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ABSTRACT 

We study the aerosol radiative forcing (RF) at visible wavelengths (0.40 m to 0.75m) and 

relative humidity (RH) 0, 50, 70, 80, 90, 95, 98, and 99% using data from the Optical Properties 

of Aerosol and Clouds software. The primary influence on direct radiative forcing by aerosols 

are its wavelength dependence scattering, absorption and extinction coefficients, asymmetric 

parameter, single scattering albedo and other optical parameters which also depend strongly on 

relative humidity (RH). The dependence of optical depth on wavelengths is quantified in terms 

of Angstrom exponent, which provides information on the sizes of particles that are dominant in 

contributing to the optical depths and the RFs. In terms of these parameters, Saharan aerosols 

were analysed in this paper and several findings were determined. One of the finding showed 

that the Angstrom exponent increases from 0.0466 to 0.3395 as a result of hygroscopic growth 

and also that, increase in RH has caused mode size growth. The analysis further shows that these 

aerosols have Junge type of size distributions and are dominated by coarse mode particles 

distribution. 

INTRODUCTION 

Aerosol particles contribute a lot in global and regional climate change by backscattering and 

absorbtion of solar radiation [1,2]. It has been speculated that aerosol particles could contribute 

to global and regional dimming [3,4] and a change in regional precipitation [5]. Dust aerosols 

from the original source regions can be transported thousands of kilometers away [6-9]. 
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Among all the different types of atmospheric aerosols, desert dust is of primary importance, first 

of all, because the extension of its potential source areas covers about one-third of the terrestrial 

surface; a further aspect which renders the desert aerosol one of the most prominent aerosol 

types is the long-range atmospheric transport due to strong winds and convective processes [10]. 

To better understand the radiative forcing, analysis of aerosol optical properties and their 

dependency on relative humidity (RH) is needed [11-13]. Hygroscopicity is one of the most 

important fundamental properties of atmospheric aerosols. By absorbing water, atmospheric 

hygroscopic aerosols change their sizes and chemical compositions, thereby affecting their 

deposition characteristics, size distributions, radiative properties, and chemical reactivity. The 

change in for example light-scattering (or  extinction, optical depth, absorption, single scattering 

albedo, asymmetric parameters ) by aerosols with RH at a specific wavelength, f(RH, λ), 

(hygroscopic growth factor or humidification factor), has been considered an important 

parameter to estimate and describe the nature of aerosol Radiative forcing [2,12,14-19] and to 

understand the cause of visibility degradation due to aerosols [20-22] showed from laboratory 

and aircraft campaign that dust particles can initiate ice formation at relatively warm and dry 

conditions in the atmosphere. This effect has been observed in Saharan dust plumes. 

In this paper the data about the optical and microphysical properties for the Saharan dust at 

visible region (0.4 to 0.75μm) are extracted from OPAC. Radiative forcing at different 

wavelength and Relative humidity are calculated and plotted. To better understand and be able to 

analysed the nature and the type of interaction of particles in the Saharan aerosols, the effective 

refractive indices, optical depths, single scattering albedo, asymmetric parameters and  extinction 

scattering and absorption coefficients are analysed  with respect to wavelength and relative 

humidities. 
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METHODOLOGY 

The data used for the Saharan aerosols are derived from the Optical Properties of Aerosols and 

Clouds (OPAC) data set [23]. In this, a mixture of four components is used to describe desert 

aerosols: a water soluble components (WASO), and three mineral components of different sizes 

– mineral nucleation mode (MINM), mineral accumulation mode (MIAM) and mineral coarse 

mode (MICM). 

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

calculated using the equation derived by [24] 

     
  

 
    
 (   )*(   )              +     (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 [25]. 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 [26] 

  
(  
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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 [25] and  cloudness N=0.6. 

To determine the effective refractive indices the following formula is used for the four mixed 

aerosols [27]: 
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Where fi and εi are the volume fraction and dielectric constant of the i
th

 component and ε0 is the 

dielectric constant of the host material. For the case of Lorentz-Lorentz [28,29], the host material 

is taken to be vacuum, ε0 =1. 

The spectral behavior of the aerosol optical thickness, scattering, absorption, and extinction 

coefficients can be used to obtain some information regarding the size distribution by just 

looking at the Angstron coefficient exponent that expresses the spectral dependence of aerosol 

optical depth (τ), scattering (σscat), absorption (σabs) and extinction (σext) coefficients, with the 

wavelength of light (λ) as inverse power law:  

X(λ)=βλ
-α

        (4) 

Where the wavelength dependence X(λ) (can be aerosol optical depth (τ), scattering (σscat), 

absorption (σabs) and extinction (σext) coefficients). But since τ is the simplest and more 

significant magnitude to characterize the columnar atmospheric aerosol load [30], X(λ) is 

replaced by τ(λ), which can be characterized by the Angstron parameter, which is a coefficient of 

the following regression: 

ln τ(λ) = -αln(λ) + lnβ       (5) 

where β and α are the turbidity coefficient and the shaping factor, respectively [31,32]. The 

turbidity coefficient  is a proportionality constant relating the optical depth and the wavelength. 

The shaping factor α provides a measure of how rapidly aerosol optical depth τ changes with 

wavelength and also relates to the size of particles. The value of α depends on the ratio of the 

concentration of large to small aerosols and β represents the total aerosol loading in the 

atmosphere. So α and β can also be used to describe the size distribution of aerosol particles and 
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the general haziness of the atmosphere. Larger particles generally correspond to smaller α, 

whereas smaller particles generally correspond to larger α. According to [33] a low (down to 0) is 

a sign of large dust particles; a high (up to 2) corresponds to small smoke particles. According to 

[34], typical values of the shaping factor are larger than 2.0 for fresh smoke particles and close to 

zero for Sahelian Saharan dust particles.  The dust studies seem to yield shaping factors in the 

range of approximately 0.2, whereas particles produced from biomass burnings yielded shaping 

factors around 1.5 and higher. The formula is derived on the premise that the extinction of solar 

radiation by aerosols is a continuous function of wavelength, without selective bands or lines for 

scattering or absorption [35].  

To quantify the water uptake at sub-saturated conditions, we define the hygroscopic growth 

factor (HGF) as the ratio of the radii of the mixture at a given RH (RRH), to the original dry 

radius Rdry, which is at an RH=0%, [36-38]: 

    
   

    
        (6) 

In this paper, HGF is calculated at 50, 70, 80, 90, 95, 98 and 99% RH. The HGF is subdivided 

into three different classes with respect hygroscopicity. One classification is based on diameter 

growth factor by [37, 39] as Barely Hygroscopic (BH; GF = 1.0–1.11), Less Hygroscopic (LH; 

GF = 1.11–1.33), More Hygroscopic (MH; GF = 1.33–1.85) . 

The hygroscopic growth of aerosols also influences the particle size distribution and refractive 

indices and hence, several key optical properties of aerosols (e.g., scattering, extinction and 

absorption coefficients, single scattering albedo, asymmetry parameter, and aerosol optical 

depth) that are relevant to aerosol radiative forcing estimates [11-13]. 
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The aerosol hygroscopic growth factor, f(RH, ), that describes the ratio of aerosol light 

extinction  between two different RH values at different wavelengths was calculated from the 

following [40]: 

 (    )  
    (        )

    (       )
 (

         

          
)
 

     (7) 

Where γ is referred to as the aerosol hygroscopicity factor. Hygroscopic properties of aerosol 

particles describe the interactions between particles and surrounding water vapor including the 

critical size needed to activate the growth of a particle into a cloud droplet by water vapor 

condensation in given conditions. 

RESULTS AND DISCUSSIONS 
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Figure 1: A graph of radiative forcing against wavelengths 

Figure 1 shows that RF follows a relatively smooth decrease with wavelength for cases 0 to 80% 

RH, but as from 90% to 99% RH the graphs curved upward (the deliquescence point). It also 

shows that RF (cooling) increases with the increase in RH. The main reason is that, as a result of 

hygroscopic growth and/or coagulation, fine particles scatter more light than coarse particles. 

The relation of RF with RH is such that at the deliquescence point (90 to 99%) this growth with 
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higher humidities increases substantially, making this process strongly nonlinear with relative 

humidity [36,41]. 
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Figure 2: A plot of effective real refractive indices against wavelength 

From figure 2 it can be seen that real effective refractive indices decreases with relative 

humidities.  The relation of effective real refractive indices with RH is such that at the 

deliquescence point (90 to 99%) this decrease with higher humidities increases substantially, 

making this process strongly nonlinear with relative humidity [36, 41]. 

It is however constant in wavelength except at 95%, 98% and 99% where slight decreases can be 

seen, and these correspond to non-spherical particles (coarse particles) as pointed out by [42]. 

These variations may also be due to variations in the mixing state of different components of the 

aerosols due to changes in RH. 
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Figure 3: A graph of Scattering coefficients against wavelength. 

Figure 3 shows that scattering increases with increasing RH. The relation of scattering 

coefficients with RH is such that at the deliquescence point (90 to 99%) this growth with higher 

humidities increases substantially, making this process strongly nonlinear with relative humidity 

[36,41,43,44]. The relation of scattering with wavelength is such that the relation between 

scattering coefficients is increasing with wavelength (positive slope), but as the RH increases the 

relation is decreasing until at 90% where it becomes straight but later started to be decreasing 

with the increase in wavelength up to 99%. This has happened because as a result of hygroscopic 

growth, smaller particles at shorter wavelength scatter more light than bigger (coarse) particles. 
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Figure 4: A plot of effective imaginary refractive indices against wavelengths 

From figure 4, it can be seen that the relation between effective imaginary refractive indices with 

λ at RH=0 is that it increases smoothly upwards with the increase in wavelength, but as a result 

of hygroscopic growth it can be seen that it decreases in magnitude with RH from 0.4µm to 

0.55µm but constant per wavelength. The nature of the graphs may be due to variations in the 

mixing state of different components of the aerosols due to the changes in RH. It is constant from 

0.6µm to 0.75 µn both with respect to wavelength and RH. 
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Figure 5: a graph of Absorption coefficients against wavelengths. 

This shows that absorption coefficient is independent of hygroscopic growth and mode size 

distribution increase, but decreases smoothly with the increase in wavelengths. It can satisfy 

power law (equations 4 and 5). 
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Figure 6: A graph of optical depth against wavelengths. 

Figure 6 shows that the optical depth follows a relatively smooth decrease with wavelength for 

all cases and can be approximated with power law wavelength dependence (Optical Depth 

Angstrom Exponent or ODAE). This is in agreement with equations (4) and (5). From the figure 

it can be seen that there is a decrease in optical depth from 0% RH to 50%RH, which reflects 

decrease in mode size distributions as a result of hygroscopic growth. But as the RH increases 

there is an increase in optical depth which also results in the increase in mode size distributions. 

It is evident from the figure that there is relatively strong wavelength dependence of optical 

depth at shorter wavelengths that gradually decreases towards longer wavelengths irrespective of 

the RH, attributing to the presence of fine particles. The presence of a higher concentration of the 

fine-mode particles which are selective scatters enhances the irradiance scattering in shorter 

wavelength only while the coarse-mode particles provide similar contributions to the AOD at 

both wavelengths [45]. It also shows that as a result of hygroscopic growth fine particles have 

more impact the coarse particles at smaller wavelengths. The relation of AOD with RH is such 

that at the deliquescence point (90 to 99%) this growth with higher humidities increases 

substantially, making this process strongly nonlinear with relative humidity [36,41]. It also 
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shows that power law (Junge power law) is well fitted in this spectral range as in [46]. A higher 

RH could obviously cause the particles’ hygroscopic increase, which could result in greater 

extinction and a larger volume of fine particles. 

Table 1: The results of the Angstron coefficients (from equation 5) at the respective relative 

humidities using regression analysis with SPSS15. 

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

 0.0466 0.0842 0.1038 0.12321 0.1653 0.2182 0.2934 0.3395 

 3.7937 3.1575 3.1743 3.1947 3.2530 3.3632 3.6283 3.9210 

R
2
 0.965 0.984 0.988 0.991 0.995 0.998 1.000 1.000 

The observed variations in Ångström coefficients can be explained by changes in the effective 

radius of a mixture resulting from changes in RH: the larger the number of small aerosol 

particles, the smaller the effective radius and the larger the Ångström coefficient. From table 1 it 

can be seen that the value of α is less than 1, which reflect the dominance of large particles and 

the increase of α with the increase in RH happens as a result of hygroscopic growth. The high 

AOD is linked to a hygroscopic and/or coagulation growth from the fine aerosols. Furthermore, 

the fine mode aerosols have hydrate and coagulated characters that can make them to become 

large particles, causing the AOD to increase and/or to decrease. An increase in AOD with an 

increasing α as a result of change in RH, reflects the presence of fine particles in the aerosol size 

distribution. There is observational evidence that Ångström exponents decrease in value as 

particles grow hygroscopically [47].  

Table 2: Values of Hygroscopic growth factor (HGF) equation(6), RH and volume mix ratio of 

WASO. 

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

HGF 1.000 1.002 1.003 1.004 1.006 1.008 1.011 1.014 

WASO(Vol. Mix %) 1.710 3.186 4.060 4.980 7.160 10.400 16.500 21.800 

Table 2 is obtained using equation (6). It can be concluded that this mixture is barely 

hygroscopic (BH). This is not surprising because the percentage of WASO which is the part 
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responsible for water absorption component is very small. At the deliquescence point this growth 

with higher humidities increases substantially, making this process strongly nonlinear with 

relative humidity [36, 41]. 
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Figure 7: A graph of hygroscopic growth factor against wavelength (equation(7)). 

Figure 7 shows a relatively smooth decrease with wavelength for all cases and can be 

approximated with power law wavelength dependence (equation 4). The relation of f(RH, λ) 

with RH is such that at the deliquescence point (90 to 99%) this growth with higher humidities 

increases substantially, making this process strongly nonlinear with relative humidity [36, 41]. 

This shows that power law (Junge power law) is well fitted in this  spectral ranges as in [46]. 
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Figure 8: A graph of Gamma against wavelengths 

Form figure 8, gamma which is described as the degree of hygroscopicity of aerosols with RH 

shows that the hygroscopicity is higher between 0and 50% RH than 0 to 70 and 0 to 80%.  

However the hygroscopicity started increasing with RH from 0 to 70, with a value of 0.06 to a 

maximum of 0.13 at 99% and at 0.4µm. The graph also shows that hygroscopicity decreases 

smoothly with the increase in wavelengths. This also satisfies power law. Also since γ is less 

than 1, this impies that the mixture is barely hygroscopic as can be seen in table 2. 
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Figure 9: A graph of single scattering albedo against wavelengths.  

Figure 9 shows that single scattering albedo increases smoothly with wavelength. This matches 

with the increase of scattering more than absorption. The relation of single scattering albedo with 

RH is such that at the deliquescence point (90 to 99%) this growth with higher humidities 

increases substantially, making this process strongly nonlinear with relative humidity [36, 41]. 

This also demonstrates the reason why Radiative cooling is increasing with RH. The inferred 

single scattering albedo lies in the range of 0.87 to 0.94, indicating significant aerosol scattering. 
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Many studies emphasize the importance of SSA , which represents the relative contribution s of 

aerosol scattering and absorption, in affecting the Earth-atmosphere radiation budget [48]. 

Aerosols with large SSA scatter the incoming solar radiation, cooling the atmosphere and 

surface. It is also discussed by [42, 49] that single scattering albedo increases with wavelength 

for dust particles. Such increase in SSA with wavelength is found to be common [50]. 
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Figure 10: a graph of Asymmetry parameter against wavelengths. 

This graph signifies the dominance of large particles as explained in figure 3. It also shows that 

the small particles scatter more light in the forward direction than backward. Its relation with RH 

shows that hygroscopic growth enhances scattering in the forward direction. 

CONCLUSION 

Analysis of the results showed that at 0% RH the radiative cooling increase steeply with 

wavelength, but at 50% the radiative cooling decreases which is in comparison with the decrease 

in optical depth and mode size distribution as shown in figure 6. As the RH increase the radiative 

cooling continued to increase which corresponds to increase in optical depth and mode size 

distributions. From the Angstrom coefficient, it increases with the increase in RH as a result of 
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hygroscopic growth and less than 1 throughout, which indicate that the particle distribution is 

dominated by coarse mode particles and it also satisfy power law type size distribution. The 

overall analyses led to the conclusion that the global mean short-wave radiative forcing is 

proportional to optical depth and mode size distributions and is negative due to the 

predominantly scattering nature of these aerosols in this solar spectral range as a result of the 

dominance of coarse particles. 
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