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ABSTRACT: In this paper, the author extracted and investigated the effect of relative humidity 

(RH) on some microphysical and optical properties of maritime polluted aerosols from OPAC at 

the spectral range of 0.25μm to 2.5μm and eight relative humidities (0, 50, 70, 80, 90, 95, 98, and 

99%).The microphysical properties extracted were radii, volume mix ratio, number mix ratio and 

mass mix ratio as a function of RH while the optical properties were optical depth, extinction, 

scattering and absorption coefficients single scattering albedo, refractive indices and asymmetric 

parameters. Using the microphysical properties, hygroscopic growth factors and effective radii of 

the mixtures were determined while using optical properties we determined the enhancement 

parameters, effective refractive indices and Angstrom coefficients. The hygroscopic growth and 

enhancement parameters were then parameterized using some models to determine the 

hygroscopicity, bulk hygroscopicity, humidification factors and some other parameters that 

depend on RH and/or wavelengths. We observed that the data fitted the models very well. The 

effective radii increase with the increase in RH, while Angstrom coefficients decrease with the 

increase in RH and this signify the dominance of coarse mode particles. The angstrom coefficients 

show that the mixture has bimodal type of distribution and the mode size increases with the 

increase in RH. 
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INTRODUCTION 

 

The ability to predict the water content associated with aerosol particles is an important factor in 

reducing the uncertainties associated with climate change. The ambient relative humidity changes 

the microphysical and optical properties of hygroscopic atmospheric aerosols (Cheng et al., 2008), 

such as sea-salts and water solubles. These ambient atmospheric aerosols are external and internal 

mixtures of particles with different chemical compounds such as soot, sulphate, nitrate, organic 

carbon and mineral dust. The state of mixing of these components is crucial for understanding the 

role of aerosol particles in the atmosphere. In recent years, much attention has been paid to the 

mixing state of soot in aerosols (Jacobson, 2001; Moffet and Prather, 2009; Riemer et al., 2009, 

2010; Zhang et al., 2008; Oshima et al., 2009), which influences the optical properties and climate 

effects of aerosols.  As the ambient relative humidity (RH) changes, hygroscopic atmospheric 

aerosols can undergo phase transformation, droplet growth, and evaporation. Phase transformation 
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from a solid particle to a saline droplet usually occurs spontaneously when the RH reaches a level 

called the deliquescence humidity and its values depend also on the chemical composition of the 

aerosol particle ( Orr et al. 1958, Tang 1976).Aerosol particles play an important role in the 

atmosphere, because they influence the radiative budget of the earth directly by scattering and 

absorbing the incoming sunlight and indirectly by serving as cloud condensation nuclei for the 

formation of fog and cloud droplets (Twomey, 1977). One of the important chemical aerosol 

properties that control the magnitude of this effect is their hygroscopicity as a result of the changes 

in RH. Depending on the chemical and physical compositions, aerosol particles can take up large 

amounts of water compared to their dry state as relative humidity increases to 100% and thus 

radically increase their sizes and change their optical properties  

 

Hygroscopic properties of aerosol particles can be determined by their physical and chemical 

characteristics (Topping et al., 2005a, b). 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., 2007). Moreover, Rissler et al. (2010) recently overviewed several models which 

describe the aerosol hygroscopicity and the CCN activation. It is worth noting that the 

hygroscopicity parameter (κ or ρion ) for the Kohler model is not always a constant with respect 

to RH, especially for the range of RH above 90%. Based on a review of observational data, 

Andreae and Rosenfeld (2008) suggested that continental and marine aerosols on average tend to 

cluster into relatively narrow ranges of effective hygroscopicity (continental κ = 0.3±0.1; marine 

κ = 0.7±0.2). Recent field studies are largely consistent with this view, but they show also 

systematic deviations for certain regions and conditions. For example, Gunthe et al. (2009) 

reported a characteristic value of κ = 0.15 for pristine tropical rainforest aerosols in central 

Amazonia, which are largely composed on secondary organic matter.Hygroscopic properties of 

aerosol particles were investigated in marine environments in several field studies in the last ten 

years (e.g., Berg et al., 1998; Swietlicki et al., 2000; Massling et al., 2003). 

 

The main parameter used to characterize the hygroscopicity of the aerosol particles is the aerosol 

hygroscopic growth factor gf(RH), which is defined as the ratio of the particle diameter at any RH 

to the particle diameter at RH = 0 % (Kammermann et al., 2010; Swietlicki et al., 2008).Changes 

in the aerosol optical properties resulting from the particle hygroscopic growth are described by 

enhancement factors f (RH), which, for each optical parameter χ , are defined as the ratio between 

its values determined in any conditions χ (RH) and those determined in dry conditions χ (RH = 0 

%). Technically, the enhancement factor for scattering and hemispherical backscattering can be 

determined for a chosen RH by using two nephelometers performing measurements at the chosen 

RH and in dry conditions (RH = 0 %), respectively (Pahlow et al., 2006; Kim et al., 2006; 

Schmidhauser et al., 2009; Fierz-Schmidhauser et al., 2010a–b; Zieger et al., 2011). 
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The aim of this study is to determine the aerosols hygroscopic growth and enhancement factors 

for maritime polluted aerosols from the data extracted from OPAC. One and two variables 

parameterizations models will be perform to determine the relationship of the particles’ 

hygroscopic growth and enhancement parameters with the RH. Angstrom coefficients are used 

determine the particles’ type and the type mode size distributions. 

 

METHODOLOGY 

 

The models extracted from OPAC are given in table 1. 

 Table 1 Compositions of aerosols types at 0% RH (Hess et al., 1998). 

Components No. Con.(cm-3) Rmin (m): Rmax (m): sigma: Rmod (m): 

water soluble  3,800.0000  0.0050  20.0000  2.2400       0.0212  

soot  5,180.0000  0.0050  20.0000  2.0000       0.0118  

Sea salt 

accumulation 

mode  20.0000  0.0050  20.0000  2.0300       0.2090  

Sea salt 

coarse mode  0.0032  0.0050  60.0000  2.0300       1.7500  

where water soluble components, consists of scattering aerosols, that are hygroscopic in nature, 

such as sulfates and nitrates present in anthropogenic pollution, soot, not soluble in water and 

therefore the particles are assumed not to grow with increasing relative humidity, Sea-salt 

accumulation and coarse modes are two kinds of salt contained in seawater that are more 

hygroscopic than water soluble. 

 

The globally averaged direct aerosol Radiative forcing, ∆FR, for absorbing aerosols was calculated 

using the equation derived by Chylek and Wong (1995) 

∆𝐹𝑅 = −
𝑆0

4
𝑇𝑎𝑡𝑚

2 (1 − 𝑁){(1 − 𝐴)22𝛽𝜏𝑠𝑐𝑎 − 4𝐴𝜏𝑎𝑏𝑠}    (1) 

Where S0 is a solar constant, Tatm is the transmittance of the atmosphere above the aerosol layer, 

N is the fraction of the sky covered by clouds, A is the albedo of underlying surface, β is the 

upscattering fraction of radiation scattered by aerosol into the atmosphere while τsca and τabs are 

the aerosol layer scattering and absorptions optical thickness respectively. The above expression 

gives the radiative forcing due to the change of reflectance of the earth-aerosol system. The 

upscattering fraction is calculated using an approximate relation (Sagan and Pollack, 1967) 

𝛽 =
1

2
(1 − 𝑔)        (2) 

where g is the asymmetric parameter. The global averaged albedo A=0.22 over land and A=0.06 

over the ocean with 80% of aerosols being over the land; solar constant of 1370Wm-2, the 

atmospheric transmittance is taken to be Tatm=0.79 (Penner et al, 1992) and  cloudness N=0.6. 

The aerosol’s hygroscopic growth factor gf(RH), (Swietlicki et al. , 2008; Randles, et al., 2004) is 

defined as: 

𝑔𝑓(𝑅𝐻) =
𝐷(𝑅𝐻)

𝐷(𝑅𝐻=0)
     (3) 

where RH is taken for seven values 50%, 70%, 80%, 90%, 95%, 98% and 99%.   
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But since atmospheric aerosols consist of more and less hygroscopic sub fractions so the 

information on the hygroscopicity modes was merged into an “over-all” or “bulk” hygroscopic 

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

𝑔𝑓𝑚𝑖𝑥(𝑅𝐻) = (∑ 𝑥𝑘𝑔𝑓𝑘
3

𝑘 )
1

3⁄    (4) 

The effective or volume equivalent radius of the mixture was determined using the relation 

𝑟𝑒𝑓𝑓(𝑅𝐻) = (∑ 𝑥𝑘𝑟𝑘
3

𝑘 )
1

3⁄    (5) 

 

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; Stokes et al., 1966; Stock et 

al., 2011). 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. It can also be 

computed using the xk as the corresponding number fractions (Duplissy et al., 2011; Meier et al., 

2009). We now proposed the xk to represent the mass mix ratio of the individual particles. 

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

parameter equation, proposed e.g. by Petters and Kreidenweis(2007) as: 

𝑔𝑓𝑚𝑖𝑥(𝑎𝑤) = (1 + 𝜅
𝑎𝑤

1−𝑎𝑤
)

1

3
    (6) 

 

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. 

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., 2009). 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; Poschl 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). The κ value 

derived for a particle of a given composition may vary, depending upon the size molar mass, the 

activity and RH it is derived at. 

 

For atmospheric aerosols, the range of κ typically varies from as low as ∼0.01 for some combustion 

aerosol particles up to ∼1 for sea-salt particles (Petters and Kreidenweis, 2007; Andreae and 

Rosenfeld, 2008; Niedermeier et al., 2008; Petters et al., 2009). 

The following sub-divisions at 85% RH were made by Liu et al., 2011 and Swietlicki et al., (2008); 

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). 

Making  κ as the subject of the equation (6), we get 

𝑘(𝑎𝑤) =
[𝑔𝑓𝑚𝑖𝑥

3 (𝑎𝑤)−1](1−𝑎𝑤)

𝑎𝑤
   (7) 
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Humidograms of the ambient aerosols obtained in various atmospheric conditions showed that 

gfmix(RH) could as well be fitted well with a γ-law (Swietlicki et al., 2000; Birmili et al., 2004; 

Kasten, 1969; Gysel et al., 2009;  Putaud, 2012) as 

𝑔𝑓𝑚𝑖𝑥(𝑅𝐻) = (1 − 𝑅𝐻)𝛾    (8) 

Making  as the subject of equation (8) we get 

𝛾(𝑅𝐻) =
𝑙𝑛(𝑔𝑓𝑚𝑖𝑥(𝑅𝐻))

𝑙𝑛(1−𝑅𝐻)
    (9) 

 

The bulk hygroscopicity factor B under subsaturation RH conditions was determined using the 

relation: 

𝐵 = (1 − 𝑔𝑓𝑚𝑖𝑥
3 )𝑙𝑛𝑎𝑤    (10) 

 

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

The impact of hygroscopic growth on the optical properties of aerosols is usually described by the 

enhancement factor 𝑓𝜒(𝑅𝐻, 𝜆): 

𝑓𝜒(𝑅𝐻, 𝜆) =
𝜒(𝑅𝐻,𝜆)

𝜒(𝑅𝐻𝑟𝑒𝑓,𝜆)
     (11) 

 

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

95%, 98% and 99%. 

In general the relationship between 𝑓𝜒(𝑅𝐻, 𝜆) and RH is nonlinear (e.g. Jeong et al. 2007). In this 

paper we determine the empirical relations between the enhancement parameter and RH (Doherty 

et. al., 2005) as: 

𝑓𝜒(𝑅𝐻, 𝜆) =
𝜒(𝑅𝐻,𝜆)

𝜒(𝑅𝐻𝑟𝑒𝑓,𝜆)
= (

100−𝑅𝐻𝑟𝑒𝑓

100−𝑅𝐻
)

𝛾

   (12) 

 

The  known as the humidification factor represents the dependence of aerosol optical properties 

on RH, which results from the changes in the particles sizes and refractive indices 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 

(Quinn et al., 2005), a reasonable assumption for this data set due to the high ambient relative 

humidity during the field study. The  parameter is dimensionless, and it increases with increasing 

particle water uptake.  

Making  as the subject of equation(12) and 𝑅𝐻𝑟𝑒𝑓 = 0, we get 

𝛾(𝑅𝐻, 𝜆) = −
𝑙𝑛(𝑓𝜒(𝑅𝐻,𝜆))

𝑙𝑛(1−𝑅𝐻)
  (13) 

From previous studies, typical values of γ for ambient aerosol ranged between 0.1 and 1.5 (Gasso 

et. al., 2000; Quinn et al., 2005; Clarke et al., 2007). 

Two parameters empirical relation was also used (Jeong et. al., 2007; Hanel, (1976)) as; 

𝑓𝜒(𝑅𝐻, 𝜆) = 𝑎(1 − 𝑅𝐻)𝑏    (14) 

Equations (12) and (14) were verified at wavelengths 0.25, 0.45, 0.55, 0.70, 1.25, and 2.50µm. 

To determine the effect of particles distributions as a result of change in RH, 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 (Angstrom, 1961):  

𝜏(𝜆) = 𝛽𝜆−𝛼      (15) 
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The Angstrom exponent was obtained as a coefficient of the following regression, 

𝑙𝑛 𝜏(𝜆) = −𝛼𝑙𝑛(𝜆) + 𝑙𝑛𝛽    (16) 

However equation (16) 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 (King and Byrne, 1976; Eck et al., 1999; 

Eck. et al., 2001a, b,; Kaufman, 1993;O’Neill et al., 2001, 2003; Pedros et al, 2003; Kaskaoutis 

and Kambezidis, 2006; Schmid et al., 2003; Martinez-Lozano et al., 2001) as:  

ln(λ)=α2(lnλ)2 + α1lnλ + lnβ    (17) 

and then we proposed the cubic relation to determine the type of mode distribution as:  

lnX(λ)= lnβ + α1lnλ + α2(lnλ)2+ α3(lnλ)3  (18) 

  

where β, α, α1, α2, α3 are constants that were determined using regression analysis with SPSS16.0. 

for wondows. 

We also determined the exponential dependence of the aerosol optical thickness on relative 

humidity as done by Jeong et al. (2007) as; 

𝜏(𝑅𝐻) = 𝐴𝑒𝐵(𝑅𝐻/100)      (19) 

 

where A and B are constants determined using regression analysis with SPSS 16.0 and was 

computed at wavelengths 0.25, 1.25 and 2.50m. 

We finally determine the effect of hygroscopic growth on the effective refractive indices of the 

mixed aerosols using the following formula (Aspens, 1982): 
𝜀𝑒𝑓𝑓−𝜀0

𝜀𝑒𝑓𝑓+2𝜀0
= ∑ 𝑓𝑖

𝜀𝑖−𝜀0

𝜀𝑖+2𝜀0
𝑖     (20) 

The relation between dielectrics and refractive indices is 

𝑚𝑖 = √𝜀𝑖       (21) 

We also used another mixing rule formula that has been used in the several widely employed 

databases of aerosol optical properties (Heller, 1945; Wang and Martin (2007); Shettle and Fenn, 

1979; d’Almeida et al., 1991; Hess et al., 1998) as: 

 𝑚 = ∑ 𝑓𝑖𝑚𝑖𝑖      (22) 

 

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.  For the case of Lorentz-Lorentz (Lorentz, 1880; Lorentz, 

1880), the host material is taken to be vacuum, ε0 =1. 

We then proposed the fi to be mass mix ratios and number mix ratios, to determine the advantage 

of one over the other. 

The computations of equations (20), (21) and (22) were done using the complex functions of 

Microsoft Excel 2010. 
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RESULTS AND DISCUSSIONS 

 

 
Figure 1: A graph of Radiative forcing against wavelengths  

From figure 1, the RF at 0% RH is almost 0, with respect to wavelengths. But as the RH increases, 

the RF(cooling) also increases but the increase is more at shorter wavelength. The nature of the 

variations of the RF with RH and wavelengths at longer wavelengths shows the dominance of very 

hygroscopic and coarse particles. 

 

Table 2: the table of hygroscopic growth factors, effective radii, B (bulk hygroscopicity),  

(hygroscopicity) and  (Humidification factor), of the aerosols using number mix ratio. 

RH(%) 0 50 70 80 90 95 98 99 

gfmix(RH) 

equ (4) 
1.0000 1.1138 1.1731 1.2304 1.3522 1.5100 1.7628 1.9626 

reff (m) 

equ (5) 
0.0301 0.0465 0.0522 0.0573 0.0682 0.0828 0.1092 0.1353 

B equ (10)   0.2646 0.2191 0.1925 0.1551 0.1253 0.0905 0.0659 

  equ (7)   0.3818 0.2633 0.2156 0.1636 0.1286 0.0914 0.0663 

 equ(9)   -0.1555 -0.1326 -0.1288 -0.1310 -0.1376 -0.1449 -0.1464 

From table 2, it can be observe that there are increases in gfmix,and  reff, decreases in B and  while 

fluctuates with the changes in RH. 

 

The results of the parameterizations by one parameter of equations (6) and (8) using number mix 

ratio are: 

k=0.0737, R2= 0.9497  from equation (6) 

𝛾=-0.1420, R2= 0.9982 from equation (8) 

 

From the observations of R2, it can be seen that the data fitted the equations very well.  
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Table 3: the table of hygroscopic growth factors, effective radii, B (bulk hygroscopicity),  

(hygroscopicity) and  (Humidification factor), of the aerosols using volume mix ratio.  

 

RH(%) 0 50 70 80 90 95 98 99 

gfmix(RH) 

equ (4) 
1.0000 1.5598 1.7554 1.9332 2.3120 2.8193 3.7443 4.6648 

reff  (m) 

equ (5) 
0.5524 0.7616 0.8042 0.8381 0.9007 0.9699 1.0836 1.2040 

B equ (10)   1.9371 1.5726 1.3892 1.1967 1.0982 1.0403 1.0101 

  equ (7)   2.7947 1.8895 1.5563 1.2620 1.1268 1.0509 1.0152 

 equ(9)   -0.6413 -0.4674 -0.4096 -0.3640 -0.3460 -0.3375 -0.3344 

From table 3, it can be observe that there are increases in gfmix, reff and , while there are decreases 

in B and  with the changes in RH. 

 

The results of the parameterizations by one parameter of equations (6) and (8) using volume mix 

ratio are: 

k= 1.0279 , R2= 0.9983 from equation (6) 

𝛾= -0.3496  , R2= 0.9885 from equation (8) 

 

From the observations of R2, it can be seen that the data fitted the equations very well.  

 

Table 4: the table of hygroscopic growth factors, effective radii, B (bulk hygroscopicity),  

(hygroscopicity) and  (Humidification factor), of the aerosols using mass mix ratio. 

RH(%) 0 50 70 80 90 95 98 99 

gfmix(RH) 

equ (4) 
1.0000 1.5564 1.7513 1.9286 2.3077 2.8149 3.7399 4.6604 

reff  (m) 

equ (5) 
0.5649 0.7575 0.8023 0.8357 0.8979 0.9675 1.0821 1.2019 

B equ (10)   1.9202 1.5591 1.3775 1.1894 1.0927 1.0366 1.0073 

  equ (7)   2.7702 1.8734 1.5433 1.2543 1.1212 1.0471 1.0123 

 equ(9)   -0.6382 -0.4654 -0.4081 -0.3632 -0.3455 -0.3372 -0.3342 

From table 4, it can be observe that there are increases in gfmix, reff and , while there are decreases 

in B and  with the changes in RH. 

 

The results of the parameterizations by one parameter of equations (6) and (8) using mass mix 

ratio are: 

k=1.0248, R2= 0.9984  from equation (6) 

𝛾=-0.3492, R2= 0.9887 from equation (8) 

 

From the observations of R2, it can be seen that the data fitted the equations very well.  
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Figure 2: a graph of gfmix against RH using number, volume and mass mix ratios using the data 

from tables (2), (3) and (4). 

 

From figure 2 it can be observed that gfmix using volume and mass mix ratios are the same, but has 

lower values using number mix ratios. All the plots satisfy power law. 

 
Figure 3: a graph of effective radii against RH using number, volume and mass mix ratios using 

the data from tables (2), (3) and (4). 

 

Figure 3 shows that reff using volume and mass mix ratios are the same but number mix ratios has 

lower values It also shows that using volume and mass mix ratios, the reff increases faster with the 

increase in RHs, compared to number mix ratios. They also satisfy power law. 
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Figure 4: a graph of B (bulk hygroscopicity) against RH using number, volume and mass mix 

ratios using the data from tables (2), (3) and (4). 

 

From figure 4, it can be seen that B has higher values using volume and mass mix ratios than 

number mix ratio, and decreases with the increase in RH in almost power law form. 

 
Figure 5: a graph of  (hygroscopicity) against RH using number, volume and mass mix ratios 

using the data from tables (2), (3) and (4). 

 

From figure 5, it can be seen that  decreases with the increase in RH in a nonlinear form. It can 

also be observe that number mix ratio has the least while mass and volume mix ratio have the 

higher values. 
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Figure 6: a graph of  against RH using number, volume and mass mix ratios using the data from 

tables (2), (3) and (4). 

 

From figure 6, it can be seen that  has least in magnitude using number mix ratio, while it has the 

higher magnitude using volume and mass mix ratios. 

 

 
Figure 7: A graph of optical depth against wavelengths 

 

From figure 7 as from 0% to 90% RH, the optical depth decreases monotonically with wavelengths 

and increases with the increase in the RH as a result of the hygroscopic growth. But as the RH 

increases from 95 to 99% RH the optical depth the monotonically behavior continue to decrease 

with respect to wavelength and RH. This behavior may be attributed to the dominance of coarse 

mode and very hygroscopic particles, which increases with the increase in RH. The behavior of 

the power law decreases with the increase in RHs, This also signifies the increase in the dominance 

of coarse particles with the increase in RH. 

 

Using the data for plotting figure 7, the results of exponential relation between optical depth and 

RHs using equation (19) are: 

At λ=0.25, A= 0.0706, B= 1.5866, R2= 0.6955  

At λ=1.25 μ, A= 0.0171, B= 2.4981, R2= 0.7829   
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At λ=2.50 μ, A= 0.0057, B= 3.2321, R2= 0.7906  

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

in wavelengths, and this signifies the dominance of coarse and very hygroscopic particles. 

 

Table 5 the results of the Angstrom coefficients for optical depth using equations (16), (17) and 

(18) at the respective relative humidities using regression analysis with SPSS16 for windows. 

RH 

(%) 

Linear Quadratic Cubic 

R2 α R2 α1 α2 R2 α1 α2 α3 

0 0.9828 1.0064 0.9991 -1.0946 -0.1920 0.9997 -1.0553 -0.2369 -0.0588 

50 0.9755 0.6905 0.9921 -0.7517 -0.1332 0.9980 -0.6623 -0.2351 -0.1336 

70 0.9751 0.6167 0.9889 -0.6666 -0.1088 0.9969 -0.5737 -0.2148 -0.1390 

80 0.9753 0.5610 0.9864 -0.6018 -0.0890 0.9959 -0.5100 -0.1937 -0.1373 

90 0.9773 0.4658 0.9828 -0.4897 -0.0521 0.9938 -0.4076 -0.1458 -0.1228 

95 0.9806 0.3777 0.9812 -0.3839 -0.0136 0.9914 -0.3201 -0.0864 -0.0954 

98 0.9791 0.2773 0.9833 -0.2650 0.0269 0.9872 -0.2356 -0.0066 -0.0438 

99 0.9684 0.2137 0.9871 -0.1935 0.0440 0.9873 -0.1883 0.0382 -0.0077 

 

At 0% RH, the value of  is greater than 1, and this signifies the dominance of fine particles. But 

as the RH increases, it continues to decrease signifying the dominance of coarse and very 

hygroscopic particles. From the quadratic part, the negative curvature (2) decreases with the 

increase in RH and become positive and increase further and this also signifies increase in the 

effective radii of the coarse particles with the increase in RH. This increase can be observed in 

tables (2), (3) and (4) where it can be seen that the effective radii increase with the increase in 

RHs. The cubic part signifies mode distributions as bi-modal. 

 
Figure 8: A graph of enhancement parameter for optical depth against wavelengths  

 

Figure 8 shows that the enhancement factors increase with the increase in RH and wavelengths in 

almost power law form. One interesting phenomena is that at the near infrared region up to the 

infrared it can be seen that the enhancement is higher with the increase in RH and wavelengths. 

This signifies the dominance of coarse and very hygroscopic particles. 
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The results of the fitted curves of equations (12) and (14) using the data for plotting figure 8 are 

presented as follows; 

For a single parameter using equation (12). 

At λ=0.25μ, γ= 0.4076, R2= 0.9984  

At λ=0.45μ, γ= 0.4694, R2= 0.9979   

At λ=0.55 μ, γ= 0.4983, R2= 0.9974   

At λ=0.70 μ, γ= 0.5367, R2= 0.9959 

At λ=1.25 μ, γ= 0.6639, R2= 0.9906  

At λ=2.50 μ, γ= 0.8545, R2= 0.9922  

For two parameters using equation (14). 

At λ=0.25μ, a= 1.0294, b= -0.3985, R2= 0.9934  

At λ=0.45μ, a= 1.0815, b= -0.4449, R2= 0.9936 

At λ=0.55 μ, a= 1.1197, b= -0.4629, R2= 0.9941 

At λ=0.70 μ, a= 1.2004, b= -0.4795, R2= 0.9952 

At λ=1.25 μ, a= 1.4594, b= -0.5455, R2= 0.9983 

At λ=2.50 μ, a= 1.5576, b= -0.7157, R2= 0.9985  

 

For both one and two parameters, the values of R2 signify excellent relation and the increase in the 

exponents signifies increase in relation with wavelength. This signifies the dominance of coarse 

and very hygroscopic particles. 

 
Figure 9 a graph of  against wavelength using equation (13) 

 

Figure 9 shows increase in  with the increase in RHs and wavelengths, and the increase is more 

significant at higher RHs and wavelengths. This also signifies the dominance of coarse and very 

hygroscopic particles. 
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Figure 10: A graph of extinction coefficients against wavelengths 

 

From figure 10, comparing figure 10 with 7, it can be observe that they are the same, with values 

of the plots in figure 10 having higher than those of figure 7. 

 

Using the data for plotting figure 10, the results of exponential relation between extinction 

coefficient and RHs using equation (19) are: 

At λ=0.25, A= 0.0461, B= 2.0425, R2=0.7577  

At λ=1.25 μ, A= 0.0160, B= 2.6992, R2=0.7927 

At λ=2.50 μ, A= 0.0060, B= 3.3224, R2=0.8142   

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

in wavelengths, and this signifies the dominance of coarse and very hygroscopic particles. 

 

Table 6 the results of the Angstrom coefficients for extinction coefficient using equations (16), (17) 

and (18) at the respective relative humidities using regression analysis with SPSS16 for windows. 

RH 

(%) 

Linear Quadratic Cubic 

R2 α R2 α1 α2 R2 α1 α2 α3 

0 0.9744 0.7864 0.9965 -0.8670 -0.1754 0.9995 -0.7940 -0.2587 -0.1092 

50 0.9490 0.5400 0.9813 -0.6077 -0.1475 0.9973 -0.4911 -0.2806 -0.1745 

70 0.9478 0.4860 0.9766 -0.5438 -0.1257 0.9958 -0.4292 -0.2565 -0.1714 

80 0.9500 0.4471 0.9739 -0.4954 -0.1051 0.9948 -0.3854 -0.2306 -0.1645 

90 0.9561 0.3792 0.9699 -0.4103 -0.0676 0.9924 -0.3136 -0.1779 -0.1446 

95 0.9661 0.3152 0.9691 -0.3272 -0.0260 0.9877 -0.2546 -0.1088 -0.1085 

98 0.9738 0.2374 0.9761 -0.2296 0.0170 0.9836 -0.1949 -0.0225 -0.0518 

99 0.9663 0.1845 0.9833 -0.1678 0.0363 0.9839 -0.1602 0.0277 -0.0113 

From table 6, at 0% RH, the value of  is less than 1, and this signifies the dominance of coarse 

particles. The remaining observations are the same as those in table (5). 
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Figure 11: A graph of enhancement parameter for extinction coefficients against wavelengths  

From figure 11, comparing figure 11 with 8, it can be observe that they are the same, with values 

of the plots in figure 11 having higher than those of figure 8. 

 

The results of the fitted curves of equations (12) and (14) using the data for plotting figure 11 are 

presented as follows; 

For a single parameter using equation (12), 

At λ=0.25μ, γ= 0.5350, R2= 0.9955  

At λ=0.45μ, γ= 0.5853, R2= 0.9942   

At λ=0.55 μ, γ= 0.6045 , R2= 0.9930  

At λ=0.70 μ, γ= 0.6318, R2= 0.9909  

At λ=1.25 μ, γ= 0.7235, R2= 0.9860  

At λ=2.50 μ, γ= 0.8807, R2= 0.9905  

For two parameters using equation (14), 

At λ=0.25μ, a= 1.2262, b= -0.4712, R2= 0.9978  

At λ=0.45μ, a= 1.2907, b= -0.5054, R2= 0.9972  

At λ=0.55 μ, a= 1.3381, b= -0.5132, R2= 0.9973 

At λ=0.70 μ, a= 1.4228, b= -0.5214, R2= 0.9978 

At λ=1.25 μ, a= 1.6628, b= -0.5643, R2= 0.9992  

At λ=2.50 μ, a= 1.6570, b= -0.7225, R2= 0.9988 

 

For both one and two parameters, the values of R2 signify excellent relation and the increase in the 

exponents signifies increase in relation with wavelength. This also signifies the dominance of 

coarse and very hygroscopic particles. 
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Figure 12: a graph of  against wavelengths using equation  (13). 

Figure 12 is similar to figure 9, but  for figure 12 is higher than that of figure 9 and more sparsely 

separated. 

 
Figure 13: A graph of scattering coefficients against wavelengths 

From figure 13, comparing figure 13 with figures 10 and 7, it can be observe that they are similar. 

 
Figure 14: A graph of scattering enhancement against wavelengths 
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From figure 14, comparing figure 14 with figures 11 and 8, it can be observe that they are similar.  

 
Figure 15: A graph of absorption coefficients against wavelengths 

 

From figure 15, it can be seen that the absorption coefficients decreases monotonically with the 

increase in wavelengths at the spectral interval of 0.25 to 1.25m and is almost independent of 

RHs. But at higher wavelengths the monotonical behavior continues up to approximately 80% RH, 

but after that, it became non monotonical and increase more with the increase in wavelengths and 

RHs. It also shows that power law can be obeyed only at 0 to 80% RHs. This signifies the 

dominance of coarse particles. 

 

 
Figure 16: A graph of absorption enhancement against wavelengths 

 

Figure 16 shows that it is almost 1 as from 0.25µm to 1.25µm and is independent of RH, but as 

from 1.25µm it increases with the increase in wavelength and RHs in a non-linear form. This shows 

the dominance of coarse particles. 
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Figure 17: A graph of Asymmetric parameter against wavelengths 

 

Figure 17 shows that hygroscopic growth has caused increase in scattering in the forward direction 

especially at shorter wavelength and longer wavelengths. Its relation with wavelengths and RH is 

non-linear. This can be attributed to high hygroscopicity of these aerosols particles and probably 

due to internal mixing. 

 
Figure 18: A graph of Single Scattering albedo against wavelengths 

 

From figure 18, it can be observe that the plots are non-linear between single scattering albedo 

with RH and wavelengths. It also shows that as the RH increases, scattering became more 

dominant at shorter wavelengths while at larger wavelengths, absorptions increases with 

wavelengths. This is in line with was observed in figure 15. 
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Figure 19: A plot of real effective refractive indices against wavelength using equation 20. 

 

Figure 19, the non-liner relationship between the real effective refractive indices and wavelengths 

at 0% RH signifies the dominance of coarse particles. But as the RH increases, its behaviors with 

respect to wavelengths and RHs show that the mixtures are internally mixed, probably, because all 

the particles are very hygroscopic. Also, probably because the hygroscopic particles are acting as 

cloud condensation nuclei to soot, that is why its presence is not shown. 

 
Figure 20: A plot of imaginary effective refractive indices against wavelength using equation 20. 

 

Figure 20 shows that hygroscopic growth causes decrease in the imaginary refractive indices with 

the increase in RH. It behavior with wavelength at 0% RH signifies the dominance of coarse 

particles, but as the RH increase it can be observe that change to the extent that the plots are 

becoming more at the spectral interval of 0.3 to 1.25. The behaviors of the plots with respect to 

wavelength and RH as the RH increases shows that the mixture may be externally mix with respect 

to effective imaginary refractive indices, because of the presence of soot which is not soluble in 

water  and has higher imaginary refractive indices. 
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Figure 21: A plot of real effective refractive indices against wavelength using equation 22. 

 

From figure 21, comparing figure 21 with 19, it can be seen that they are similar. 

 
Figure 22: A plot of imaginary effective refractive indices against wavelength using equation 22. 

From figure 22, comparing figure 22 with 21, it can be seen that they are similar. 

 

CONCLUSIONS 

Comparing the three types of gfmix obtained, it can be seen that using volume and mass mix ratios 

gave better representations of the mixture. These also imply that optical effects of atmospheric 

aerosols are also more closely related to their volume than their number (Whitby, 1978; Seinfeld 

and Pandis , 1998). From the magnitude of the gfmix(RH) observed, it is assumed that the high 

number fraction of water soluble and sea salt accumulation mode is responsible for its high value.  

The relations between optical and microphysical properties with RH are such that at the 

deliquescence point (95 to 99%) this growth with higher humidities increases substantially, making 

this process strongly nonlinear with relative humidity (Fitzgerald, 1975; Tang, 1996; Kuś 

mierczyk-Michulec, 2009).  

 

The characteristics of  hygroscopic growth together with the asymmetric parameters show that 

smaller particles and very hygroscopic coarse particles reveal an immense potential of light 
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scattering enhancement in the forward scattering and the potential for the coarse and very 

hygroscopic particles of being highly effective cloud condensation nuclei. It also shows that the 

mixture is internally mixed for coarse particles because of the nature of the increase in scattering 

as a result of the hygroscopic growth (Wang and Martin, 2007) and the increase in absorption 

despite decrease in effective imaginary refractive indices. Therefore, the behavior of internal 

mixing and the relative importance of the humidity dependences of particle size and index of 

refraction on the aerosol scattering coefficient for a given substance depends on RH and on the 

sizes of the particles that provide the dominant contribution to the scattering. 

 

Despite the excellent relation shown for k and  using equations (6) and (8), but by observing their 

values using equations (7) and (9) in tables (2), (3) and (4), it can be observed that the values of 

these parameters in equation (6) and (8) could seriously underestimate those of equation (7) and 

(8) most especially at lower RHs. Therefore, based on these observations and the observations of 

hygroscopic parameters in tables (2), (3) and (4), show that all of hygroscopic parameters are 

always dependent on RH. The modeling of gfmix with equations (6) and (8) show excellent relation 

because of the values of R2, and all converge to 1 as the RH or aw approach 0. The values of R2 for 

equation (6) is always less than that of equation (8), and this may be attributed to the kelvin effect 

of equation (6) which was neglected. 

 

From the modeling of the enhancement parameters using equations (12) and (14), it can be observe 

that there is a very excellent relation. However, based on convergence the convergence behavior 

of the two models as RH approaches 0, it can be seen that equation (12) is better, because at this 

limit it approaches 1, which is what it is supposed to be. 

 

Jeong et al. (2007) demonstrated an exponential dependence of the aerosol optical thickness on 

relative humidity. The behavior of exponential relation between optical depth and extinction 

coefficients with RH, show that it is sensitive to the change in the effective radii and depends on 

the particles that provide the dominant contribution to scattering.  

 

The decrease in the Angstrom coefficients in a non-linear form and the decrease in curvature with 

RH is in line with the increase in the effective radii with the increase in RH. As a consequence of 

such a non-uniform increase, the Ångström coefficient also becomes a function of RH. The 

observed variations in Angstrom coefficients can be explained by changes in the effective radii of 

the mixture resulting from changes in RH: the smaller the number of small aerosol particles, the 

larger the effective radius and the smaller the Angstrom coefficient. The hygroscopic growth 

behaviors and the coarse nature of the marine tropical aerosols reveal an immense potential of light 

scattering enhancement at longer wavelength and at high humidities and the potential for being 

highly effective cloud condensation nuclei. 

 

About the two formulas used for the computations of the effective refractive indices, it can be 

concluded that they are the same, because they gave almost similar plots at the same computational 

platform that is, they display the same information. They show that refractive index is highly 

variable depending on the chemical compositions of aerosols and the type of the mixing state 

(d’Almeida et al., 1991). 
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Finally, the data fitted our models very well and can be used to extrapolate the hygroscopic growth 

at any RH and enhancement parameters at any RH and wavelengths.  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. 
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