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ABSTRACT
	In this paper we extracted microphysical properties of Urban aerosols from Optical Properties of Aerosols and Clouds (OPAC 4.0) and numerically analyzed the analytical expressions for the changes in the equilibrium relative humidity (RH), effective radius, effective hygroscopic growth, the magnitudes and fractional changes in the effective radii and the effective hygroscopic growth on the effects of surface tension (the Kelvin effect) on ambient atmospheric aerosols. It was determined that the Kelvin effect increase with the increase in water soluble and RH, and for the water activity it increased with the increase in RH but decreased with the increase in water soluble. The three models analyzed, are, two of one parameter models and one of three parameters model. It was discovered from the analysis of the data extracted that, to the lowest order error, the change in the equilibrium RH, effective radii and effective hygroscopic growth depend on the compositions of the aerosols. From the three models used, it was also discovered that the fractional changes in the ambient RH, effective radii and effective hygroscopic growth, also depend on the aerosol’s compositions. Finally, we discovered that the magnitude of the Kelvin effect and its consequences on the atmospheric aerosols depend on the hygroscopicity of the aerosols. For lower RHs, (50 and 70) the range of the over estimations of the effective hygroscopic growth and effective radii are less that 1%. As the RH increases the overestimation increase in the form of power law with respect to RH. This implies that there is a strong departure from ideality as the RH increases and this can be attributed to the electrolytic nature of the ionic solutions of the mixtures. This shows that at higher RHs more complicated expressions are required to achieve greater accuracy (Lewis, 2006). This finally shows that Kelvin corrections are necessary for proper modelling of effective hygroscopic growths and effective radii of atmospheric aerosols, most especially at higher RHs. 

	Keywords: Kelvin effect, effective radius, effective hygroscopic growth, atmospheric aerosols, ambient Relative Humidity

	


1	INTRODUCTION
Urban aerosols are complex mixtures of water-soluble and insoluble substances, including sulfates, nitrates, and organic compounds, as well as black carbon. In urban areas, the atmosphere is crowded with a high concentration of small, fine-mode aerosols from vehicle exhaust and industrial emissions. Urban aerosols are hygroscopic—they contain water-soluble compounds that trigger the Raoult effect, which reduces the equilibrium vapor pressure over a solution. For a particle to become a cloud droplet, the Raoult effect must overcome the Kelvin effect. The balance between these two forces is described by the Köhler curve.
The interaction of organic– inorganic species in aqueous solutions affects both bulk (Raoul effect) and surface (Kelvin effect) properties of nanoparticles. In order to estimate these effects independently, model approximations for water activities or Kelvin effects are introduced (Prisle et al., 2010; Petters and Petters, 2016; Ruehl et al., 2016; Ovadnevaite et al., 2017; Forestieri et al., 2018; Davies et al., 2019; Schmedding and Zuend, 2023).
Hygroscopic properties of aerosol particles can be determined by their physical and chemical characteristics (Topping et al., 2005). The Kohler equation is often used to describe both the hygroscopic growth and the activation of aerosol particles to cloud droplets, based on the aerosol’s physicochemical properties (Kohler, 1936). However, these detailed properties are not always available for ambient aerosols. Size-dependent mixing states of various chemical compositions also increase the complexity. Recently, several single-parameter schemes have been proposed to simplify the Kohler equation. Hygroscopicity parameters such as κ and ρion have been defined as proxies of chemical composition to represent aerosol hygroscopic growth as well as the ability of aerosol particles to become cloud condensation nuclei (CCN) (Petters and Kreidenweis, 2007; Wex et al., 2008).
This paper examines the influence water soluble of the atmospheric aerosols of urban aerosols and RH on Kelvin effects and water activities. The radii and volume mix ratios of the urban aerosols were extracted from OPAC 4.0 at eight RHs of 0, 50, 70, 80, 90, 95, 98, and 99%. The analytical expressions derived by Lewis (2006) for the changes in the equilibrium radius of a solution drop, the hygroscopic growth, estimates in the changes of their magnitudes and their fractional changes due to the Kelvin effect with dependences on surface tension, particle sizes are numerically analyzed. We then applied the expressions to the three models. They are, first the power law dependence (-model) used by Gysel et al, (2009), second the model as proposed by Petters and Kreidenweis (2007) and the third model used by Charles et al., (2004).
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 vapor on its surface under increasing supersaturated conditions. Once the particle grows above a critical size called the ‘critical diameter’, the further droplet growth occurs spontaneously. According to Kohler 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 vapor in the surrounding gas phase 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 vapor pressure due to surface curvature (Ruehl et al., 2010).
But generally atmospheric aerosols usually comprised 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 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). 
Therefore, for atmospheric aerosols, equation (1) can be written to represents 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) 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  and , 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) can be written as
 						(7)
The parameter B () was described as the bulk hygroscopicity factor under subsaturation conditions (Mochida et al., 2006), vw is the partial molar  of water, vs is the partial molar volume of solute..
From equations (6) and (7), equation (1) for multiple components can be written as
 				(8)
These effects accounts for the increase in the water vapor pressure due to the curvature of the particle surface. The error to the first order on ambient RH due to the effect of Kelvin effect on equation (8) was determined by Lewis (2006) as:
 				(9)
The fractional change in the equilibrium pressure due to the error in Kelvin effect on equation (9) was determined as 
					(10)
where  is the actual RH.
The lowest correction on the effective hygroscopic growth due to the Kelvin effect was also obtained by Lewis (2006) as:
, 				(11)
Similarly, the lowest-order correction to the effective radii due to the Kelvin effect was determined by Lewis (2006) as:
 					(12)
Important observation that can be made from equations (11) and (12) are that, as  and  are directly dependent on the ambient RH, the corrections will be negative, implying that the effective radii and the effective hygroscopic growth and their ratios calculated from the bulk solution properties will be overestimated.
3	METHODOLOGY
In OPAC urban aerosols comprise of three components as (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 is not soluble in water and therefore the particles are assumed not to grow with increasing relative humidity. 
The models extracted from OPAC 4.0 are given in Table 1. The number densities were increased by adding 30% of the initial concentrations.
Table 1: the concentrations of the aerosols with varying concentrations of WASO.
	
	Model1
	Model2
	Model3
	Model4
	Model5
	Model6

	Components
	No.Den (cm-3)
	No.Den (cm-3)
	No.Den (cm-3)
	No.Den (cm-3)
	No.Den (cm-3)
	No.Den (cm-3)

	Inso
	1.5
	1.5
	1.5
	1.5
	1.5
	1.5

	WASO
	28,000.00
	36,400.00
	47320
	61516
	79970.8
	103962

	Soot
	130000
	130000
	130000
	130000
	130000
	130000


The first model used to determine the Kelvin effect is the empirical -model that was used in a lot of literatures (Gysel et al., 2009, Putaud, 2012; Tijjani, 2013a, 2013b; Tijjani, and Uba, 2013a, 2013b; Tijjani et al., 2013) to describe the hygroscopic growth of atmospheric aerosol particles as:
					(13)
where the values of n depend on the type of solutes and on the range of relative humidity. 
To evaluate equations (11) and (12) for the model given by equation (13), the following relations which were derived as:
 . 				(14)
and
  					(15)
The fractional changes in the effective hygroscopic growth and effective radii due to the Kelvin effect were determined from equations (14) and (15) as:
					(16)
and
 						(17)
The second model is the relation between geff(S,0) and S that has been parameterized in a good approximation by a one-parameter equation, proposed e.g. by Petters and Kreidenweis (2007), the k-model, Gysel et al., (2004) and used extensively by some researches (Tijjani, 2013a, 2013b; Tijjani, and Uba, 2013a, 2013b; Tijjani et al., 2013) as:
						(18)
The hygroscopic parameter κ is a quantity used commonly to describe the hygroscopicity of atmospheric aerosols. The coefficient κ is a simple measure of the particle’s hygroscopicity and captures all solute properties (Raoult effect), that is, it is for the ensemble of the particle which can be defined in terms of the sum of its components. In an ensemble of aerosol particles, the hygroscopicity of each particle can be described by an “effective” hygroscopicity parameter κ (Petters and Kreidenweis, 2007; Sullivan et al., 2007). Here “effective” means that the parameter accounts not only for the reduction of water activity by the solute but also for surface tension effects (Rose et al., 2008; Gunthe et al., 2009).  It also scales the volume of water associated with a unit volume of dry particle (Petters and Kreidenweis, 2007) and depends on the molar volume and the activity coefficients of the dissolved compounds (Christensen and Petters, 2012). 
Evaluation of equations (11) and (12) for the model given by equation (18) we determined:
  		(19)
and
  				(20)
From equation (18) the fractional change in the effective hygroscopic growth factor and effective radii due to the Kelvin effect were determined using equations (19) and (20) as
		(21)
 			(22)
The third model used by Charles et al., (2004) for the calculation of efflorescence branch humidigrams is called volume growth factor GFVOL. Aerosol water content is a function of RH, chemical composition, and state of hydration (deliquescence branch or efflorescence branch). 
For continuous water uptake systems measured by a HTDMA, according to Dick et al., (2000) and Kreidenweis et al., (2005), HTDMA GF values can be parameterized in terms of water activity using a three-parameter curve fit defined as:
			(23)
where V(S) is the volume at any relative humidity(S) and V(S=0) is the volume of the dried sample, a1, a2, and a3 are adjustable parameters. 
To evaluate equations (11) and (12) for the model given by equation (23), we used the following relations which were determined by us and Lewis (2006) as:
 		(24)
and
  		(25)
The fractional changes in the effective hygroscopic growth and effective radii due to the Kelvin effect were determined from equations (24) and (25) as:
			(26)
and
				(27)
4	RESULTS AND DISCUSSIONS
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Figure 1: Plots of effective hygroscopic growth against RH.
From figure 1, it can be seen that the effective hygroscopic growths increase with the increase in the concentrations of WASO. It also increases with the increase in RH, but it is more sensitive at higher RH (80% to 99%).
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Figure 2: Plots of effective radii against RH.
From figure 2, it can be seen that the effective radii decrease with the increase in the concentrations of WASO. It also decreases with the increase in RH but it is more sensitive at higher RH (80% to 99%).
Table 2: Results of the regression analysis of WASO for equation (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 2, it can be seen that, from the values of R2 and their significances, that 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 increase in error as a result of increase in complexities 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 and . By observing the values of B (bulk hygroscopicity factor under subsaturation conditions) it increases with the increase in waso, the significance increases with the increase in waso.  By observing the values of the significance for both the A and B it can be said that B is more significant in the Kohler theory. 
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Figure 3: Plots of Kelvin effects against RH (Equation 6).
From figure 3, it can be seen that the Kelvin effects increase with the increase in the concentrations of waso. It also increase slightly with the increase in RH but are more sensitive at higher RHs (90% to 99%).
[image: ]
Figur 4: Plots of water activities against RH (Equation 7).
From figure 4, the plot of RH which is the ambient RH is used to compare how the water activities  affect the ambient RH for the aerosols. From the figure it can be seen that the water avtivities lowers the ambient RH and it decreases with the increase in waso concentrations. This implies increase in waso decreases water activity.
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Figure 5: Plots of the calculated RH against the ambient RH (Equation 8).
From figure 5, it can be seen that, the calculated RH is greater than the ambient RH. This implies that the products of Ke and aw overestimated the ambient RH, the overestimation increase with the increase in waso at 50% RH, but decreases with the increase in waso between 70 to 95, and later decrease with the increase in RH between 95 to 99.
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Figure 6: Plots of the errors to the first order on ambient RH due to the kelvin effect against ambient RH (Equation 9).
From figure 6, it can be seen that, the errors of the first order increases with the increase in waso concentrations and RH. The errors are positives, implying that the ambient RHs are overestimated, and the overestimation increase with the increase in RH and are more sensitive at higher RH (90% to 99%). 
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Figure 7: Plots of the fractional change in the equilibrium RH (Equation 10).
From figure 7, it can be seen that the fractional change in the equilibrium RH increase with the increase in the concentrations of waso, more sensitive at higher RH (90 to 99). It also increases with the increase in RH most especially at higher RH. The fractional change in the errors are positives, implying that the ambient RHs are overestimated. 
Table 3: Results of the regression analysis of the first model (equation 13).
	Equ(17)
	R2
	Sig
	 n
	Sig

	Mode1
	.999523
	.000000
	.195032
	3.38E-11

	Mode2
	.999709
	.000000
	.197851
	7.72E-12

	Mode3
	.999568
	.000000
	.200146
	2.51E-11

	Mode4
	.999246
	.000000
	.201995
	1.34E-10

	Mode5
	.998845
	.000000
	.203470
	4.82E-10

	Mode6
	.998432
	.000000
	.204643
	1.21E-09


From table 3, it can be seen that, from the values of R2 and their significances, that 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 increase in error as a result of increase in complexities in the mixtures. By observing the values of n from model1 to model6 the values of n increases with the increase in waso. The fluctuations in the values of the significance of n, implies the increase in the complexities of the mixtures.
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Figure 8: Plots of the lowest corrections on geff against RH, first model (equation 14).
From figure 8, it can be observed that, the lowest corrections on geff are negative, implying that the effective hygroscopic growth calculated from the bulk solution properties were overestimated. The increase in the magnitude of the fractional change implies increase in the overestimation of the changes with the increase in both RH and waso concentrations. The increase in the overestimation is more sensitive at higher RH (90 to 99%).
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Figure 9: Plots of the lowest corrections on reff against RH, first model (equation, 15).
From figure 9, it can be observed that, the lowest corrections on reff are negative, implying that the effective radii calculated from the bulk solution properties were overestimated. The increase in the magnitude of the fractional change implies increase in the overestimation of the changes with the increase in both RH and waso concentrations. The increase with RH is more sensitive at higher RH (90 to 99%).
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Figure 10: Plots of the fractional changes in geff against RH, first model, (equation 16).
From figure 10, it can be observed that, the fractional changes in geff are negative, implying that the effective hygroscopic growth calculated from the bulk solution properties were overestimated. The increase in the magnitude of the fractional change implies increase in the overestimation of the changes with the increase in both RH and waso concentrations. The increase with RH is more sensitive at higher RH (90 to 99%).
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Figure 11: Plots of the fractional changes in reff against RH, first model (equation 17).
From figure 11, it can be observed that, the fractional changes in reff are negative, implying that the effective radii calculated from the bulk solution properties were overestimated. The increase in the magnitude of the fractional change implies increase in the overestimation of the changes with the increase in both RH and waso concentrations. The increase with RH is more sensitive at higher RH (90 to 99%).
Table 4: results of the regression analysis of second model (equation 18).
	Equ(23)
	R2
	Sig
	 k
	Sig

	Mode1
	.964375
	.000000
	.154529
	1.43E-05

	Mode2
	.961332
	.000000
	.157592
	1.83E-05

	Mode3
	.958680
	.000000
	.160049
	2.24E-05

	Mode4
	.956426
	.000000
	.161998
	2.63E-05

	Mode5
	.954515
	.000000
	.163527
	2.99E-05

	Mode6
	.952975
	.000000
	.164744
	3.31E-05


From table 4, it can be seen that, from the values of R2 and their significances, that 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 increase in error as a result of increase in complexities in the mixtures. By observing the values of k from model1 to model6 it can observe that it increases with the increase in waso. This implies that the hygroscopicity of atmospheric aerosols increases with the increase in the concentrations of waso. By observing the values of the significance of k across the whole models, it can be observed that the values of the k’s are very significant. But by observing the variations of the significance of k across the models, it shows decrease in the significance, and this implies increase in errors in the calculation of k as a result in the increase in the complexities of the atmospheric aerosols.
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Figure 12: Plots of the lowest corrections on geff against RH, second model, (equation 19).
From figure 12, it can be observed that, the lowest corrections on geff are negative, implying that the effective hygroscopic growth calculated from the bulk solution properties were overestimated. The increase in the magnitude of the fractional change implies increase in the overestimation of the changes with the increase in both RH and waso concentrations. The increase with RH is more sensitive at higher RH (90 to 99%).
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Figure 13: Plots of the lowest corrections on reff against RH, second model (equation 20).
From figure 13, it can be observed that, the lowest corrections on reff are negative, implying that the effective radii calculated from the bulk solution properties were overestimated. The increase in the magnitude of the fractional change implies increase in the overestimation of the changes with the increase in both RH and waso concentrations. The increase with RH is more sensitive at higher RH (90 to 99%).
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Figure 14: Plots of the fractional changes in geff against RH, second model (equation 21).
From figure 14, it can be observed that, the fractional changes in geff are negative, implying that the effective hygroscopic growth calculated from the bulk solution properties were overestimated. The increase in the magnitude of the fractional change implies increase in the overestimation of the changes with the increase in both RH and waso concentrations. The increase with RH is more sensitive at higher RH (90 to 99%).
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Figure 15: Plots of the fractional change in reff against RH, second model (equation 22).
From figure 15, it can be observed that, the fractional changes in reff are negative, implying that the effective radii calculated from the bulk solution properties were overestimated. The increase in the magnitude of the fractional change implies increase in the overestimation of the changes with the increase in both RH and waso concentrations. The increase with RH is more sensitive at higher RH (90 to 99%).
Table 5: the regression analysis of third model (equation 23).
	Equ(35)
	R2
	Sig
	a1
	Sig
	a3
	Sig

	Mode1
	.9914309
	.0000
	1.1328
	.0058
	-1.0061
	0.0106

	Mode2
	.9914504
	.0000
	1.2119
	.0048
	-1.0842
	0.0085

	Mode3
	.9915141
	.0000
	1.2795
	.0040
	-1.1513
	0.0070

	Mode4
	.9916072
	.0000
	1.3363
	.0034
	-1.2077
	0.0060

	Mode5
	.9916925
	.0000
	1.3833
	.0030
	-1.2544
	0.0052

	Mode6
	.9917882
	.0000
	1.4214
	.0027
	-1.2923
	0.0046


From table 5, it can be seen that, from the values of R2 and their significances, that 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 improve in the ability of the model to capture more information despite the increase in complexities in the mixtures. By observing the values of the coefficients a1, it can be observe that the coefficients increase with the increase in waso, but while comparing with the corresponding significances, it can be seen that the significances increase with the as we go down the models and this shows increase in the significance of the coefficients a1 in the model. From the software used it stated the coefficients a2 are not significant. By observing the values of a3, it can be seen that its magnitude increases with the increase in waso concentrations. By observing the significance, it can be seen that the significance increases with the increase in waso. 
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Figure 16: Plots of the lowest correction on geff against RH, third model (equation 24).
From figure 16, it can be observed that, the lowest corrections on geff are negative, implying that the effective hygroscopic growth calculated from the bulk solution properties were overestimated. The increase in the magnitude of the fractional change implies increase in the overestimation of the changes with the increase in both RH and waso concentrations. The increase with RH is more sensitive at higher RH (90 to 99%).
[image: ]
Figure 17: Plots of the lowest correction on reff against RH, third model (equation 25).
From figure 17, it can be observed that, the lowest correction on reff are negative, implying that the effective radii calculated from the bulk solution properties were overestimated. The increase in the magnitude of the fractional change implies increase in the overestimation of the changes with the increase in both RH and waso concentrations. The increase with RH is more sensitive at higher RH (90 to 99%).
[image: ]
Figure 18: Plots of the fractional change in geff against RH, third model (equation 26).
From figure 18, it can be observed that, the fractional change in geff are negative, implying that the effective hygroscopic growth calculated from the bulk solution properties were overestimated. The increase in the magnitude of the fractional change implies increase in the overestimation of the changes with the increase in both RH and waso concentrations. The increase with RH is more sensitive at higher RH (90 to 99%).
[image: ]
Figure 19: Plots of the fractional change on reff against RH for the third model (equation 27).
From figure 19, it can be observed that, the fractional changes on reff corrections are negative, implying that the effective radii calculated from the bulk solution properties were overestimated. The increase in the magnitude of the fractional change implies increase in the overestimation of the changes with the increase in both RH and waso concentrations. The increase with RH is more sensitive at higher RH (90 to 99%).
CONCLUSION
From the analysis of the Kohler theory, it can be said that B (bulk hygroscopicity factor under sub saturation conditions) is more significant than A (characteristic length for the effect of surface tension on the mixture or the effective Kelvin radius ). From the analysis of the models, it can be said that For lower RHs, (50 and 70) the range of the over estimations of the effective hygroscopic growth and effective radii are less that 1%. However, as the RH increases the overestimation increase in the form of power law with respect to RH. This implies that there is a stronger departure from ideality at higher RH, and this can be attributed to the electrolytic nature of the ionic solutions of the mixtures. This shows that at higher RHs more complicated expressions are required to achieve greater accuracy, as mentioned by Lewis, (2006). This finally shows that Kelvin corrections are necessary for proper modelling of effective hygroscopic growths and effective radii of atmospheric aerosols most especially at higher RHs.
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