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Derivation of bulk-surface partitioning equation

The Gibbs adsorption equation relates the surface tension to the number of moles and the chemical potentials of the components in the interface (Adamson and Gast 1997; Hiemenz and Rajagopalan 1997):

,								Eq. S1

where nis is the moles of solute i in the interface, i is the chemical potential of i, A’ is the droplet surface area, and  is the surface tension.  The dividing surface is chosen such that there is no excess water molecules in the interface, that is, nws = 0.  Rewriting Eq. S1 in terms of activity, ai, and introducing the surface excess,  = nis/A’,

.							Eq. S2

Assuming the solute undergoes the Langmuir adsorption onto the droplet surface (Li and Lu 2001),

,									Eq. S3

where imax is the saturated surface excess, and Ki is the adsorption equilibrium constant.  Substituting Eq. S3 into Eq. S2 and integrating from ai = 0 (pure water) to ai yields the commonly used Langmuir-Szyszkowski equation (Li and Lu 2001):

.						Eq. S4

Assuming experimentally determined values of imax and Ki implicitly account for solution non-ideality, Eq. S4 may be expressed in terms of the mole fraction, xiB, and by changing the notation of imax and Ki to imax’ and K’i,

. 					Eq. S5

Also, Eq. S1 can be expressed in terms of xiB,

,							Eq. S6

where i is the activity coefficient.  Assuming constant or unit activity coefficient, 

.							Eq. S7

Topping (2010) and Raatikainen and Laaksonen (2011) independently solved Eq. S5 and S7 for the bulk solute mole or mole fraction in equilibrium.  Taking differential of Eq. S5 and S7 with respect to xiB and after some manipulations, one can obtain the following quadratic equation (Topping 2010):

,								Eq. S8
,
,
,

where nwT is the total mole of water and niT is the total mole of solute i.  nwT and niT  are determined by the initial particle size, molar volume, and droplet size (Topping 2010).




Interpretation of the effects of volatilization on CCN activity

Cerully et al. (2015) investigated the link between CCN activity, volatility, and oxidation state of ambient aerosol in the southeastern United States.  One of their findings was that CCN activity of organics decreased as the temperature of the thermodenuder increased (Cerully et al. 2015).  They reported that this trend contradicted the conventional view that the most volatile organics components should be the least aged, and hence the least hygroscopic (Cerully et al. 2015; Jimenez et al. 2009).  

However, based on the framework developed in this study, one can deconvolute the problem into two dimensions, O/C and C*, and pose a clearer hypothesis.  Since significant mass fraction of ambient aerosol was inorganics throughout the campaign, solubility limitation is expected to play a minor role as demonstrated by the simulation with 10% ammonium sulfate shown in Figure 4b and Figure S2.  Therefore, org is predominantly determined by the distribution of 2D-VBS relative to the isolines of  (Figure 2a).  If removal of high C* components by a thermodenuder results in decrease in , one can hypothesize that the 2D-VBS distribution in this case must be nearly parallel to the C* axis in the 2D-VBS space unlike -pinene SOA (Figure 2a).  This hypothesis is consistent with their observation that O/C did not vary significantly after volatilization (Cerully et al. 2015).  

To illustrate the point, Figure S4 and Figure S5 show simulation results of a hypothetical OA that yields a 2D-VBS distribution approximately parallel to the C* axis and O/C values similar to Cerully et al. (2015) (average O/C: 0.5 ~ 0.6).  The predicted  slightly decreased as OA mass loading decreased (Figure S5), which is consistent with the observation by Cerully et al. (2015) that org decreased as a result of volatilization.  As demonstrated by this example, the complex relationships between CCN activity and volatility can be simply interpreted as the effects of 2D-VBS distributions.  Therefore, it is highly beneficial if future field campaigns can determine 2D-VBS distributions experimentally.  



Table S1. List of symbols  

	Symbols
	Unit
	Quantity

	A
	m
	Kelvin effect parameter, 4σs/aMw/(RTρw)

	A'
	m2
	droplet surface area

	ai
	
	activity, ai = ixi

	b0
	
	zero order SIMPOL group contribution term

	bC
	
	carbon number SIMPOL group contribution term

	b=O
	
	ketone SIMPOL group contribution term

	b-OH
	
	hydroxyl SIMPOL group contribution term

	Coi
	μg m-3
	pure-component saturation concentration

	C*i
	μg m-3
	saturation concentration in a mixture, C*i = γiCoi

	COA
	μg m-3
	organic aerosol mass concentration

	C
	
	volume based solubility (v/v)

	Dd
	m
	dry particle diameter

	D
	m
	wet particle diamter

	Ki
	
	adsorption equilibrium constant,  = w - RTimax(1+Kiai)

	K'i
	
	adsorption equilibrium constant,  = w - RTimax'(1+K'ixi)

	Mw
	kg mol-1
	molecular weight of water

	Morg
	kg mol-1
	molecular weight of organics

	nc
	
	carbon number

	nH
	
	hydrogen number

	nO
	
	oxygen number

	n=O
	
	carbonyl number

	n-OH
	
	hydroxyl number

	nis
	mol
	moles of solute i on surface

	niT
	mol
	moles of total dissolved solute i

	nw
	mol
	moles of water

	R
	J mol-1 K-1
	universal gas constant

	Sc
	
	critical saturation ratio

	sc
	
	critical supersaturation, sc = Sc - 1

	T
	K
	temperature

	xiB
	
	mole fraction of i in the aqueous bulk phase 

	α
	μg m-3 atm-1
	conversion fractor from saturation pressure to C*

	ε
	
	volume fraction

	κ
	
	hygroscopicity parameter

	κorg
	
	κ of organics

	κIntr
	
	intrinsic hygroscopicity parameter assuming  = 1 in Eq. 1

	κapp
	
	apparent hygroscopicity parameter based on Sc and Ddry assuming σs/a = σw (Eq. 2)

	σs/a
	J m-2
	surface tension of the solution/air interface

	σw
	J m-2
	surface tension of pure water

	i
	J mol-1
	chemical potential

	ν
	
	stoichiometric dissociation number

	Φi
	
	osmotic coefficient 

	γi
	
	activity coefficient 

	i
	mol m-2
	surface excess 

	imax
	mol m-2
	saturated surface excess,  = w - RTimax(1+Kiai)

	imax'
	mol m-2
	saturated surface excess,  = w - RTimax'(1+K'ixi)

	ξi
	
	gas-particle partitioning coefficient

	i
	
	bulk-phase fraction of entirely soluble solute

	Fbulk i
	
	bulk-phase fraction of partially soluble solute

	ρw
	kg m-3
	density of water

	ρs
	kg m-3
	density of solute

	ρorg
	kg m-3
	density of organics
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Table S2.  List of compounds used for evaluation of models based on pure compounds
	
	Name
	C
	H
	O
	Ddry 
[nm]
	Observed b
	UNIFAC b
	Raoult c
	Solubility and
 surface d
	Gmax 
[mol m-2]
	K
[ - ]
	Note

	Peroxide-ether with aldehyde
	14
	28
	4
	264
	9.2E-04
	> 1.0E-03
	7.1E-02
	> 1.0E-03
	
	
	

	Peroxide-ether with acid
	14
	28
	5
	123
	2.8E-02
	> 1.0E-03
	7.0E-02
	> 1.0E-03
	
	
	

	Maleic acid
	4
	4
	4
	a
	3.6E-01
	2.2E-01
	2.8E-01
	2.8E-01
	
	
	

	Succinic acid
	4
	6
	4
	a
	2.4E-01
	2.0E-01
	2.4E-01
	2.4E-01
	1.35E-06
	3.72E-02
	e

	alpha-ketoglutaric acid
	5
	6
	5
	a
	3.1E-01
	1.7E-01
	2.1E-01
	2.1E-01
	
	
	

	Glutaric acid
	5
	8
	4
	a
	1.1E-01
	1.7E-01
	2.0E-01
	1.9E-01
	5.00E-07
	1.05E+03
	f

	Adipic acid
	6
	10
	4
	200
	1.0E-02
	1.4E-01
	1.7E-01
	> 1.0E-03
	
	
	

	Pimelic acid
	7
	12
	4
	a
	1.5E-01
	1.3E-01
	1.4E-01
	> 1.0E-03
	
	
	

	 Azelaic acid
	9
	16
	4
	113
	4.0E-02
	1.2E-02
	1.1E-01
	> 1.0E-03
	
	
	

	Cis-pinonic acid
	10
	16
	3
	115
	5.0E-03
	> 1.0E-03
	1.1E-01
	> 1.0E-03
	2.60E-06
	2.62E-04
	f

	Threitol
	4
	10
	4
	a
	1.4E-01
	2.1E-01
	1.9E-01
	1.9E-01
	
	
	

	Glucose
	6
	12
	6
	a
	1.7E-01
	1.7E-01
	1.4E-01
	1.4E-01
	
	
	

	Sucrose
	12
	22
	11
	a
	9.0E-02
	1.1E-01
	7.5E-02
	7.5E-02
	
	
	

	Maltotriose
	18
	32
	16
	a
	5.0E-02
	9.1E-02
	5.1E-02
	5.1E-02
	 
	 
	 

	a:  Assumed to be 100 nm
	
	
	
	
	
	
	
	
	
	
	

	b: Petters et al. (2016)
	
	
	
	
	
	
	
	
	
	
	

	c: Density estimate is based on Kuwata et al. (2012). 
	
	
	
	
	

	d: Solubility is based on Kuwata et al. (2013).  Surfactant partitioning is based on Topping (2010). 
	
	

	e: Surfactant parameters are from Lee and Hildemann (2014)
	
	
	
	
	
	

	f: Surfactant parameters are from Topping (2010)
	
	
	
	
	
	




Table S3. Intrinsic κ and solubility in two-dimensional volatility basis set (2D-VBS) space.  The volume-based solubility is estimated by lnC = 20 [(O/C)0.402 – 1] (Kuwata et al. 2013).


	O/C
	log10C*
	C (v/v)

	
	-5
	-4
	-3
	-2
	-1
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	

	1.0
	0.135
	0.144
	0.153
	0.165
	0.177
	0.193
	0.211
	0.232
	0.259
	0.293
	0.336
	0.395
	0.479
	0.609
	0.834
	1.00E+00

	0.9
	0.124
	0.132
	0.141
	0.151
	0.163
	0.177
	0.193
	0.213
	0.238
	0.268
	0.308
	0.362
	0.440
	0.558
	0.765
	4.36E-01

	0.8
	0.113
	0.120
	0.128
	0.137
	0.148
	0.161
	0.176
	0.194
	0.216
	0.244
	0.281
	0.330
	0.400
	0.508
	0.696
	1.80E-01

	0.7
	0.102
	0.108
	0.115
	0.124
	0.134
	0.145
	0.159
	0.175
	0.195
	0.220
	0.253
	0.298
	0.361
	0.459
	0.628
	6.91E-02

	0.6
	0.091
	0.097
	0.103
	0.111
	0.119
	0.130
	0.142
	0.156
	0.174
	0.197
	0.226
	0.266
	0.322
	0.410
	0.561
	2.44E-02

	0.5
	0.080
	0.085
	0.091
	0.098
	0.105
	0.114
	0.125
	0.138
	0.154
	0.174
	0.199
	0.234
	0.284
	0.361
	0.495
	7.72E-03

	0.4
	0.069
	0.074
	0.079
	0.085
	0.091
	0.099
	0.108
	0.119
	0.133
	0.150
	0.173
	0.203
	0.246
	0.313
	0.429
	2.11E-03

	0.3
	0.059
	0.063
	0.067
	0.072
	0.077
	0.084
	0.092
	0.101
	0.113
	0.128
	0.147
	0.172
	0.209
	0.265
	0.363
	4.65E-04

	0.2
	0.048
	0.051
	0.055
	0.059
	0.064
	0.069
	0.075
	0.083
	0.093
	0.105
	0.121
	0.142
	0.172
	0.218
	0.299
	7.28E-05

	0.1
	0.038
	0.040
	0.043
	0.046
	0.050
	0.054
	0.059
	0.065
	0.073
	0.082
	0.095
	0.111
	0.135
	0.172
	0.235
	5.70E-06

	0.0
	0.028
	0.030
	0.032
	0.034
	0.037
	0.040
	0.043
	0.048
	0.053
	0.060
	0.069
	0.081
	0.099
	0.125
	0.172
	2.06E-09







Table S4.  Surface activity parameters of organic compounds (Asa-Awuku et al. 2008; Cavalli et al. 2004; Facchini et al. 1999; Gaman et al. 2004; Giordano et al. 2013; Lee and Hildemann 2014; McNeill et al. 2014; Moore et al. 2008; Svenningsson et al. 2006; Topping 2010)

	Compoundsc
	Equation form
	Reference

	
	σ = σw - RTΓmax' ln(1 + K'xs)
	σ = σw - RT/(A0NA) ln(1 + C/Co)
	

	
	Γmax' (mol m-2)
	K' 
	A0(A2)
	C0(mol m-3)
	

	Carboxylic acids
	
	
	
	
	

	Oxalic acid
	1.16E-06
	8.63E+01
	143.2
	6.43E+02
	Lee and Hildemann 2014

	Malonic acid
	3.3E-06
	5.77E+01
	50.3
	9.63E+02
	Topping 2010

	Malonic acid
	2.0E-06
	9.47E+01
	83.1
	5.86E+02
	Lee and Hildemann 2014

	Succinic acid
	1.35E-06
	3.72E+02
	123.0
	1.49E+02
	Lee and Hildemann 2014

	Succinic acid
	1.53E-06
	1.75E+02
	108.7
	3.17E+02
	Gaman et al., 2004

	Succinic acid
	3.18E-06
	1.59E+01
	52.3
	3.50E+03
	Svenningsson et al., 2006

	Glutaric acid
	5.0E-07
	1.05E+03
	332.2
	5.31E+01
	Topping 2010

	Glutaric acid
	1.7E-06
	6.03E+02
	100.1
	9.20E+01
	Lee and Hildemann 2014

	Glutaric acid
	2.67E-06
	1.90E+02
	62.2
	2.93E+02
	Gaman et al., 2004

	Malic acid
	5.8E-06
	2.28E+01
	28.6
	2.43E+03
	Topping 2010

	cis-Pinonic acid
	2.6E-06
	2.62E+04
	63.9
	2.12E+00
	Topping 2010

	Small aldehydes
	
	
	
	
	

	Acetaldehyde
	4.81E-07
	5.46E+04
	345.3
	1.02E+00
	McNeil 2014

	Acetaldehyde + AS
	3.13E-06
	2.15E+03
	53.1
	2.58E+01
	McNeil 2014

	Formaldehyde + AS
	1.44E-06
	2.77E+03
	115.1
	2.00E+01
	McNeil 2014

	Methylglyoxal
	3.01E-06
	4.21E+02
	55.2
	1.32E+02
	McNeil 2014

	Methylglyoxal + NaCl
	2.41E-06
	1.40E+04
	69.1
	3.96E+00
	McNeil 2014

	Methylglyoxal + AS
	2.29E-06
	2.33E+04
	72.7
	2.38E+00
	McNeil 2014

	Saccharides
	
	
	
	
	

	Levoglucosan
	3.4E-07
	4.51E+01
	493.2
	1.23E+03
	Svenningsson et al., 2006

	Fulvic acid
	
	
	
	
	

	SR Fulvic acid
	2.5E-06
	3.59E+04
	66.4
	
	Topping 2010

	Fulvic acid
	3.4E-06
	1.28E+03
	48.3
	4.33E+01
	Svenningsson et al., 2006

	Lab mixture
	
	
	
	
	

	Mixture (MIXSEA)
	5.26E-06
	2.80E+02
	31.6
	1.98E+02
	Svenningsson et al., 2006

	Mixture (MIXBIO)
	2.10E-06
	2.77E+03
	78.9
	2.00E+01
	Svenningsson et al., 2006

	Mixture (MIXPO)
	3.80E-06
	4.27E+02
	43.7
	1.30E+02
	Svenningsson et al., 2006

	Mixture (MIXORG)
	2.48E-06
	8.88E+02
	67.0
	6.25E+01
	Svenningsson et al., 2006

	Ambient
	
	
	
	
	

	Fog water, Po Valley
	2.25E-06
	3.49E+04
	73.9
	1.59E+00
	Facchini et al., 1999

	Mace head
	2.04E-05
	6.58E+02
	8.1
	8.43E+01
	Cavalli et al., 2004

	Oceanic DOMab
	3.55E-04
	1.59E+01
	0.5
	3.50E+03
	Moore et al. 2008

	Biomass burning OA
	
	
	
	
	

	BBOA (prescribed fire)ab
	3.34E-04
	1.36E+01
	0.5
	4.07E+03
	Asa-Awuku et al. 2008

	BBOA (chamise, fresh)a
	8.66E-07
	3.96E+02
	191.7
	1.40E+02
	Giordano et al., 2013

	BBOA (chamise, aged 2hr)a
	1.72E-06
	4.54E+01
	96.4
	1.22E+03
	Giordano et al., 2013

	BBOA (chamise, aged 4hr)a
	3.41E-06
	5.31E+01
	48.7
	1.04E+03
	Giordano et al., 2013

	BBOA (manzanita, fresh)a
	1.07E-06
	3.81E+02
	155.7
	1.46E+02
	Giordano et al., 2013

	BBOA (manzanita, aged 1hr)a
	2.90E-06
	1.23E+01
	57.2
	4.50E+03
	Giordano et al., 2013

	BBOA (manzanita, aged 3hr)a
	1.76E-06
	4.12E+01
	94.2
	1.35E+03
	Giordano et al., 2013

	BBOA (manzanita, aged 5hr)a
	2.66E-06
	2.01E+00
	62.4
	2.76E+04
	Giordano et al., 2013

	a: Molecular weight assumed to be 200 g mol-1
	
	
	
	

	b: OM/OC assumed to be 1.4
	
	
	
	
	

	c: AS: ammonium sulfate, DOM: dissolved organic matter
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[bookmark: _GoBack]Figure S1.  Results of Monte Carlo simulations based on randomly chosen surface activities.  Ddry = 100nm, Intr = 0.1, number of simulations = 1000.  a) Köhler curves.  The blue line corresponds to a simulation assuming surface tension of water.  b) Estimated bulk fraction of solutes.  c) Estimated surface tension.  d) A histogram of app.  e) A histogram of assumed max’.   f) A histogram of assumed K’.
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Figure S2.  Simulation results of -pinene SOA with 10% volume fraction of ammonium sulfate.  The 2D-VBS distribution is taken from Donahue et al. (2012).  Ddry = 100 nm.  a) Distribution of organic aerosol volume in terms of O/C and logC*.  The solid lines correspond to intrinsic .  The dotted lines correspond to volume-based solubility C.  b) Köhler curves considering only solubility (black) and entire non-aqueous, aqueous, and surface partitioning (Full partition).  c) Assumed/estimated surface tension.  Solubility only case assumes surface tension of water.  Full partition case assumes imax’= 1.45x10-6 mol m-2 and K’i = 3.5x102.  d) Estimated non-aqueous, aqueous, and surface phase partitioning.  e) Estimated non-aqueous and aqueous phase partitioning.
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Figure S3.  Simulation results of aged ambient reactive organic gas without inorganic salts (Murphy et al. 2012). 
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Figure S4.  Simulation results of a hypothetical OA distribution.  The distribution is assumed to be approximately parallel to C* axis.  No inorganic salt. 
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Figure S5.  Predicted  vs. O/C relationships for the hypothetical OA distribution shown in Figure S4.  Estimated OA mass loadings are 115, 12, and 1 g/m3, which correspond to O/C values 0.515, 0.524, and 0.528, respectively.  slightly decreased as OA mass loading decreased.
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