campaign.  

 

5. Summary and Conclusions 

This study investigated the chemical effects on size-resolved hygroscopicity of urban aerosols 

based on the KORUS-AQ field campaign data. Mainly, the information of size-resolved hygroscopicity 515 

and mixing state of aerosols for four dry diameters (30, 50, 100 and, 150 nm) was obtained by HTDMA. 

During the campaign period, averaged mass concentration of PM1 aerosols was 19.1 μg m-3 , and 

observed anions were fully neutralized by 𝑁𝐻4
+. On average, organics occupied more than 40% of the 

mass concentration for non-refractory aerosols. Among three organic factors (HOA, SV-OOA, and LV-

OOA) analyzed by PMF analysis, OOA accounted for 66.4%. Substantial differences of aerosol chemical 520 

composition were shown in the two specific periods, organic dominant period (Period A) and inorganic 

dominant period (Period B), and these differences affected aerosol hygroscopicity of each period. The 

averaged κ values ranged from 0.11 to 0.24, and as in other urban regions κ clearly showed size-

dependency. Estimated κ values calculated with bulk chemical composition data and oxidation parameters, 

𝑓44  and O/C (𝜅𝑐ℎ𝑒𝑚 ), showed good correspondence with measured κ values (𝜅𝐻𝑇𝐷𝑀𝐴 ) for 150 nm 525 

particles. It implies that chemical composition is closely associated with aerosol hygroscopicity, and such 

oxidation parameters are suitable for representing the hygroscopicity of organic aerosols. However, for 

small particles such good relationship was not shown between 𝜅𝐻𝑇𝐷𝑀𝐴 and 𝜅𝑐ℎ𝑒𝑚 due to the fact that 
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bulk chemistry might have been determined mainly by larger particles that might not have the same 

chemical composition of small particles.  530 

These results emphasize the importance of size-resolved chemical composition data for examining 

the relationship between chemical composition and aerosol hygroscopicity, especially for small particles. 

Furthermore, the size-resolved organic factor information is essential as organic particles are mostly small. 

The m/z tracer method is applied in this study to obtain size-resolved organic factors. m/z 57 and m/z 44 

are used as AMS spectral markers for HOA and OOA, respectively. According to the campaign averaged 535 

size-resolved volume fraction, the volume fraction of inorganics, which is known to be hygroscopic, 

increases as particle size increases. For organics, a decrease of HOA and an increase of OOA are shown 

as particle size increases, which support the size-dependency of aerosol hygroscopicity. Particularly, the 

size-resolved organic factor can give a detailed explanation of the diurnal variation of κ for small particles. 

Low κ in the morning is associated with the large volume fraction of HOA, whereas high κ in the afternoon 540 

is related to the large volume fraction of OOA. Scatterplots of volume fraction of organic factors vs. κ 

values clearly illustrate that chemical composition is closely associated with hygroscopic properties of 

aerosols, not only for large particles but also for small particles. 

Lastly, the characteristics of the mixing state of aerosols were investigated in association with 

size-resolved chemical composition data. Externally mixed aerosols were observed about 50% of the time 545 

during the campaign period, especially for large particles. Importantly, the number fraction and GF value 

of MH mode increased as particle size increased. The relationship between the number fraction of each 

hygroscopicity mode and volume fraction of different chemical composition is analyzed. For example, 

the HOA volume fraction explained about 60% of the variation of LH mode number fraction for externally 

mixed aerosols. It can be inferred that the volume fraction of BC can explain the rest. On the other hand, 550 

the chemical composition of MH mode can be explained by the sum of inorganics and OOA rather than 

the volume fraction of each of OOA and inorganics. Unlike previous studies that used hygroscopicity of 

ensemble particles without mixing state information, such relationship of chemical composition – mixing 
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state – hygroscopicity of atmospheric particles can be of crucial use in accurate 𝑁𝐶𝐶𝑁 prediction.  

 It can be concluded that size-resolved chemical composition data did provide more detailed and 555 

essential information than bulk data, which are highly needed when examining the relationship between 

chemical composition and hygroscopic properties of aerosols as well as the mixing state. Specified 

organic factors were found to be critically important, mainly in estimating the hygroscopicity of small 

particles as organics occupied a significant portion of these particles. Although the two OA factors, HOA 

and OOA, can represent the total organic mass concentration and can also explain the variability of κ 560 

reasonably well, more detailed analysis can be made when more spectral tracers are added to derive sub-

divided organic factors. To note is that organic aerosols do not always behave ideally and show an 

apparent discrepancy in hygroscopic growth between sub- and supersaturated conditions (Petters et al., 

2009; Wex et al., 2009). If hygroscopic growth were measured under a supersaturated condition, the 

estimated hygroscopicity parameter would be significantly higher than those estimated in this study under 565 

sub-saturated condition, due to the contribution of enhanced hygroscopic growth of organic components 

of aerosols. This would surely affect the CCN prediction results but it is uncertain how much that would 

be at this point. Perhaps, however, the overestimating tendency of chem shown in Fig. 4 may be reduced 

as the measured  would become higher. The results presented here were obtained during the 

spring/summer season. It would be very informative to make the observation during other seasons to find 570 

seasonal variability, especially during the winter season, when aerosol properties and meteorological 

conditions would be so much different from spring/summer. Our future work includes such an endeavor. 

 

Data availability. KORUS-AQ data are available via https://espo.nasa.gov/korus-aq/content/KORUS-AQ 

(doi: 10.5067/Suborbital/KORUSAQ/DATA01).    575 
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