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I. INTRODUCTION 
 The ambient relative humidity changes the phase and microphysical and optical properties of 

hygroscopic atmospheric aerosols such as sulfates, nitrates and chlorides. These aerosols contribute the largest 

to the mass budget of fine atmospheric particles on a global basis [1-3]. These inorganic salt aerosols are 

hygroscopic by nature, thus their size, phase and subsequently the optical properties would be strongly 

influenced by their concentration and the ambient relative humidity (RH).As the ambient relative humidity (RH) 

changes, hygroscopic atmospheric aerosols undergo phase transformation, droplet growth, and evaporation. 

Phase transformation from a solid particle to a saline droplet usually occurs spontaneously when the RH reaches 

a level called the deliquescence humidity. Its value is specific to the chemical composition of the aerosol 

particle [4,5]. Since aerosols are far from being a single component, the question is how changes in relative 

humidity and changes in their concentrations influence the properties of natural aerosol mixtures, which can 

contain both soluble and insoluble components. Also most atmospheric aerosols are externally mixed with 

respect to hygroscopicity, and consist of more and less hygroscopic sub-fractions [6]. The ratio between these 
fractions as well as their content of soluble material determines the hygroscopic growth of the overall aerosol. In 

the natural environment the changes observed at a given wavelength are signs that measuring conditions have 

changed. These changes can be related either to an increase in RH or to a change in the aerosol concentration, 

though most often, both factors are present. Optical measurements at one single wavelength will not resolve the 

question whether the observed changes are caused only by the increased humidity or whether the additional 

aerosol particles have contributed to the changes. To be able to retrieve more accurate information about the 

aerosol mixtures, spectral measurements are needed.  

 

 The more spectral information available, the greater are the chances of getting a more realistic idea of 

the aerosol composition. To model droplet growth, information about water activity and density as a function of 

solute concentration is needed. The chemical and physical characteristics of aerosols are diverse and attempting 
to encompass such variability within a hygroscopic model is complex. By taking up water, particles grow in size 
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and experience modifications to their refractive indices, which change their ability to interact with solar 

radiation. An aerosol may exist in a solid or liquid state or a combination of the two over a wide range of 

ambient conditions both in the sub and super saturated humid environment [7-10]. Thus, where possible, the 

ability to couple the chemical and physical characteristics to the equilibrium phase of the aerosol is the ultimate 

aim of any hygroscopic modeling approach. The cloud droplets and water in deliquesced aerosol particles 

provide an aqueous medium for chemical reactions, which can lead to a change in the chemical composition of 

the particles [11-15]. Additionally, depending on the chemical and physical compositions, aerosol hygroscopic 

growth with increasing relative humidity (RH) may lead to dramatic changes in its mass concentration, size 

distribution and corresponding optical properties, which could enhance the cooling effect of aerosols in the 
atmosphere by directly scattering more light radiation [16-20], or change cloud microphysical properties [21] by 

serving as cloud condensation nuclei (CCN) [22]. Particle hygroscopicity may vary as a function of time, place, 

and particle size [6,23,24]. Previous studies reported that different types of aerosol particles usually have 

distinct hygroscopic growth properties [25-27].Hand and Malm [28] indicated that the scattering coefficients of 

(NH4)2SO4 and (NH4)HSO4 aerosols could be enhanced by a factor of three when relative humidity is over 85%. 

Dust particles, dominant in coarse mode, are mostly insoluble [29], but they could also be hygroscopic when 

coated by sulfate or other soluble inorganic aerosols during transportation [30,31].  

 

 The hygroscopicity, are currently modeled in global climate models (GCMs), mostly to better predict 

the scattering properties and size distribution under varying humidity conditions [32]. Measured and modeled 

enhancement factors have been described in several previous studies, including studies on urban [33,34]. 
Jeong et al. [35] demonstrated an exponential dependence of the aerosol optical thickness on relative humidity. 

A strong correlation of spectral aerosol optical thickness with precipitable water, especially for continental air 

masses, was shown by Rapti [36]. A weaker dependence was observed for air masses of maritime origin. 

In this paper some microphysical and optical properties of urban aerosols were extracted from OPAC at the 

spectral wavelength of 0.25 to 2.50m, at relative humidities of 0, 50, 70, 80, 90, 95, 98 and 99% and varying 
the concentrations of water soluble. The microphysical properties extracted are diameters of the aerosols, 

number mix ratios, volume mix ratio, mass mix ratio and refractive indices. They were used to determine the 

hygroscopic and the effective refractive indices. The optical properties extracted are optical depth and 

asymmetric parameters. The optical depth was used to determine the angstrom parameters using power law and 

enhancement parameters. The angstrom coefficients are used determine the particles’ type and the type mode 

size distributions. One and two parameter models were used to determine the relationship between the 

enhancement parameter and hygroscopic growth with RH. The asymmetric parameters are used to determine the 

effects of hygroscopic growth and concentration of water soluble on forward scattering. The relationship 
between optical depth and RH was also determined as done by Jeong et al. [35] and Rapti[36]. 

 

II. METHODOLOGY 
The models extracted from OPAC are given in table 1. 

Table 1 Compositions of aerosols types [37]. 

 

Components Model A (Ni,cm
-3

) Model B (Ni,cm
-3

)  Model C (Ni,cm
-3

) 

Insoluble  1.50  1.50  1.50  

water soluble  15,000.00  25,000.00  35,000.00  

Soot  130,000.00  130,000.00  130,000.00  

Total 145,001.50  155,001.50  165,001.50  

 

Where (Ni,cm-3) is the number of particles cm-3, water soluble components, consist of scattering aerosols, that 

are  hygroscopic in nature, such as sulfates and  nitrates present in anthropogenic pollution, while water 

insoluble and soot are not soluble in water and therefore the particles are assumed not to grow with increasing 

relative humidity. 

The aerosol’s hygroscopic growth factor gf(RH), [6,20] is defined as: 

     (1) 

where RH is taken for seven values 50%, 70%, 80%, 90%, 95%, 98% and 99%. But since natural aerosols 

consist of mixtures of both the soluble and insoluble components, and more and less hygroscopic sub fractions, 

so information on the hygroscopicity modes was merged into an “over-all” hygroscopic growth factor of the 

mixture, gfmix(RH), representative for the entire particle population as: 

   (2) 
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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 [38-41]. Solute-solute interactions are 

neglected in this model and volume additivity is also assumed. The model assumes spherical particles, ideal 

mixing (i.e. no volume change upon mixing) and independent water uptake of the organic and inorganic 

components. 

Equation (2) was also computed using the xk as the corresponding number fractions [42,43]. 

We finally proposed the xk to represent the mass mix ratio of the individual particles though since mass and 

volume are proportional, but this will enable us to see the effect of hygroscopic growth on the density of the 

mixture. 
The RH dependence of gfmix(RH) can be parameterized in a good approximation by a one-parameter 

equation[44] as: 

    (3) 

Here, aw is the water activity, which can be replaced by the relative humidity RH, if the Kelvin effect is 

negligible, as for particles with sizes more relevant for light scattering and absorption. Particle hygroscopicity is 
a measure that scales the volume of water associated with a unit volume of dry particle [44] and depends on the 

molar volume and the activity coefficients of the dissolved compounds [45]. 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. The κ values derived for 

particles of a given composition may vary, depending upon the size, the concentration and RH it is derived at. 

The following sub-divisions at 85% RH were made by Liu et al., [46]; as: nearly-hydrophobic particles 

(NH):<=0.10 (gfmix<=1.21), less-hygroscopic particles (LH): =0.10–0.20 (gfmix=1.21–1.37); more-

hygroscopic particles (MH): >0.20 (gfmix>1.37). 
The humidograms of the ambient aerosols obtained in various atmospheric conditions showed that gfmix(RH) 

could as well be fitted well with a γ-law [47-51] as 

    (4) 

The bulk hygroscopicity factor B under sub saturation RH conditions was determined using the relation: 

    (5) 

where aw is the water activity, which can be replaced by the RH as explained before. The equation can be 

described as the rate of absorption of water of the bulk mixture as the RH increases. 
The impact of hygroscopic growth on the aerosol optical depth is usually described by the enhancement factor 

: 

     (6) 

where RH is taken for seven values 50%, 70%, 80%, 90%, 95%, 98% and 99%. 

In general the relationship between  and RH is nonlinear [35]. In this paper we determine the empirical 

relations between the enhancement parameter and RH [52] as: 

   (7) 

where in our study RHref was 0%, and  was taken for seven values 50%, 70%, 80%, 90%, 95%, 98% and 

99%. The  known as the humidification factor represents the dependence of aerosol optical properties on RH, 

which results from changes in the particle size and refractive index upon humidification. The use of  has the 
advantage of describing the hygroscopic behavior of aerosols in a linear manner over a broad range of RH 

values; it also implies that particles are deliquesced [53], a reasonable assumption for this data set due to the 

high ambient relative humidity during the field studies. The  parameter is dimensionless, and it increases with 
increasing particle water uptake. From previous studies, typical values of γ for ambient aerosol ranged between 

0.1 and 1.5 [53-55] . 

Two parameters empirical relation was also used [35,56] as; 

    (8) 

Equations (7) and (8) were determined at wavelengths 0.25, 0.45, 0.55, 0.70, 1.25, and 2.50µm. 

To determine the effect of particles mode distributions as a result of change in RH and water soluble, the 

Angstrom exponent was determined using the spectral behavior of the aerosol optical depth, with the 

wavelength of light (λ) was expressed as inverse power law [57]:  

      (9) 

The Angstron exponent was obtained as a coefficient of the following regression, 
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    (10) 

However equation (10) was determined as non-linear (that is the Angstrom exponent itself varies with 

wavelength), and a more precise empirical relationship between the optical depth and wavelength was obtained 

with a 2nd-order polynomial [58-68] as:  

ln(λ)=α2(lnλ)2 + α1lnλ + lnβ    (11) 
We then proposed the cubic relation to determine the type of mode distribution as:  

   ln(λ)= lnβ + α1lnλ + α2(lnλ)2+ α3(lnλ)3  (12) 
where β, α, α1, α2, α3 are constants that were determined using regression analysis with SPSS16.0 for windows. 

Equations (10), (11) and (12) were evaluated at eight RHs for the corresponding change in water soluble 
concentrations. 

We also determined an exponential dependence of the aerosol optical thickness on relative humidity as done by 

Jeong et al. [35] as; 

      (13) 

where A and B are constants determined using regression analysis with SPSS 16.0 for windows. The 

relationship was determined at 0.25m, 1.25m and 2.50m. 

We finally determined the effect of hygroscopic growth and the change in the concentration of water soluble on 
the effective refractive indices of the mixed aerosols using the formula [69]: 

    (14) 

where fi and εi are the volume fraction and dielectric constant of the ith component and ε0 is the dielectric 

constant of the host material.  

The relation between dielectrics and refractive indices is 

      (15) 

For the case of Lorentz-Lorentz [70,71], the host material is taken to be vacuum, ε0 =1. 

The computation of equations (14) and (15) was done using the complex functions of Microsoft Excel 2010. 

 

III. RESULTS AND DISCUSSIONS 
Table 2a: the growth factors of the aerosols using number mix ratio (equation 2) and Bulk hygroscopicity factor 

(equation 5) for Model A. 
RH(%) 50 70 80 90 95 98 99 

gfmix(RH) 1.0297 1.0470 1.0649 1.1063 1.1661 1.0538 1.3660 

B 0.0635 0.0527 0.0463 0.0373 0.0301 0.0034 0.0156 

 

Table 2b: the growth factors of the aerosols using number mix ratio (equation 2) and Bulk hygroscopicity factor 

(equation 5) for Model B. 

 
RH(%) 50 70 80 90 95 98 99 

gfmix(RH) 1.0456 1.0716 1.0980 1.1578 1.2416 1.3863 1.5061 

B 0.0992 0.0822 0.0722 0.0582 0.0469 0.0336 0.0243 

 

Table 2c: the growth factors of the aerosols using number mix ratio (equation 2) and Bulk hygroscopicity factor 

(equation 5) for Model C. 

RH(%) 50 70 80 90 95 98 99 

gfmix(RH) 1.0592 1.0923 1.1255 1.1995 1.3010 1.4719 1.6106 

B 0.1305 0.1082 0.0950 0.0765 0.0617 0.0442 0.0319 

 

Tables 2a, 2b and 2c show that there is an increase in both gfmix(RH) and B with the increase in the 

concentrations of water soluble. It can also be observed the hygroscopic growth has caused increased in 

gfmix(RH) but decrease in B. 

The data from tables 2a, 2b and 2c were applied for the parametrisations of equations (3) and (4). The results 

obtained are as follows: 
The results of the parameterizations by one parameter of equations (3) and (4) for Model A are: 

k=0.0175, R2=0.9470 using equation (3) 

𝛾=-0.0588, R2=0.9731 using equation (4) 

The results of the parameterizations by one parameter of equations (3) and (4) for Model B are: 

k=0.0272, R2=0.9470 using equation (3) 

𝛾=-0.0798, R2=0.9834 using equation (4) 
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The results of the parameterizations by one parameter of equations (3) and (4) for Model C are: 

k=0.0358, R2=0.9470 using equation (3) 

𝛾=-0.0949, R2=0.9891 using equation (4) 

From the observations of R2 it can be seen that the data fitted the equations very well (equations 3 and 4). It can 

also be observed that hygroscopicity of the mixtures (k) and  using -law, all increase with the increase in the 
concentrations of water solubles. 

 

Table 3a: the growth factors of the aerosols using volume mix ratio (equation 2) and Bulk hygroscopicity factor 

(equation 5) for Model A. 

 
RH(%) 50 70 80 90 95 98 99 

gfmix(RH) 1.1190 1.2019 1.2886 1.4822 1.7346 2.1242 2.4162 

B 0.2781 0.2626 0.2544 0.2377 0.2164 0.1734 0.1317 

 

Table 3b: the growth factors of the aerosols using volume mix ratio (equation 2) and Bulk hygroscopicity factor 

(equation 5) for Model B. 

 
RH(%) 50 70 80 90 95 98 99 

gfmix(RH) 1.1482 1.2415 1.3348 1.5344 1.7862 2.1689 2.4550 

B 0.3561 0.3259 0.3075 0.2753 0.2410 0.1859 0.1387 

 

Table 3c: the growth factors of the aerosols using volume mix ratio (equation 2) and Bulk hygroscopicity factor 

(equation 5) for Model C. 
 

RH(%) 50 70 80 90 95 98 99 

gfmix(RH) 1.1657 1.2638 1.3597 1.5607 1.8111 2.1895 2.4725 

B 0.4048 0.3633 0.3377 0.2952 0.2534 0.1919 0.1419 

 

Tables 3a, 3b and 3c show that there is an increase in both gfmix(RH) and B with the increase in the 

concentrations of water soluble. It can also be observed the hygroscopic growth has caused increased in 

gfmix(RH) but decrease in B. 

 

The data from tables 3a, 3b and 3c were applied for the parametrisations of equations (3) and (4). The results 

obtained are as follows: 

The results of the parameterizations by one parameter of equations (3) and (4) for Model A are: 

k=0.1441, R2=0.9729 using equation (3) 

𝛾=-0.1857, R2=0.9966 using equation (4) 

The results of the parameterizations by one parameter of equations (3) and (4) for Model B are: 
k=0.1530, R2=0.9658 using equation (3) 

𝛾=-0.1936, R2=0.9993 using equation (4) 

The results of the parameterizations by one parameter of equations (3) and (4) for Model C are: 

k=0.1572, R2=0.9618 using equation (3) 

𝛾=-0.1975, R2=0.9997 using equation (4) 

From the observations of R2 it can be seen that the data fitted the equations very well (equations 3 and 4). It can 

also be observed that hygroscopicity of the mixtures (k) and  using -law, all increase with the increase in the 
concentrations of water solubles. 

 

Table 4a: the growth factors of the aerosols using mass mix ratio (equation 2) and Bulk hygroscopicity factor 

(equation 5) for Model A. 
 

RH(%) 50 70 80 90 95 98 99 

gfmix(RH) 1.1086 1.1816 1.2590 1.4364 1.6785 2.0657 2.3614 

B 0.2512 0.2317 0.2221 0.2069 0.1913 0.1579 0.1223 

 

Table 4b: the growth factors of the aerosols using mass mix ratio (equation 2) and Bulk hygroscopicity factor 

(equation 5) for Model B. 

 
RH(%) 50 70 80 90 95 98 99 

gfmix(RH) 1.1383 1.2233 1.3098 1.4988 1.7457 2.1294 2.4191 

B 0.3291 0.2963 0.2783 0.2494 0.2216 0.1749 0.1322 
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Table 4c: the growth factors of the aerosols using mass mix ratio (equation 2) and Bulk hygroscopicity factor 

(equation 5) for Model C. 

 
RH(%) 50 70 80 90 95 98 99 

gfmix(RH) 1.1567 1.2480 1.3386 1.5321 1.7794 2.1597 2.4458 

B 0.3796 0.3366 0.3121 0.2735 0.2377 0.1833 0.1370 

 

Tables 4a, 4b and 4c show that there is an increase in both gfmix(RH) and B with the increase in the 

concentrations of water soluble. It can also be observed the hygroscopic growth has caused increased in 
gfmix(RH) but decrease in B. 

The data from tables 4a, 4b and 4c were applied for the parametrisations of equations (3) and (4). The results 

obtained are as follows: 

The results of the parameterizations by one parameter of equations (3) and (4) for Model A are: 

k=0.1328, R2=0.9777 using equation (3) 

𝛾=-0.1776, R2=0.9939 using equation (4) 

The results of the parameterizations by one parameter of equations (3) and (4) for Model B are: 

k=0.1451, R2=0.9701 using equation (3) 

𝛾=-0.1879, R2=0.9983 using equation (4) 

The results of the parameterizations by one parameter of equations (3) and (4) for Model C are: 
k=0.1511, R2=0.9655 using equation (3) 

𝛾=-0.1930, R2=0.9994 using equation (4) 

From the observations of R2 it can be seen that the data fitted the equations very well (equations 3 and 4). It can 

also be observed that hygroscopicity of the mixtures (k) and  using -law, all increase with the increase in the 

concentrations of water solubles, though the -law shows inverse power laws. 
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Figure 1a: A graph of optical depth against wavelengths for Model A. 
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Figure 1b: A graph of optical depth against wavelengths for Model B. 
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Figure 1c: A graph of optical depth against wavelengths for Model C. 

 
From figures 1a, 1b and 1c, it can be observe that the optical depth follows a relatively smooth decrease with 

wavelength for all RHs and can be approximated with power law wavelength dependence. It is evident from the 

figures that there is relatively strong wavelength dependence of optical depth at shorter wavelengths that 

gradually decreases towards longer wavelengths irrespective of the RH and concentrations, attributing to the 

dominance of fine over coarse particles. The presence of a higher concentration of the fine-mode particles which 

are selective scatters enhance the irradiance scattering in shorter wavelength only while the coarse-mode 

particles provide similar contributions to the AOD at both wavelengths [72]. This also shows that hygroscopic 

growth has more effect on fine particles than coarse particles. The relation of optical depth with RH and water 

soluble concentrations are such that at the deliquescence point (90 to 99%) this growth with higher humidities 

increases substantially, making this process strongly nonlinear with relative humidity and the increase in the 

concentrations of water soluble [25,73]. 

 
The data that were used in plotting figures 1a, 1b and 1c were applied to equation (13), at the wavelengths of 

0.25, 1.25 and 2.50μm. The results obtained are as follows: 

The exponential relations (13) between optical depth and RHs for Model A are: 

At λ=0.25μm, A=5.4740, B=1.1185, R2= 0.6577 

At λ=1.25 μ, A=1.4583, B=0.8678, R2= 0.5022 

At λ=2.50 μ, A=1.2070, B=0.2858, R2= 0.3862 

The relation between optical depth and RHs using equation (13) for Model B are: 

At λ=0.25μ, A=6.7084, B=1.3187, R2= 0.6856 

At λ=1.25 μ, A=1.5039, B=1.1344, R2= 0.5360 

At λ=2.50 μ, A=1.1794, B=0.4350, R2= 0.4124 

The relation between optical depth and RHs for Model C using equation (13) are: 
At λ=0.25μ, A=7.9690, B=1.4323, R2= 0.6984 

At λ=1.25 μ, A=1.5640, B=1.3222, R2= 0.5602 

At λ=2.50 μ, A=1.1593, B=0.5580, R2=0.4273 

The relation between optical depth and RH shows decrease in R2 and the exponent B with the increase in 

wavelength but both increase with the increase in the concentrations of water solubles. This shows that the 

relation is better for fine particles. 
 

Table 5a the results of the Angstrom coefficients for Model A using equations (10), (11) and (12) at the 

respective relative humidities using regression analysis with SPSS16 for windows. 

RH Linear equ(10) Quadratic equ(11) Cubic equ(12) 

(%) R2 α R2 α1 α2 R2 α1 α2 α3 

0 0.9757 0.7485 0.9963 -0.6745 0.1610 0.9976 -0.7206 0.2136 0.0689 

50 0.9861 0.8388 0.9967 -0.7796 0.1289 0.9986 -0.8417 0.1997 0.0929 

70 0.9904 0.8819 0.9968 -0.8335 0.1054 0.9990 -0.9024 0.1840 0.1031 

80 0.9936 0.9205 0.9970 -0.8839 0.0796 0.9993 -0.9576 0.1637 0.1102 

90 0.9972 0.9909 0.9974 -0.9826 0.0182 0.9997 -1.0615 0.1082 0.1180 

95 0.9963 1.0584 0.9981 -1.0887 -0.0661 0.9999 -1.1637 0.0194 0.1120 

98 0.9862 1.1164 0.9992 -1.2035 -0.1897 1.0000 -1.2544 -0.1317 0.0760 

99 0.9747 1.1283 0.9998 -1.2515 -0.2682 0.9999 -1.2773 -0.2387 0.0386 
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Table 5b the results of the Angstrom coefficients for Model B using equations (10), (11) and (12) at the 

respective relative humidities using regression analysis with SPSS16 for windows. 

 

RH Linear equ(10) Quadratic equ(11) Cubic equ(12) 

(%) R2 α R2 α1 α2 R2 α1 α2 α3 

0 0.9849 0.8527 0.9965 -0.7899 0.1367 0.9985 -0.8549 0.2109 0.0973 

50 0.9932 0.9635 0.9968 -0.9239 0.0863 0.9993 -1.0042 0.1779 0.1201 

70 0.9958 1.0128 0.9971 -0.9885 0.0530 0.9996 -1.0732 0.1497 0.1267 

80 0.9972 1.0545 0.9973 -1.0460 0.0186 0.9997 -1.1327 0.1176 0.1297 

90 0.9967 1.1249 0.9979 -1.1514 -0.0577 0.9999 -1.2346 0.0372 0.1244 

95 0.9914 1.1831 0.9988 -1.2528 -0.1518 1.0000 -1.3204 -0.0747 0.1011 

98 0.9771 1.2168 0.9997 -1.3428 -0.2743 1.0000 -1.3733 -0.2395 0.0456 

99 0.9644 1.2088 0.9999 -1.3666 -0.3436 0.9999 -1.3688 -0.3411 0.0033 

 

Table 5c the results of the Angstrom coefficients for Model C using equations (10), (11) and (12) at the 

respective relative humidities using regression analysis with SPSS16 for windows. 

RH Linear equ(10 Quadratic equ(11 Cubic equ(12) 

(%) R2 α R2 α1 α2 R2 α1 α2 α3 

0 0.9901 0.9353 0.9965 -0.8840 0.1117 0.9990 -0.9621 0.2009 0.1168 

50 0.9961 1.0558 0.9970 -1.0340 0.0474 0.9996 -1.1240 0.1501 0.1346 

70 0.9973 1.1064 0.9973 -1.1026 0.0081 0.9998 -1.1944 0.1128 0.1372 

80 0.9973 1.1477 0.9976 -1.1621 -0.0314 0.9999 -1.2524 0.0717 0.1351 

90 0.9944 1.2130 0.9984 -1.2654 -0.1141 1.0000 -1.3451 -0.0231 0.1193 

95 0.9868 1.2599 0.9993 -1.3563 -0.2098 1.0000 -1.4127 -0.1454 0.0844 

98 0.9711 1.2735 0.9999 -1.4229 -0.3252 1.0000 -1.4371 -0.3090 0.0212 

99 0.9584 1.2519 0.9998 -1.4293 -0.3860 0.9999 -1.4153 -0.4020 -0.0209 
 

First, from tables 5a, 5b and 5c, it can be observed that at each table there is an increase in  with the increase in 

RH and water solubles, except tables 5b and 5c where  decreased at 99% RH, and this shows that increase in 

the concentration of water soluble has lowered the delinquent point of the mixtures. This increase in  signifies 

the increase in mode size distribution of the particles. The decrease in 2 at the positive part (the decrease in the 
curvature) and becoming more negative in the negative part (the increase in the curvature) with the increase in 

RH and water solubles, reflects the increase in the concentrations of small particles as a result of nucleation, 

accumulation and sedimentation. The cubic part signifies the type of mode distributions as bi-modal with the 

dominance of fine mode particles. 

 

0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50

1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

2.6

2.8

3.0

3.2

3.4

3.6

3.8

4.0

4.2

4.4

4.6

4.8

E
n
h

e
n

c
e
m

e
n

t 
p
a
ra

m
e
te

r 
fo

r 
O

p
ti
c
a

l 
D

e
p
th

Wavelength(m)

 ENOD50

 ENOD70

 ENOD80

 ENOD90

 ENOD95

 ENOD98

 ENOD99

 
 

Figure 2a: A graph of enhancement parameter for optical depth against wavelengths for Model A 
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Figure 2b: A graph of enhancement parameter for optical depth against wavelengths for Model B. 
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Figure 2c: A graph of enhancement parameter for optical depth against wavelengths for Model C 

 

Figures 2a, 2b and 2c show that the enhancement factors increase both with the increase in RH and 

concentrations of water soluble in almost non-linear form. The most interesting phenomena is the visible range 

window (0.4 - 0.7 µm) and the near-infrared (0.7-1.0) where the enhancement is higher with both the increase in 
RH and the concentrations of water soluble. This shows that at this window the increase in the concentrations of 

water soluble can cause decrease in cloud cover, and/or reflective aerosol, this can cause decrease in global 

albedo, can result in the increase in energy input into Earth/Atmosphere system and finally can cause warming 

effect. That is it allows most solar radiation through to the surface and enables solar radiation to “deliver” the 

bulk of its energy to the surface (for use in climate processes) 

 

The data that were used in plotting figures 2a, 2b and 2c were applied for the parametrisations of equations (7) 

and (8), at the wavelengths of 0.25, 0.45, 0.55, 0.70, 1.25 and 2.50μm. The results obtained are as follows: 

The results of the fitted curves of equations (7) and (8) for Model A are presented as follows; 

 

For a single parameter using equation (7). 
At λ=0.25μ, γ=0.2809, R2=0.9974 

At λ=0.45μ, γ=0.3002, R2= 0.9925 

At λ=0.55 μ, γ=0.9925, R2=0.9898 

At λ=0.70 μ, γ=0.2922, R2=0.9849 

At λ=1.25 μ, γ=0.2113, R2=0.9575 

At λ=2.50 μ, γ=0.0701, R2=0.8914 

 

For two parameters using equation (8). 

At λ=0.25μ, a=1.2062, b=-0.2985, R2= 0.9940 

At λ=0.45μ, a=1.4255, b=-0.3377, R2=0.9895 

At λ=0.55 μ, a=1.5132, b=-0.3460 , R2=0.9873 

At λ=0.70 μ, a=1.6466, b=-0.3462, R2= 0.9834 
At λ=1.25 μ, a=2.1526, b=-0.2781, R2= 0.9619 

At λ=2.50 μ, a=2.8743, b=-0.1048, R2= 0.9078 

The results of the fitted curves of equations (7) and (8) for Model B are presented as follows; 
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For a single parameter using equation (7). 

At λ=0.25μ, γ=0.9899, R2=0.9883 

At λ=0.45μ, γ=1.1033, R2=0.9851 

At λ=0.55 μ, γ=1.1248, R2=0.9826 

At λ=0.70 μ, γ=1.1132, R2=0.9797 

At λ=1.25 μ, γ=0.8462, R2= 0.9777 

At λ=2.50 μ, γ=0.4501, R2=0.9192 

 

For two parameters using equation (8). 
At λ=0.25μ, a=0.6800, b=-0.8832, R2= 0.9550 

At λ=0.45μ, a=0.9693, b=-1.0926, R2=0.9361 

At λ=0.55 μ, a=1.0495, b=-1.1421, R2=0.9294 

At λ=0.70 μ, a=1.1000, b=-1.1474, R2= 0.9214 

At λ=1.25 μ, a=0.8195, b=-0.7966, R2= 0.9012 

At λ=2.50 μ, a=0.0279, b=-0.2122, R2= 0.8794 

 

The results of the fitted curves of equations (7) and (8) for Model Care presented as follows; 

For a single parameter using equation (7). 

At λ=0.25μ, γ=1.1004, R2= 0.9896 

At λ=0.45μ, γ=1.2472, R
2
=0.9835 

At λ=0.55 μ, γ=1.2822, R2=0.9799 

At λ=0.70 μ, γ=1.2857, R2=0.9759 

At λ=1.25 μ, γ=1.0045, R2= 0.9744 

At λ=2.50 μ, γ=0.5018, R2= 0.9424 

 

For two parameters using equation (8); 

At λ=0.25μ, a=0.7975, b=-1.0276, R2= 0.9549 

At λ=0.45μ, a=1.1158, b=-1.2916, R2=0.9362 

At λ=0.55 μ, a=1.2100, b=-1.3637, R2=0.9294 

At λ=0.70 μ, a=1.2842, b=-1.3950, R2=0.9214 

At λ=1.25 μ, a=1.0923, b=-1.0331, R2= 0.9013 

At λ=2.50 μ, a=0.1013, b=-0.2922, R2= 0.8797 
 

For both the one and two parameters models, the values of the exponents increase with the increase in the 

construction of water soluble, andthey increased most at the solar spectral window (0.40 to 0.70m). These 
signified increase in water uptake with the increase in the concentrations of water soluble. 
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Figure 3a: A graph of Asymmetric parameter against wavelengths for Model A 
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Figure 3b: A graph of Asymmetric parameter against wavelengths for Model B. 
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Figure 3c: A graph of Asymmetric parameter against wavelengths for Model C 

 

Figures 3a, 3b and 3c show a slight increase in the asymmetric parameters with the increase in the concentration 

of water soluble. The increase with the increase in RH is faster at the solar spectral window. This shows that 

smaller particles enhance forward scattering with the increase in RH and water solubles. 
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Figure 4a: A plot of real effective refractive indices against wavelength using volume mix ratiofor Model A. 
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Figure 4b: A plot of real effective refractive indices against wavelength using volume mix ratio for Model B. 

 

0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50

1.250

1.275

1.300

1.325

1.350

1.375

1.400

1.425

1.450

1.475

1.500

1.525

1.550

1.575

1.600

R
e

al
 e

ffe
ct

iv
e

 r
e

fr
a

ct
iv

e 
in

di
ci

e
s

Wavelength(m)

 RERI00

 RERI50

 RERI70

 RERI80

 RERI90

 RERI95

 RERI98

 RERI99

 
 

Figure 4c: A plot of real effective refractive indices against wavelength using volume mix ratio for Model C. 

Figures 4a, 4b and 4c show decrease in the real effective refractive indices with increase in RH and water 

soluble. This signifies the reason why scattering increases with the increase in RH and water soluble. The linear 

relation decreases with the increase in wavelength. 

 

0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.10

0.11

0.12

Im
a

g
in

a
ry

 e
ff

e
c
ti
v
e

 r
e

fr
a

c
ti
v
e

 i
n

d
ic

ie
s

Wavelength(m)

 IMERI00    IMERI50

 IMERI70    IMERI80

 IMERI90    IMERI95

 IMERI98    IMERI99

 
 

Figure 5a: A plot of imaginary effective refractive indices against wavelength using volume mix ratio for Model 

A. 
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Figure 5b: A plot of imaginary effective refractive indices against wavelength using volume mix ratio for Model 
B. 
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Figure 5c: A plot of imaginary effective refractive indices against wavelength using volume mix ratio for Model 

C. 

Figures 5a, 5b and 5c show a slight decrease with the increase in RH and water soluble. This signifies decrease 

in absorption. It becomes more linear and constant with the increase in RH. 

 

IV. CONCLUSIONS 
In this paper we investigated the influence of relative humidity and soot on the microphysical and 

optical properties of atmospheric aerosol mixtures. The principal conclusions are: 

 

[1] From the three gfmix(RH) it can be concluded that the higher values are observed using volume and mass 

mix ratios because of the high density of water soluble. This is in line with what Sheridan et al. [74] found, 

on the basis of analysis of in situ data collected at SGP in 1999, that aerosols containing higher fractions of 

smaller particles show larger hygroscopic growth factors. From our results despite soot being having the 

least size and higher in fractions, it shows that using volume mix and mass mix ratios, shows that the 
mixture is more hygroscopic. However, still in their studies, they also showed that aerosols containing 

higher fractions of more strongly absorbing particles exhibit lower hygroscopic growth factors, in our own 

case it shows that using number mix ratio. The importance of determining gfmix(RH) as a function of RH 

and volume fractions, mass fractions and number fractions, and enhancement parameters as a function of 

RH and wavelengths can be potentially important because it can be used for efficiently representing 

aerosols-water interactions in global models. 

[2] Equation (3) with mass mix ratios has higher R2 while equation (4) has higher values of R2 using volume 

mix ratio. But since volume mix ratios gave higher values of gfmix(RH), k and , and the values of R2 are 
greater than 95%, it can be concluded that just as the optical effects of atmospheric aerosols are more 

closely related to their volume than their number [75,76], we discovered that the microphysical properties 

are also more closely related to their volume followed by mass. The increase in the values of gfmix(RH), k 

and  with the increase in soot and water soluble concentration show that they increase hygroscopicity of 
aerosols. 

[3] Changes in RH and soot and water soluble concentrations modified the optical properties not only of 

hygroscopic aerosol mixtures but also of mixtures containing non-hygroscopic aerosols like black carbon. 

As a result of wetting the hydroscopic particles grow, thereby changing the effective radius of the aerosol 

mixture and subsequently the aerosol extinction or aerosol optical thickness[77].  The changes are more 
substantial especially at the delinquent points where the hygroscopic growth factor, optical parameters and 

enhancement parameters increase so substantial that the process become strongly nonlinear with relative 

humidity [25,73,77].  This effect is observed at different wavelengths, but for higher RH, the increase in 

AOT values is more evident at smaller wavelengths than longer wavelengths. 

[4] The observed variations in Angstrom coefficients can be explained by changes in the effective radius of a 

mixture resulting from changes in RH and/or soot and water soluble concentrations: the larger the number 

of small aerosol particles, the smaller the effective radius and the larger the Angstrom coefficient. As a 

consequence of non-uniform increase in the optical depth with the increase in RH, the Ångström coefficient 

also becomes a function of RH, though at the delinquent points it decreases with the increase in RHs. This 

is because at the delinquent conditions the hygroscopic aerosols particles grow and this is what makes the 

Angstrom coefficients to decrease. However, the change in Angstrom coefficient due to variation in RH is 

more than that caused by differences in soot concentrations. 
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[5] The effect of RHs on asymmetric parameter shows that for smaller particles the hygroscopic growth 

increase forward scattering while for coarse particle it decreases forward scattering. It shows that increase 

in RH increases forward scattering because particle growth enhances forward diffraction Liou,[78]for 

smaller particles while in larger particles it causes increase in the backward scattering. It also shows that the 

mixture is internally mixed for smaller particles because of the increase in forward scattering as a result of 

the hygroscopic growth [79]. 

[6] These hygroscopic growth behaviors also reveal an immense potential of light scattering enhancement in 

the forward direction at high humidities and the potential for being highly effective cloud condensation 

nuclei for smaller particles. 
[7] Finally, the data fitted our models very and can be used to extrapolate the hygroscopic growth and 

enhancements parameters at any RH. The values of R2 from the models show that Kelvin effects can be 

neglected. 
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