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ABSTRACT
Atmospheric particles are frequently salt-based multicomponent systems, with some salts forming hydrates. Many of the particle components are hygroscopic and produce aqueous solutions by obtaining gaseous water from humid conditions. In this study, the radii and the volume mix ratios of Urban aerosols were extracted from Optical Properties of Aerosols and Clouds (OPAC 4.0) at Relative Humidies of 0, 50, 70, 80, 90, 95, 98 and 99. The compositions of urban aerosols in OPAC 4.0 are water soluble (waso), insoluble (inso) and soot. A sensitivity analysis was carried out examining the sensitivity of effective hygroscopic growth and water activity as modelled with the Köhler equation. The effective radii and the effective hygroscopic growths were determined and applied to the Kohler theorem to determine the water activity and Kelvin effects. Different concentrations of aerosols were used in the Köhler equation. After applying Kohler theorem, it was discovered that based on the values of the significance, water activities dominate the Kelvin effects. To determine effective hygroscopic growth models with different water activity estimation models, three water activity models were applied, and these models are Activity Parameterisation (AP), Van’t Hoff factor (VH) and Effective hygroscopicity parameter (EH) models. The coefficient of determination (R2) was used to determine the best model(s). From the analysis of the three models, it can be concluded AP model outperforms all the models with R2 ranging from 0.9999792 to 0.9999929 for soot,0.9999792 to0 .9999850 for waso, and 0.9999792 to 0.9999949 for inso, while the VH models fit, of Frank at. al., (2007), both linear and quadratic become the second with R2, ranging from 0.999692 to 0.999797 for soot, 0.999692 to 0.998879 for waso and 0.999692 to 0.999541 for inso.
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1	INTRODUCTION
“Atmospheric aerosols have complicated impacts on the Earth’s climate system via direct and indirect radiative forcing. Due to the difference of absorption and scattering characteristics, the climatic and environmental effects of different aerosol types show significant discrepancies. Recently, numerous studies have been carried out on the aerosol radiative transfer and climatic effects in coastal areas. Some have directly observed the weather system and meteorological environment parameters” (Liu et al., 2022). “Interest in the properties and behaviour of hygroscopic particles in the atmosphere has been ongoing for decades. For example, the physics and chemistry associated with cloud droplet formation have been studied extensively”, with the text by Pruppacher and Klett (2010) serving as an excellent summary of that complicated process. 
“Atmospheric particles are often multicomponent systems of salts, with some of the salts existing as hydrates. Many of the particle components are hygroscopic and form aqueous solutions by acquiring gas-phase water from humid environments” (Kelly & Wexler, 2006). Aerosol hygroscopicity plays a central role in determining climate effects and the environmental influence of atmospheric particulates. Water uptake can govern the liquid water content, composition, size and phase state (liquid, semisolid, or solid) of aerosol particles (Tan et al., 2024). “The uptake of water by hygroscopic constituents of airborne particles significantly alters particle reactivity, radiative properties, and cloud-droplet nucleation efficiency” (Kelly & Wexler, 2006). 
“Aerosol models developed for atmospheric applications generally determine if water is present in a particle using information on salt deliquescence and calculate aerosol water content using electrolyte mixing rules” (Zaveri et al., 2005). “Realistic predictions of aerosol water content by these models are critical for calculating the aerosol size and composition distributions used in estimating the influence of atmospheric particles on climate and health” (Kelly & Wexler, 2006).
There are several issues that have been studied to better understand the hygroscopic behaviours of aerosol particles. For instance, “externally-mixed conditions of aerosols were observed in various locations” (McMurry and Stolzenburg, 1989; Zhang et al., 1993; Bush et al., 2002). “The relationship of the particle hygroscopicity to the chemical composition has been studied for inorganic salts, organic compounds, and organic/inorganic mixtures” (Tang and Munkelwitz, 1994; Cruz and Pandis, 2000).
In this study, the water activities of urban aerosols are analysed. The analysis involved analysing the different water activities of the aerosols by varying different concentrations of the component from the baseline based on the OPAC 4.0 standard. The concentrations are analysed by adding 30% of the baseline standard up to five different levels.
2	THEORETICAL BACKGROUND
Droplet growth is dictated by two opposing forces - the curvature effect (Kelvin effect) and the solute effect (Raoult's law). An aerosol particle grows by condensing water vapour on its surface under increasing supersaturated conditions. According to Kohler's theory (Kohler, 1936; Pruppacher and Klett, 1997; Seinfeld and Pandis, 1998), “the condition necessary for an aqueous solution droplet to be in equilibrium with water vapour in the surrounding gas phase”, it can be expressed as follows (Kreidenweis et al., 2005; Gysel et al., 2002; Koehler et al., 2006):
S=awKe						(1)
where “aw is the activity of water in the aqueous solution or Raoult term, and Ke is the Kelvin effect, which describes the enhancement of the equilibrium water vapour pressure due to surface curvature” (Ruehl et al., 2010). “Raoult’s law provides a straightforward method for estimating the water activity of a multi-component droplet by employing an additive procedure for each component” (Fredenslund et al. 1977, Longest and Hindle 2011, Ming and Russell 2001, Moore and Raymond 2008).
But generally, “atmospheric aerosols usually comprise mixtures of soluble and insoluble components, therefore the information on the hygroscopicity modes was merged into an ‘over-all’ or ‘bulk’ or ‘effective’ hygroscopic growth factor of the mixture, geff(S), representative for the entire aerosols particles population” (Stokes & Robinson, 1966; Malm & Kreidenweis, 1997) as:
					(2)
The effective or volume equivalent radius of the mixture was determined using the relation.
					(3)
where “the summation is performed over all compounds present in the particles and xk represent their respective volume fractions, using the Zdanovskii-Stokes-Robinson relation (ZSR relation)” (Sjogren et al., 2007; Stokes and Robinson, 1966; Meyer et al., 2009; Stock et al., 2011). 
For atmospheric aerosols, equation (1) can be written to represent the property of the bulk components using equations (2) and (3) as:
 				(4)
Using multiple regression analysis with SPSS 16.0 for Windows, the constants A and B were determined.
The first term on the right-hand side of equation (4) is described as the Kelvin effect and can be written as
 						(5)
This implies
				(6)
where a characteristic length for the effect of surface tension  on the mixture or the effective Kelvin radius , vw is the partial molar of water,  is the effective surface tension of the mixture, R and T being the universal gas constant and absolute temperature, respectively.
The second term on the right-hand side of equation (4), which is described as the water activity, which is the main interest of this paper, can be written as
 						(7)
The parameter B  was described as the bulk hygroscopicity factor under subsaturation conditions (Mochida et al., 2006), where vw is the partial molar volume of water, vs is the partial molar volume of solute. The osmotic coefficient  accounts for nonideal behaviour in the solution, which is increasingly pronounced toward an increasing concentration of the solution. Therefore,  may vary with the concentration of the solute in the droplet.
From equations (6) and (7), equation (1) for multiple components can be written as
			(8)
These effects account for the increase in the water vapour pressure due to the curvature of the particle surface
3.	METHODOLOGY
The default (average) mixture of urban aerosols in OPAC (4.0) was initially used in the simulation, and after the simulation, the radii and volume mix ratios of the various aerosol components were extracted. In OPAC (4.0), urban aerosols comprised of three components: (i) water insoluble (inso), (ii) water soluble (waso) and (iii) soot. The water-insoluble (inso) consists mostly of soil particles with a certain amount of organic material. The water-soluble (waso) consists of various kinds of sulfates, nitrates, and other, also organic, water-soluble substances. The soot component is used to represent absorbing black carbon. Carbon and water-insoluble compounds are not soluble in water, and therefore, the particles are assumed not to grow with increasing relative humidity. 
The models (mixtures) of the aerosols used in the simulation in OPAC 4.0 are given in Tables 1, 2 and 3. The number densities were increased by adding 30% of the initial concentrations.
Table 1: the concentrations of the aerosols with varying concentrations of inso.
	Components
	Number densities (cm-3)

	Inso
	1.5
	1.95
	2.535
	3.2955
	4.28415
	5.569395

	Waso
	28000
	28000
	28000
	28000
	28000
	28000

	Soot
	130000
	130000
	130000
	130000
	130000
	130000


Table 2: The concentrations of the aerosols with varying concentrations of waso.
	Components
	Number densities (cm-3)

	Inso
	1.5
	1.5
	1.5
	1.5
	1.5
	1.5

	waso
	28000
	36400
	47320
	61516
	79970.8
	103962

	soot
	130000
	130000
	130000
	130000
	130000
	130000


Table 3: The concentrations of the aerosols with varying concentrations of soot.
	Components
	Number densities (cm-3)

	Inso
	1.5
	1.5
	1.5
	1.5
	1.5
	1.5

	Waso
	28000
	28000
	28000
	28000
	28000
	28000

	Soot
	130000
	169000
	219700
	285610
	371293
	482680.9






[bookmark: _Hlk219253656]3.1	WATER ACTIVITY REPRESENTATIONS MODELS
“For an ideal solution at equilibrium with the ambient atmosphere, Raoult’s Law or water activity of an aerosol solution is defined as the ratio of the equilibrium water vapour pressure over the solution to the equilibrium vapour pressure of pure water at the same temperature” (Seinfeld and Pandis, 1998).  But in the case of these non-ideal equations, (4) and (7) were used to determine the water activity after performing regression analysis.
3.1.1 Activity Parameterisation (AP) Models
For the activity of water in aqueous solution droplets of (NH4)2SO4, NaCl, and other salts, Tang and Munkelwitz (1994), Tang (1996) and Kreidenweis et al. (2005) have presented “parameterisations derived from electrodynamic balance (EDB) single particle experiments as polynomial fit functions of solute mass percentage (100 xs)”:
 			(9)
An alternative parameterisation of aw has been proposed by Kreidenweis et al. (2005), who derived the following relation between aw and the growth factor of dry solute particles.  determined in measurements with a hygroscopicity tandem differential mobility analyser (HTDMA)”:
 (10)
where  is the effective hygroscopic growth as a function of water activity.
3.1.2	Van’t Hoff factor (VH) models
According to McDonald (1953) and the early cloud physics literature, “the activity of water in aqueous solutions of ionic compounds can be described by the following form of Raoult’s law”, where the effects of ion dissociation and interactions are represented by the so-called van’t Hoff factor (Van’t Hoff factor (VH) models, e.g. van’t Hoff (1887), Low (1969), Young and Warren (1992), which are of the type:), is:
 			(11)
From equation(11) can be written as
 					(12)
The van’t Hoff factor is is a constant, and similar to the stoichiometric coefficient νs known as dissociation number, deviations of is from νs can be attributed to solution non-idealities.
McDonald (1953) already remarked that “the van’t Hoff factor is not a constant value, but varies with the solute molality”. Low (1969) presented “a table of van’t Hoff factors for a number of electrolytes at molalities of 0.1–6 mol kg-1 and 298.15 K”. “For ammonium sulfate, is can be parameterised as a function of µs known as molality with the following polynomial fit of the tabulated values” (Frank et al., 2007):
 		(13)
where the molality(µs) is defined as the amount of substance (number of moles) of solute, divided by the mass of solvent.
An alternative parameterisation given by Young and Warren (1992) is valid for smaller molalities:
 		(14)
In this work, linear models of the following were also proposed
 		(15)
and,
 		(16)
3.1.3	Effective hygroscopicity parameter (EH) models
[bookmark: _Hlk169400332]Petters and Kreidenweis (2007) defined a hygroscopicity parameter κ that can be used to parameterise the composition-dependent water activity of a solution droplet:
 			(17)
with  and  being the volumes of the dry solute and of the water in the droplet, respectively.
Now, equation (17) can be linearised as
				(18)
Simple regression analysis was used to determine the constant .
4	RESULTS AND DISCUSSIONS
This section discusses the analysis of the results and observations of the different water activities of the models used. 
4.1	Analysis of the models for soot
Table 4: Results of the regression analysis of soot for equation (4)
	 
	R2
	Sig
	A
	Sig
	B
	Sig

	Model1
	0.998011
	0
	0.005396
	0.028907
	0.372628
	1.45E-07

	Model2
	0.998354
	0
	0.005054
	0.025584
	0.359594
	9.11E-08

	Model3
	0.998403
	0
	0.004767
	0.029116
	0.344783
	8.56E-08

	Model4
	0.998744
	0
	0.004331
	0.025894
	0.327281
	4.75E-08

	Model5
	0.999113
	0
	0.003785
	0.021613
	0.305980
	2.02E-08

	Model6
	0.999416
	0
	0.003219
	0.017300
	0.282599
	7.29E-09


From Table 4, it can be seen that, from the values of R2 and their significances, the data fitted the model's equations very well. By observing the values of R2 from model 1 to model6 it can be seen that the values of the R2 increase, implying a decrease in error as a result of the increase in soot concentration. By observing the values of A (characteristic length for the effect of surface tension on the mixture or the effective Kelvin radius ), it decreases with the increase in soot. This may be due to the decrease in surface tension as a result of the increase in soot, since soot does not absorb water, but by observing the significance, it can be seen that the significance increases with the increase in soot. By observing the values of B (bulk hygroscopicity factor under subsaturation conditions), it decreases with the increase in soot concentrations; the significance increases with the increase in soot. By observing the values of the significance for both A and B, it can be said that B is more significant in the Kohler theory.
4.1.1 Activity Parameterisation (AP) Models for soots
Table 5: Activity Parameterisation (AP) Models for soots, equation (10)
	Equ(10)
	R2
	Sig
	k1
	Sig
	k2
	Sig
	k3
	Sig

	Mode1
	.9999792
	0.0000
	.50739
	3.63E-07
	 
	 
	-.13737
	3.19E-04

	Mode2
	.9999801
	0.0000
	.48916
	3.62E-07
	 
	 
	-.13198
	3.19E-04

	Mode3
	.9999811
	0.0000
	.46852
	3.65E-07
	 
	 
	-.12595
	3.24E-04

	Mode4
	.9999822
	0.0000
	.44418
	3.68E-07
	 
	 
	-.11889
	3.29E-04

	Mode5
	.9999837
	0.0000
	.41457
	3.65E-07
	 
	 
	-.11033
	3.30E-04

	Mode6
	.9999929
	0.0000
	 
	 
	-.18146
	5.32E-05
	.46305
	4.47E-07


From Table 5, it can be seen that, from the values of R2 and their significances, the data fitted the model's equation very well. The software used only k3 and k1 as predictors for models 1 to 5, while it used only k3 and k2 as predictors for model 6. By observing the values of R2 from model1 through model6, it can be seen that it increases with the increase in the soot concentrations. This implies that there is a decrease in the complexity of the mixtures because soot does not absorb water. By also observing the values of k1, it can be seen that it decreases with the increase in the soot concentrations, which also implies a decrease in the effective hygroscopic growth as a result of the increase in soot concentrations.
4.1.2	Van’t Hoff factor (VH) models for soot
Table 6: Van’t Hoff factor (VH) models for soot for linear models, equation (15)
	Equ(15)
	Linear

	 
	R2
	Sig
	a0
	Sig
	a1
	Sig

	Model1
	.999692
	5.67E-10
	.169482
	6.94E-11
	.090410
	5.67E-10

	Model2
	.999612
	1.01E-09
	.156323
	1.62E-10
	.083813
	1.01E-09

	Model3
	.999737
	3.81E-10
	.141415
	8.86E-11
	.076874
	3.81E-10

	Model4
	.999770
	2.72E-10
	.125493
	9.36E-11
	.068677
	2.72E-10

	Model5
	.999862
	7.59E-11
	.108302
	4.21E-11
	.059690
	7.59E-11

	Model6
	.999797
	2.00E-10
	.090755
	1.94E-10
	.050398
	2.00E-10


From Table 6, it can be seen that, from the values of R2 and their significances, the data fitted the equation very well. By observing the values of R2 from model1 through model6, it can be seen that the values fluctuate. By observing the values of a0 and a1, it can be observed that the values decrease with the increase in the concentrations of soot. This is in line with McDonald (1953) who already remarked that the van’t Hoff factor is not a constant value, but varies with the solute molality. By observing the values of the significants of a0 and a1, it can be seen that they are all significant.
Table 7: Van’t Hoff factor (VH) models for soot for quadratic models, equation (13), Frank et al. (2007). 
	Equ(13)
	Quadratic

	 
	R2
	Sig
	a0
	Sig
	a1
	sig
	a2
	Sig

	Model1
	.999835
	2.72E-08
	.170900
	8.31E-09
	.086376
	2.69E-06
	.001572
	1.35E-01

	Model2
	.999692
	9.46E-08
	.157354
	3.62E-08
	.081020
	8.86E-06
	.001034
	3.65E-01

	Model3
	.999844
	2.44E-08
	.142574
	1.24E-08
	.073916
	2.35E-06
	.001032
	1.73E-01

	Model4
	.999787
	4.56E-08
	.125927
	3.25E-08
	.067646
	3.97E-06
	.000335
	6.10E-01

	Model5
	.999862
	1.90E-08
	.108320
	2.02E-08
	.059651
	1.57E-06
	.000012
	9.77E-01

	Model6
	.999797
	4.11E-08
	.090679
	6.84E-08
	.050546
	3.35E-06
	-.000040
	9.17E-01


From Table 7, it can be seen that, from the values of R2 and their significances, the data fitted the equation very well. The values of a0, a1, and a2 decrease with the increase in the soot concentrations, and this is in line with McDonald (1953) who already remarked that “the van’t Hoff factor is not a constant value, but varies with the solute molality”. By observing the values of the significance of a0, a1 and a2, it can be seen that only a0 and a1 are significant while a2 is not significant.
Comparing the linear and the quadratic models, it can be seen that the linear model will be sufficient for this analysis.




Table 8: Van’t Hoff factor (VH) models for soot for linear models, equation (16)
	Equ(16)
	Linear

	 
	R2
	Sig
	b0
	sig
	b1
	Sig

	Model1
	.864487
	2.42E-03
	.287567
	3.76E-06
	.069214
	2.42E-03

	Model2
	.867798
	2.27E-03
	.268205
	4.00E-06
	.067659
	2.27E-03

	Model3
	.866148
	2.34E-03
	.246270
	4.92E-06
	.065717
	2.34E-03

	Model4
	.870128
	2.17E-03
	.221597
	5.61E-06
	.063349
	2.17E-03

	Model5
	.870866
	2.14E-03
	.194239
	7.36E-06
	.060064
	2.14E-03

	Model6
	.873647
	2.02E-03
	.165407
	1.03E-05
	.056359
	2.02E-03


From Table 8, it can be seen that, from the values of R2 and their significances, the data fitted the equation very well. By observing the value of R2 as the concentration of the soot increases, it can be seen that the values fluctuate. By observing the values of b0 and b1, it can be observed that the values decrease with the increase in the concentrations of soot. This is in line with McDonald (1953) who already remarked that “the van’t Hoff factor is not a constant value, but varies with the solute molality”. By observing the values of the significance of b0 and b1, it can be seen that they are all significant.
Table 9: Van’t Hoff factor (VH) models for soot for quadratic models, equation (14), Young and Warren (1992).
	Equ(14)
	Quadratic

	 
	R2
	Sig
	b0
	Sig
	b1
	sig
	b2
	sig

	Model1
	.989949
	1.01E-04
	.265295
	8.20E-07
	.103758
	7.24E-05
	.033480
	2.12E-03

	Model2
	.989866
	1.03E-04
	.245218
	1.10E-06
	.097721
	6.64E-05
	.032232
	2.26E-03

	Model3
	.990155
	9.69E-05
	.222068
	1.50E-06
	.091340
	5.41E-05
	.031570
	2.08E-03

	Model4
	.990285
	9.44E-05
	.197014
	2.20E-06
	.083299
	4.53E-05
	.030054
	2.15E-03

	Model5
	.990786
	8.49E-05
	.169575
	3.17E-06
	.073981
	3.47E-05
	.028306
	1.96E-03

	Model6
	.991733
	6.83E-05
	.141371
	4.41E-06
	.063612
	2.57E-05
	.026308
	1.64E-03


From Table 9, it can be seen that, from the values of R2 and their significances, the data fitted the equation very well. By observing the value of R2 as the concentration of the soot increases, it can be seen that the values increase with the increase in the soot concentration. By observing the values of b0, b1 and b2, it can be observed that the values decrease with the increase in the concentrations of soot. This is in line with McDonald (1953) who already remarked that “the van’t Hoff factor is not a constant value, but varies with the solute molality”. By observing the values of the significance of b0, b1 and b2, it can be seen that they are all significant.
4.1.3	Effective hygroscopicity parameter (EH) models for soot
Table 10: Effective hygroscopicity parameter (EH) models, equation (18), Petters and Kreidenweis (2007)
	Equ(18)
	 
	 
	 
	 

	 
	R2
	Sig
	k
	Sig

	Model1
	.971850
	7.00E-06
	4.92E-05
	7.00E-06

	Model2
	.970366
	8.00E-06
	4.91E-05
	8.00E-06

	Model3
	.968701
	1.00E-05
	4.90E-05
	1.00E-05

	Model4
	.967087
	1.10E-05
	4.89E-05
	1.10E-05

	Model5
	.964586
	1.40E-05
	4.87E-05
	1.40E-05

	Model6
	.960160
	2.00E-05
	4.87E-05
	2.00E-05





From Table 10, it can be seen that, from the values of R2 and their significances, the data fitted the equation very well. By observing the value of R2 as the concentration of the soot increases, it can be seen that the values decrease with the increase in the soot concentration. By observing the values of k, it can be observed that the values decrease with the increase in the concentrations of soot. By observing the values of the significance of k, it can be seen that they are all significant.
4.2	Analysis of the models for waso
Table 11: Results of the regression analysis of waso for equation (4)
	 Equ(4)
	R2
	Sig
	A
	Sig
	B
	Sig

	Model1
	0.998011
	0
	0.005396
	0.028907
	0.372628
	1.45E-07

	Model2
	0.997101
	0
	0.005778
	0.034243
	0.409054
	3.63E-07

	Model3
	0.996183
	0
	0.006006
	0.037353
	0.44227
	7.08E-07

	Model4
	0.995241
	0
	0.006079
	0.040406
	0.471557
	1.21E-06

	Model5
	0.994271
	0
	0.006056
	0.043209
	0.497734
	1.91E-06

	Model6
	0.993362
	0
	0.005921
	0.046116
	0.51928
	2.75E-06


From Table 11, it can be seen that, from the values of R2 and their significances, the data fitted the equation very well. By observing the values of R2 from model 1 to model6 it can be seen that the values of the R2 decrease, implying an increase in error as a result of an increase in complexity in the mixtures as a result of the increase in waso concentration. By observing the values of A (characteristic length for the effect of surface tension on the mixture or the effective Kelvin radius ) it increases with the increase in waso; this may be due to the increase in surface tension as a result of the increase in waso, but by observing the significance, it can be seen that the significance increases with the increase in waso. By observing the values of B (bulk hygroscopicity factor under sub-saturation conditions), it increases with the increase in waso, and the significance increases with the increase in waso.  By observing the values of the significance for both A and B, it can be said that B is more significant in the Kohler theory.
4.2.1	Activity Parameterisation (AP) Models for waso
Table 12: Activity Parameterisation (AP) Models, equation (10), Kreidenweis et al. (2005)
	Equ(46)
	R2
	Sig
	k1
	Sig
	k2
	Sig
	k3
	Sig

	Mode1
	.9999792
	0.00000
	.5073939
	3.63E-07
	 
	 
	-.1373696
	3.19E-04

	Mode2
	.9999765
	0.00000
	.5584614
	3.61E-07
	 
	 
	-.1525763
	3.12E-04

	Mode3
	.9999741
	0.00000
	.6052301
	3.58E-07
	 
	 
	-.1667012
	3.05E-04

	Mode4
	.9999719
	0.00000
	.6466112
	3.54E-07
	 
	 
	-.1793464
	2.99E-04

	Mode5
	.9999698
	0.00000
	.6837789
	3.53E-07
	 
	 
	-.1908738
	2.95E-04

	Mode6
	.9999850
	0.00000
	 
	 
	-.3497448
	4.39E-05
	.8655180
	3.88E-07


From Table 12, it can be seen that, from the values of R2 and their significances, the data fitted the equation very well. The software used only k3 and k1 as predictors for models 1 to 5, while it used only k3 and k2 as predictors for model 6. By observing the values of R2 from model1 through model6, it can be seen that it increases with the increase in the soot concentrations. This implies that there is a decrease in the complexity of the mixtures because soot does not absorb water. By also observing the values of k1, it can be seen that it decreases with the increase in the soot concentrations, which also implies a decrease in the effective hygroscopic growth as a result of the increase in soot concentrations.




4.2.2	Van’t Hoff factor (VH) models for waso
Table 13: Van’t Hoff factor (VH) linear models for waso, equation (15)
	Equ(15)
	Linear

	 
	R2
	Sig
	a0
	Sig
	a1
	Sig

	Model1
	.999692
	5.67E-10
	.169482
	6.94E-11
	.090410
	5.67E-10

	Model2
	.999672
	6.62E-10
	.211588
	3.64E-11
	.110298
	6.62E-10

	Model3
	.999560
	1.38E-09
	.256641
	3.57E-11
	.129233
	1.38E-09

	Model4
	.999436
	2.57E-09
	.301744
	3.41E-11
	.147429
	2.57E-09

	Model5
	.998784
	1.75E-08
	.346420
	1.29E-10
	.164220
	1.75E-08

	Model6
	.998879
	1.43E-08
	.387221
	6.41E-11
	.178477
	1.43E-08


From Table 13, it can be seen that, from the values of R2 and their significances, the data fitted the equation very well. By observing the values of R2 from model1 through model6, it can be seen that the values fluctuate. By observing the values of a0 and a1, it can be observed that the values decrease with the increase in the concentrations of soot. This is in line with McDonald (1953) who already remarked that the van’t Hoff factor is not a constant value, but varies with the solute molality. By observing the values of the significants of a0 and a1, it can be seen that they are all significant.
Table 14: Van’t Hoff factor (VH) quadratic models for waso, equation (13), Frank et al. (2007).
	Equ(13)
	Quadratic

	 
	R2
	Sig
	a0
	sig
	a1
	sig
	a2
	sig

	Model1
	.999835
	2.72E-08
	.170900
	8.31E-09
	.086376
	2.69E-06
	.001572
	1.35E-01

	Model2
	.999876
	1.54E-08
	.213384
	2.49E-09
	.104441
	1.58E-06
	.002612
	6.25E-02

	Model3
	.999897
	1.06E-08
	.259049
	9.25E-10
	.120404
	1.15E-06
	.004422
	2.23E-02

	Model4
	.999905
	9.01E-09
	.304666
	4.63E-10
	.135560
	1.03E-06
	.006585
	1.13E-02

	Model5
	.999921
	6.26E-09
	.351066
	1.99E-10
	.143618
	8.83E-07
	.012495
	1.63E-03

	Model6
	.999934
	4.37E-09
	.391749
	9.37E-11
	.156920
	6.02E-07
	.014033
	1.33E-03


From Table 14, it can be seen that, from the values of R2 and their significances, the data fitted the equation very well. The values of a0, a1, and a2 decrease with the increase in the soot concentrations, and this is in line with McDonald (1953) who already remarked that “the van’t Hoff factor is not a constant value, but varies with the solute molality”. By observing the values of the significance of a0, a1 and a2, it can be seen that only a0 and a1 are significant while a2 is not significant.
Comparing the linear and the quadratic models, it can be seen that the linear model will be sufficient for this analysis.
Table 15: Van’t Hoff factor (VH) linear models for waso, equation (16)
	Equ(16)
	Linear

	 
	R2
	Sig
	b0
	sig
	b1
	Sig

	Model1
	.864487
	2.42E-03
	.287567
	3.76E-06
	.069214
	2.42E-03

	Model2
	.863226
	2.47E-03
	.347255
	2.77E-06
	.073658
	2.47E-03

	Model3
	.859733
	2.64E-03
	.407098
	2.21E-06
	.076666
	2.64E-03

	Model4
	.857355
	2.75E-03
	.464576
	1.78E-06
	.078880
	2.75E-03

	Model5
	.850598
	3.10E-03
	.567923
	1.29E-06
	.081016
	3.10E-03

	Model6
	.849792
	1.75E-08
	.346420
	1.29E-10
	.164220
	1.75E-08


From Table 15, it can be seen that, from the values of R2 and their significances, the data fitted the equation very well. By observing the value of R2 as the concentration of the soot increases, it can be seen that the values fluctuate. By observing the values of b0 and b1, it can be observed that the values decrease with the increase in the concentrations of soot. This is in line with McDonald (1953) who already remarked that “the van’t Hoff factor is not a constant value, but varies with the solute molality”. By observing the values of the significants of b0 and b1, it can be seen that they are all significant.
Table 16: Van’t Hoff factor (VH) quadratic models for waso, equation (14), Young and Warren (1992).
	Equ(14)
	Quadratic

	 
	R2
	Sig
	b0
	sig
	b1
	sig
	b2
	sig

	Model1
	.989949
	1.01E-04
	.265295
	8.20E-07
	.103758
	7.24E-05
	.033480
	2.12E-03

	Model2
	.989762
	1.05E-04
	.329037
	3.92E-07
	.120379
	1.01E-04
	.035924
	2.16E-03

	Model3
	.989116
	1.18E-04
	.394272
	2.34E-07
	.135005
	1.42E-04
	.037892
	2.32E-03

	Model4
	.988874
	1.24E-04
	.457855
	1.55E-07
	.147413
	1.75E-04
	.039352
	2.34E-03

	Model5
	.987389
	1.59E-04
	.518687
	1.47E-07
	.158549
	2.49E-04
	.040979
	2.72E-03

	Model6
	.999921
	6.26E-09
	.351066
	1.99E-10
	.143618
	8.83E-07
	.012495
	1.63E-03


From Table 16, it can be seen that, from the values of R2 and their significances, the data fitted the equation very well. By observing the value of R2 as the concentration of the soot increases, it can be seen that the values increase with the increase in the soot concentration. By observing the values of b0, b1 and b2, it can be observed that the values decrease with the increase in the concentrations of soot. This is in line with McDonald (1953) who already remarked that “the van’t Hoff factor is not a constant value, but varies with the solute molality”. By observing the values of the significance of b0, b1 and b2, it can be seen that they are all significant.
4.2.3	Effective hygroscopicity parameter (EH) models for waso
Table 17: Effective hygroscopicity parameter (EH) models, equation (18)
	Equ(18)
	 
	 
	 
	 

	 
	R2
	Sig
	A
	Sig

	Model1
	0.97185
	7E-06
	4.92E-05
	7E-06

	Model2
	0.97574
	5E-06
	4.94E-05
	5E-06

	Model3
	0.97900
	3E-06
	4.97E-05
	3E-06

	Model4
	0.98179
	2E-06
	4.99E-05
	2E-06

	Model5
	0.98386
	1E-06
	5.02E-05
	1E-06

	Model6
	0.98566
	9E-07
	5.03E-05
	9E-07


From Table 17, it can be seen that, from the values of R2 and their significances, the data fitted the equation very well. By observing the value of R2 as the concentration of the soot increases, it can be seen that the values decrease with the increase in the soot concentration. By observing the values of k, it can be observed that the values decrease with the increase in the concentrations of soot. By observing the values of the significants of k, it can be seen that they are all significant.
4.3	Analysis of the models for inso.
Table 18: Results of the regression analysis of inso for equation (4)
	 
	R2
	Sig
	A
	Sig
	B
	Sig

	Model1
	0.998011
	0
	0.005396
	0.028907
	0.372628
	1.45E-07

	Model2
	0.998404
	0
	0.005199
	0.029075
	0.344756
	8.52E-08

	Model3
	0.999009
	0
	0.004717
	0.022665
	0.314225
	2.65E-08

	Model4
	0.999395
	0
	0.004118
	0.0194
	0.281229
	7.95E-09

	Model5
	0.999685
	0
	0.003387
	0.015133
	0.24818
	1.6E-09

	Model6
	0.999904
	0
	0.002367
	0.007638
	0.214567
	8.59E-11



From Table 18, it can be seen that, from the values of R2 and their significances, the data fitted the equation very well. By observing the values of R2 from model 1 to model6 it can be seen that the values of the R2 increase, implying a decrease in error as a result of an increase in complexity in the mixtures as a result of the increase in inso concentration. By observing the values of A (characteristic length for the effect of surface tension on the mixture or the effective Kelvin radius ) it decrease with the increase in inso; this may be due to the decrease in surface tension as a result of the increase in inso, but by observing the significance, it can be seen that the significance increases with the increase in inso. By observing the values of B (bulk hygroscopicity factor under sub-saturation conditions), it decreases with the increase in inso, and the significance increases with the increase in inso. By observing the values of the significance for both A and B, it can be said that B is more significant in the Kohler theory.
4.3.1	Activity Parameterisation (AP) Models for inso
Table 19: Activity Parameterisation (AP) Models for inso, equation (10).
	Equ(45)
	R2
	Sig
	k1
	Sig
	k2
	Sig
	k3
	Sig

	Mode1
	.9999792
	0.00E+00
	.5073939
	3.63E-07
	 
	 
	-.1373696
	3.19E-04

	Mode2
	.9999811
	0.00E+00
	.4684732
	3.64E-07
	 
	 
	-.1259320
	3.24E-04

	Mode3
	.9999832
	0.00E+00
	.4260052
	3.64E-07
	 
	 
	-.1136101
	3.28E-04

	Mode4
	.9999854
	0.00E+00
	.3802722
	3.60E-07
	 
	 
	-.1005021
	3.30E-04

	Mode5
	.9999875
	0.00E+00
	.3347151
	3.60E-07
	 
	 
	-.0876732
	3.36E-04

	Mode6
	.9999949
	0.00E+00
	 
	 
	-.1355884
	5.45E-05
	.3495691
	4.48E-07


From Table 19, it can be seen that, from the values of R2 and their significances, the data fitted the equation very well. The software used only k3 and k1 as predictors for models 1 to 5, while it used only k3 and k2 as predictors for model 6. By observing the values of R2 from model1 through model6, it can be seen that it increases with the increase in the soot concentrations. This implies that there is a decrease in the complexity of the mixtures because soot does not absorb water. By also observing the values of k1, it can be seen that it decreases with the increase in the soot concentrations, which also implies a decrease in the effective hygroscopic growth as a result of the increase in soot concentrations.
4.3.2	Van’t Hoff factor (VH) models for inso
Table 20:Van’t Hoff factor (VH) models for inso for linear models, equation (15)
	Equ(15)
	Linear

	 
	R2
	Sig
	a0
	sig
	a1
	Sig

	Model1
	.999692
	5.67E-10
	.169482
	6.94E-11
	.090410
	5.67E-10

	Model2
	.999733
	3.95E-10
	.141431
	9.17E-11
	.076869
	3.95E-10

	Model3
	.999819
	1.50E-10
	.114824
	6.92E-11
	.063249
	1.50E-10

	Model4
	.999764
	2.91E-10
	.090217
	2.86E-10
	.050112
	2.91E-10

	Model5
	.999628
	9.04E-10
	.068748
	2.04E-09
	.038443
	9.04E-10

	Model6
	.999541
	1.53E-09
	.050982
	8.12E-09
	.028340
	1.53E-09


From Table 20, it can be seen that, from the values of R2 and their significances, the data fitted the equation very well. By observing the values of R2 from model1 through model6, it can be seen that the values fluctuate. By observing the values of a0 and a1, it can be observed that the values decrease with the increase in the concentrations of soot. This is in line with McDonald (1953) who already remarked that “the van’t Hoff factor is not a constant value, but varies with the solute molality”. By observing the values of the significants of a0 and a1, it can be seen that they are all significant.


Table 21: Van’t Hoff factor (VH) models for inso for quadratic models, equation (13), Frank et al.(2007). 
	Equ(13)
	Quadratic

	 
	R2
	Sig
	a0
	sig
	a1
	sig
	a2
	sig

	Model1
	.999835
	2.72E-08
	.170900
	8.31E-09
	.086376
	2.69E-06
	.001572
	1.35E-01

	Model2
	.999838
	2.62E-08
	.142579
	1.34E-08
	.073938
	2.52E-06
	.001022
	1.83E-01

	Model3
	.999834
	2.77E-08
	.115226
	2.50E-08
	.062345
	2.42E-06
	.000279
	5.83E-01

	Model4
	.999764
	5.55E-08
	.090280
	9.27E-08
	.049990
	4.59E-06
	.000033
	9.36E-01

	Model5
	.999631
	1.36E-07
	.068620
	4.47E-07
	.038657
	1.10E-05
	-.000049
	8.84E-01

	Model6
	.999604
	1.57E-07
	.050383
	1.06E-06
	.029176
	1.14E-05
	-.000159
	4.70E-01


From Table 21, it can be seen that, from the values of R2 and their significances, the data fitted the equation very well. The values of a0, a1, and a2 decrease with the increase in the soot concentrations, and this is in line with McDonald (1953) who already remarked that the van’t Hoff factor is not a constant value, but varies with the solute molality. By observing the values of the significants of a0, a1 and a2, it can be seen that only a0 and a1 are significant while a2 is not significant.
Table 22: Van’t Hoff factor (VH) models for inso for linear models, equation (16)
	Equ(16)
	Linear

	 
	R2
	Sig
	b0
	Sig
	b1
	Sig

	Model1
	.864487
	2.42E-03
	.287567
	3.76E-06
	.069214
	2.42E-03

	Model2
	.866187
	2.34E-03
	.246284
	4.92E-06
	.065728
	2.34E-03

	Model3
	.869487
	2.19E-03
	.204911
	6.72E-06
	.061398
	2.19E-03

	Model4
	.873055
	2.05E-03
	.164563
	1.05E-05
	.056120
	2.05E-03

	Model5
	.875751
	1.94E-03
	.127540
	2.05E-05
	.050630
	1.94E-03

	Model6
	.878450
	1.83E-03
	.094801
	5.05E-05
	.044655
	1.83E-03


From Table 22, it can be seen that, from the values of R2 and their significances, the data fitted the equation very well. By observing the value of R2 as the concentration of the soot increases, it can be seen that the values fluctuate. By observing the values of b0 and b1, it can be observed that the values decrease with the increase in the concentrations of soot. This is in line with McDonald (1953) who already remarked that “the van’t Hoff factor is not a constant value, but varies with the solute molality”. By observing the values of the significants of b0 and b1, it can be seen that they are all significant.
Table 23: Van’t Hoff factor (VH) models for inso for quadratic models, equation (14), Young and Warren (1992).
	Equ(14)
	Quadratic

	 
	R2
	Sig
	b0
	Sig
	b1
	sig
	b2
	sig

	Model1
	.989949
	1.01E-04
	.265295
	8.20E-07
	.103758
	7.24E-05
	.033480
	2.12E-03

	Model2
	.990227
	9.55E-05
	.222090
	1.48E-06
	.091362
	5.33E-05
	.031574
	2.05E-03

	Model3
	.990274
	9.46E-05
	.180086
	2.95E-06
	.077865
	4.11E-05
	.029226
	2.14E-03

	Model4
	.990557
	8.92E-05
	.140638
	5.81E-06
	.063322
	3.36E-05
	.026157
	2.13E-03

	Model5
	.990942
	8.21E-05
	.105820
	1.13E-05
	.049561
	4.32E-05
	.023315
	2.04E-03

	Model6
	.990707
	8.64E-05
	.076656
	2.47E-05
	.036563
	1.43E-04
	.020388
	2.25E-03


From table 23, it can be seen that, from the values of R2 and their significances, that the data fitted the equation very well. By observing the value of R2 as the concentration of the soot increases, it be seen that the values increase with the increase in the soot concentrations. By observing the values of b0, b1 and b2, it can be observed that the values decrease with the increase in the concentrations of soot. This is in line McDonald (1953) who already remarked that “the van’t Hoff factor is not a constant value, but varies with the solute molality”. By observing the values of the significants of b0, b1 and b2, it can be seen that they are all significant.
4.3.3	Effective hygroscopicity parameter (EH) models inso
Table 24: Effective hygroscopicity parameter (EH) models inso
	Equ(51)
	 
	 
	 
	 

	 
	R2
	Sig
	k
	Sig

	Model1
	.9718496
	7.00E-06
	4.92E-05
	7.00E-06

	Model2
	.9685750
	1.00E-05
	4.90E-05
	9.81E-06

	Model3
	.9652066
	1.30E-05
	4.87E-05
	1.30E-05

	Model4
	.9611081
	1.90E-05
	4.83E-05
	1.90E-05

	Model5
	.9556732
	2.80E-05
	4.84E-05
	2.80E-05

	Model6
	.9520000
	3.40E-05
	4.76E-05
	3.40E-05


From Table 24, it can be seen that, from the values of R2 and their significances, the data fitted the equation very well. By observing the value of R2 as the concentration of the soot increases, it can be seen that the values decrease with the increase in the soot concentration. By observing the values of k, it can be observed that the values decrease with the increase in the concentrations of soot. By observing the values of the significance of k, it can be seen that they are all significant.
5	SUMMARY AND CONCLUSIONS
From the application of the Kohler theorem, it was discovered that by comparing the significance of the results, the water activity and Kelvin effects, it can be seen that water activity is more significant. It was also discovered that an increase in waso concentrations cause increase in water activities and Kelvin effects, but a decrease in R2 and significance, while the increase in the concentrations of soot and inso showed a decrease in both the water activities and Kelvin effect, but an increase in R2 and significance.
This shows that an increase in water activity as a result of the increase in waso concentrations causes an increase in non-ideality, which is increasingly pronounced toward an increasing concentration of the solution, while that of soot and inso show decrease in the non-ideality because of their non-solubility in water.
[bookmark: _GoBack]From the analysis of the three models, it is discovered that:
5.1	Soot
For AP models, the increase in the soot caused R2 to increase from 0.9999792 to 0.9999929.
For VH models, for the soot, in the linear part, Frank et al. (2007), R2 increases from 0.999692 to 0.999797, and for the quadratic part, Frank et al. (2007), R2 decreases from 0.999835 to 0.999797. Also from the linear part of Young and Warren (1992), R2 increases from 0.864487 to 0.873647 while the quadratic part decreases from 0.989949 to 0.991733.
For EH models, the increase in the soot caused R2 to increase from 0.971850 to 0.960160.
5.2	Waso
For AP models, the increase in the waso caused R2 to decrease from 0.9999792 to 0.9999850. 
For VH models, for the soot, in the linear part, Frank et al. (2007), R2 decreases from 0.999692 to 0.998879, and for the quadratic part, Frank et al. (2007), R2 increases from 0.999835 to 0.999934. Also from the linear part of Young and Warren (1992), R2 decrease from 0.864487 to 0.849792 while the quadratic part increases from 0.989949 to 0.999921.
For EH models, the increase in the soot caused R2 to increase from 0.97185 to 0.98566. 
5.3	Inso
For AP models, the increase in the soot caused R2 to increase from. 0.9999792 to 0.9999949.
For VH models, for the soot, in the linear part, Frank et al. (2007), R2 decreases from 0.999692 to 0.999541, and for the quadratic part, Frank et al. (2007), R2 decreases from 0.999835 to 0.999604. Also from the linear part of Young and Warren (1992), R2 increases from 0.864487 to 0.878450 while the quadratic part increases from 0.989949 to 0.990707.
For EH models, the increase in the soot caused R2 to increase from 0.9718496 to 0.9520000.
Finally, from the observations of the three models, it can be concluded that the VH models fit Frank et. al. (2007); both linear and quadratic outperform all the other models. Comparing the values of k for waso, inso and soot implies that the values of κ depended on the hygroscopic behaviour of particles, with increasing κ for hygroscopic aerosols and decreasing κ for non-hygroscopic particles. This indicates that the waso particles contained a higher fraction of hygroscopic compounds (Zhao et al., 2015).
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