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ABSTRACT 

We study the radiative forcing of Saharan aerosols at the near infrared region (1.0 m to 4.0m) 

using data from the Optical Properties of Aerosol and Clouds software . Radiative forcing at 

different wavelengths and Relative humidities are calculated and analysed. We also analysed the 

effective refractive indicies, optical depths, single scattering albedo, and extinction, scattering 

and absorption coefficients able to enable us to understand the nature of the particles and their 

size distributions. From the analysis, it was discovered that radiative forcing (in a form of 

cooling) increases with the increase in relative humidities (RH) and is dependent on wavelengths 

and the types of particle size distributions. The value of Angstrom constant at 0% RH reflects the 

dominance of large particles. But as the RH increases the parameter continues to increase 

indicating the increase in the concentrations of smaller particles due to the sedimentation of 

larger particles. This is because as the RH increases, large particles continue to sediment which 

results in the increase in the concentrations of smaller particles that causes decrease in effective 

radii which results  in the increase in Angstrom constant and increase in radiative cooling. The 

analysis of the Angstrom coefficients and the nature of the increase in radiative cooling showed 

the dominance of large particles. The analysis of optical depth  with wavelengths together with 

the comparison with scattering and absorption coefficients, hygsroscopicity factor  and 

humidification factor it is discovered that the particles have bimodal type of size distributions 

with majority satisfying Junge type of distribution with a small component of larger particles 

satisfying lognormal.  
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INTRODUCTION 

The Sahara is a major source of dust aerosols [1] and the dust transport from the Sahara is an 

important climatic process [2-5]. The aerosols reflect the incoming solar radiation to space, 

thereby reducing the amount of sunlight available to the ground. This is called the „direct‟ 

radiative effect of aerosols. The aerosols also serve as cloud condensation nuclei and change the 

cloud albedo and microphysical properties of clouds, which is called the „indirect‟ radiative 

effect. The effect of aerosols is comparable in magnitude but opposite in sign to that of the 

greenhouse effect [6]. While the effect of aerosols is to reduce the surface temperature, the 

increase in greenhouse gases increases the surface temperature [3]. The magnitude of the global 

mean radiative forcing of dust aerosols is comparable to that of anthropogenic aerosols from 

sulphate and biomass combustion [7,8]. There are considerable uncertainties in estimating the 

radiative effects of dust aerosols. The net radiative forcing at the top-of-atmosphere (TOA) could 

be either positive or negative, depending on several key variables such as surface albedo, particle 

size, vertical distribution of the dust layer, dust optical depth (τ), and the imaginary part of the 

refractive index [2,9]. The optical depth is a very valuable aerosol characteristic, which is a key 

parameter for various aerosol related studies such as aerosol radiative forcing, atmospheric 

corrections on aerosol effect on remote sensing, etc. [10].  

Current understanding of the radiative forcing of dust aerosols is very limited [11], especially 

over dust source regions where ground observations are few and multispectral satellite retrievals 

at visible to near-infrared wavelengths are often difficult due to the high surface albedo [12]. The 

ultraviolet, visible, near-infrared and infrared spectral regions are increasingly being exploited 

for the remote sounding of the Earth‟s atmosphere and surface [13]. 
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Aerosol optical properties are dependent on size distribution, shape, chemical composition, and 

mixing state, all of which are strong functions of relative humidity (RH) [14].  Water uptake 

affects aerosol atmospheric lifetime and composition, which in turn affect atmospheric visibility, 

direct radiative forcing of climate (Intergovernmental Panel on Climate Change [15] and cloud 

microphysics [16]. Many studies have reported the humidity response of both laboratory-

generated and atmospheric aerosols [17-19] and empirically derived f(RH, λ) are now 

incorporated into most chemical transport and radiative transfer models.  

The aim of this paper is to calculate and analyze the spectral variation of Radiative forcing with 

relative humidities (0, 50, 70, 80, 90, 95, 98 and 99%) for saharan aerosols at the near-infrared 

region from the data extracted from OPAC. The spectral variations of optical depths, absorption, 

scattering and extinction coefficients are analysed to determine the particles size distributions 

and the effect of hygroscopic growth as a result of increase in RH with the change in mode size 

distributions. 

METHODOLOGY 

The data used for the Saharan dust in this paper are derived from the Optical Properties of 

Aerosols and Clouds (OPAC) data set [20]. 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, was calculated using the equation 

derived by [21], 
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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 

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

layer scattering and absorption optical thicknesses 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 [22] 

  
(  

 
 ⁄ )

 
         (2) 

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 [23] and cloudness N=0.6. 

To determine the relationship between wavelengths and effective refractive indices the following 

formula is used for the four mixed aerosols [24]: 

       

        
 ∑   

     

      

 
          (3) 

Where fi and εi are the volume fraction and dielectric constant of the i
th

 component ε0 is the 

dielectric constant of the host material and εeff  is the effective dielectric constant. For the case of 

Lorentz-Lorentz [25,26], the host material is taken to be vacuum, ε0 =1. 

A relationship between the size of atmospheric aerosol particles and the wavelength dependence 

of the extinction coefficient was first suggested by [27]. Since that time [27] empirical formula 

for the wavelength dependence of the extinction coefficient has been directly related to a 

parameter of a Junge size distribution [28-30] used the wavelength dependence of the particulate 

extinction coefficient in the visible and near-infrared regions to infer the aerosol size 
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distributions existing above water in the Chesapeake Bay area. He determined that the majority 

of aerosol size distributions could best be represented by a two-component size distribution 

consisting of a Junge-type distribution plus a small component of larger particles. To use α as an 

index to model the variation of aerosol size distributions, a relationship between α and the size 

distribution must be established. Several studies have shown that α  is closely related to the 

aerosol size distributions [31,32]. By assuming that aerosols have a Junge distribution [33], 

  

   ( )
           (4) 

It has been shown that α = n-2 [34]. However, the relationship between α and the size 

distribution may vary if aerosol size distribution does not follow a Junge size distribution [31]. 

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

coeffecients 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 [35]:  

X(λ)=βλ
-α

        (5) 

where X(λ) can be any of the parameters mentioned above. In this paper optical depths (τ(λ))are 

used but the other parameters are used for comparisons. 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 [36]. The wavelength dependence of τ(λ) can 

be characterized by the Angstron parameter, which is a coefficient of the following regression: 

lnτ(λ) = -αln(λ) + lnβ       (6) 
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where β and α are the turbidity coefficient and the shaping factor, respectively [34,37], they are 

determined using SPSS 15 for windows.. The shaping factor α is related to the size of particles 

and provides a measure of how rapidly aerosol optical depth τ changes with wavelength. 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 be used to describe the size 

distribution of aerosol particles and the general haziness of the atmosphere. Larger particles 

generally correspond to smaller α, whereas smaller particles generally correspond to larger α. 

According to [38] a low, (down to 0) is a sign of large dust particles; a high (up to 2) corresponds 

to small smoke particles. According to [39], 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. For Saharan 

dust, the classical Angström coefficient α, is very small and can be even slightly negative over 

some wavelength interval and fluctuations of α, reflect variations in the size spectrum. [40,41]. 

The Ǻngström exponent values are high for shorter wavelengths and low in longer wavelengths.   

Large positive values of α are characteristic of fine-mode-dominated aerosol size distributions 

[36,42,43] while near zero and negative values are characteristic of dominant coarse-mode or bi-

modal size distributions, with coarse-mode aerosols having significant magnitude [42,44,45]. 

When the particle size distribution is dominated by small particles, a situation usually associated 

with pollution, the Ångström coefficients are high; in clear conditions they are usually low. [46] 

demonstrated that the Ångström coefficient can be used as a tracer of continental aerosols. With 

changing atmospheric conditions and rising or falling RH, the measured aerosol optical 

thickness/extinction likewise changes, and so does the Ångström coefficient. In the analysis of 
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spectral measurement of optical thickness in locations dominated by biomass burning, urban, or 

desert dust aerosols, a significant curvature in the ln τ versus ln λ relationship was observed [42]. 

In this paper an attempt has been made to show that, for some spectral range, departure from 

power law behavior from τ is observed, which is dependent on the aerosol type. This departure 

introduces a curvature on lnτ versus lnλ curve. And a second order fit to the lnτ versus lnλ 

provides better estimates than linear fit [43,45,47]. The quadratic formula that is used is 

lnτ =  -α2(lnλ)
2
 - α1lnλ + lnβ     (7)  

and the coefficients (β, α1, α2) are obtained. In case of negative curvature (α2<0, convex type 

curves) the rate of change of α is more significant at the longer wavelengths, while in case of 

positive curvature (α2 >0, concave type curves) the rate of change of α is more significant at the 

shorter wavelengths. [42] reported the existence of negative curvatures for fine-mode aerosols 

and positive curvatures for significant contribution by coarse-mode particles in the size 

distribution. The initial use of α2 of optical depth in equation (7) for classification of aerosols 

was determined by [42] and in some of his subsequent publications [43,48]. The application of 

this relationship is to give further insight into the properties of aerosols [49]. 

To quantify the water uptake at subsaturated conditions, we define the hygroscopic growth factor 

(HGF) as the ratio of the radius RRH, at a specified RH to the original dry radius Rdry, which is at 

an RH=0% [50,51]: 

    
   

    
        (8) 

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

subdivided into different classes with respect hygroscopicity. One classification is based on 
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diameter growth factor by [50,52] as  Barely Hygroscopic (BH; HGF = 1.0–1.11), Less 

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

In order to better describe the nature of particle in terms of estimate of direct climate forcing by 

aerosols and reduce the associated uncertainty, quantification of aerosol optical properties and 

their dependency on relative humidity [11,53,54] is important. The increase in light-scattering, 

absorption and extinction coefficients by aerosols with RH at a specific wavelength, f(RH, λ), 

(described as humidification factor), has been considered an important parameter for further 

description of aerosol Radiative forcing [11,55-61]. The hygroscopic growth of aerosols 

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 [11,53,54]. 

The aerosol humidification factor, f(RH, λ ), describes the ratio of aerosol light scattering 

between two different RH values. It was calculated from the following [17]: 

 (    )  
    (        )  

    (        )
 (

         

          
)
 

     (8) 

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. The  parameter in our case was obtained by combining the 

eight σext(λ) values at 00%, 50%, 70%, 80%, 90%, 95%, 98% and 99% RH. 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 [62]. The  parameter is 
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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 [62-64]. 

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

The nature of the graphs at shorter wavelengths reflects the presence of fine particles, because 

fine particles usually scatter more light than coarse particles which results in greater cooling. Its 

relation with wavelengths shows the presence of having bimodal type of size distributions with 

the major one between 1.0µm and 2.5µm and small one at 2.5µm to 4.0µm. The behavior of the 

plots at the spectral of 1.0µm to 2.5µm shows the dominance of large particles with a very small 

concentration of small particles. The sign in the presence of small particles is because of the 

increase in radiative with the increase in RH, while at the interval 2.5µm to 4.0µm shows the 

complete absence of small particles because the radiative cooling is decreasing with the increase 

in RH. 
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Figure 2: A graph of effective real refractive indices against wavelength 

Figure 2 shows that effective real refractive indices decrease with the increase in RH which 

indicated the presence of fine mode particles. The decrease of indices with RH is as of the 

internal mixture of the aerosols with water, this is because the refractive index of water is smaller 

than the refractive indices of the aerosols that is why the effective refractive indices of the 

mixture are decreasing with the increase in RH by assuming that they have internal mixing. But 

its behavior with wavelength indicates the dominance of non-spherical particles because they are 

responsible for sensitivity of index with wavelengths [65]. 
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Figure 3: A plot of scattering coefficients against wavelength  

From figure 3 bimodal type of size distribution in the form of Junge (1.0µm to 3.0µm ) major 

component and a small lognormal (3.0µm to 4.0µm) can be observed. The nature of its relation 

with wavelengths and RH indicates the little presence of small particles because they scatter 

more light at shorter wavelengths and as a result of hygroscopic growth. It also shows that 

hygroscopic growth has caused increase in mode size distributions, which shows that particles 

size distributions are sensitive to both wavelengths and RHs. Though the studies by [66] said that 

the α (particle size distribution) value depends strongly on the spectral range used in its 

determination, but in our case we assume that different wavelengths are sensitive to different 

characteristics of the size distributions and RH. 
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Figure 4: A plot of effective imaginary refractive indices against wavelengths 

Figure 4 shows imaginary effective refractive indices is more sensitive to both wavelengths and 

RH at atmospheric window of 3.0μm which is the boundary between two types of distributions. 

It also shows the dominance of large particles because large particles have very small imaginery 

refractive indices. 
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Figure 5: A graph of absorption against wavelengths. 

It shows that the relation of absorption coefficient with wavelengths and RH is that it is more 

sensitive at the particle size change atmospheric window of 3.0μm. Its relation with wavelengths 
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between 1.0 µm to 3.0 µm shows that it can satisfy Junge type size distribution with Angstrom 

exponents  negative , which shows the dominance of coarse particles as cited by [42,44]. 
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Figure 6: A graph of optical depth against wavelengths. 

From figure 6 at 0% RH it looks as if there is only one mode of distribution of the form of Junge, 

and the nature of the dependence of optical depth with wavelengths indicates the dominance of 

large particles. But as the RH increases, bimodal type of distribution can be observed of the form 

of Junge type (1.0μm to 2.5μm) and lognormal (2.5μm to 4.0μm). But as a result of increase in 

RH to 50% it can be observed that there is a decrease in optical depth, which occurs as a result of 

condensation /sedimentation of large particles due to the increase in RH. But later the optical 

depths started to increase with RH as a result of the increase in the concentrations and 

contributions of smaller particles as a result of hygroscopic growth. This shows that increase in 

RH has created additional mode size distribution and also increase in mode size distributions. 

Table 1: results of the Angstron coefficients at the respective relative humidities using equations 

(6) and (7) at the spectral range 1.0μm to 2.5μm. 

  Linear Quadratic 

RH Α Β R2 α1 α2 β R2 



Page 14 of 21 
 

0 0.1652 3.9529 0.8297 -0.0680 0.2563 3.8368 0.9956 

50 0.1784 3.2997 0.8574 -0.0480 0.2489 3.2055 0.9960 

70 0.1848 3.3202 0.8697 -0.0375 0.2444 3.2271 0.9960 

80 0.1923 3.3436 0.8825 -0.0255 0.2394 3.2518 0.9961 

90 0.2109 3.4047 0.9096 0.0052 0.2262 3.3163 0.9965 

95 0.2411 3.5095 0.9390 0.0518 0.2081 3.4256 0.9971 

98 0.3044 3.7484 0.9701 0.1416 0.1789 3.6712 0.9979 

99 0.3638 4.0035 0.9823 0.2168 0.1617 3.9289 0.9984 

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

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

particles, the smaller the effective radius and the larger the Ångström coefficient. This shows that 

hygroscopic growth has caused reduction in the effective radii because of sedimentation of large 

particles as a result of hygroscopic growth. Comparing the coefficients of determinations for 

both linear and quadratic, it can be observed that at 0% RH there is an improvement with α2 > 0, 

which shows the dominance of coarse particles in this region [42]. The decrease in values of α2 

as RH increases reflects the increase in the concentration of small particles, which tallies with the 

increase in α as the RH increases. 

Though studies by [66] showed that the α value depends strongly on the spectral range used in its 

determination but in this study we discovered that it also depends on particles‟ sizes and RH. The 

increase in optical depths with the increase in RH is linked to a hygroscopic and/or coagulation 

growth from the fine aerosols. Furthermore, the fine mode aerosols have hydrate and coagulated 

characters that made them to become large particles, causing the optical depths to increase. The 

Ångström exponent increases with the increase in RH, which shows that large particles are 

sedimenting leaving smaller particles ( that is increasing the number of smaller particles). A 

higher RH could obviously cause the particles‟ hygroscopic increase, which could result in 

greater extinction and a larger volume of fine particles. 
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Table 2: Data obtained from the microphysical properties using equation(7) for the Saharan 

aerosols. 

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

HGF 1 1.002 1.003 1.004 1.006 1.008 1.0111 1.014 

WASO(Vol. 

Mix %) 1.71 3.186 4.06 4.98 7.16 10.4 16.5 21.8 

Table 2 is obtained using equation (8). It can be concluded that this mixture is barely 

hygroscopic (BH). This is not surprising because the percentage of WASO which is the part 

responsible for water absorption component is very small. The radii of hygroscopic aerosols 

grow up by uptake of water in humid air. 
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Figure 7: A graph of f(RH, λ) against wavelengths 

This shows that the rate of increase of extinction with the increase in RH is very small, and this 

reflects the dominance of coarse particles. It also shows bimodal size distribution ( ie Junge and 

lognormal). This shows that higher RH has caused the particles‟ hygroscopic increase. 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 [67,68]. The low value of f(RH, λ) seem s to be related to low Angstrom exponent for 
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Saharan dust. It also shows that f(RH, λ) is sensitive to different particles size distributions and 

increase in mode growth. 
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Figure 8: A graph of Gamma against wavelengths 

The graph shows that the hygroscopicity of Saharan aerosols is very small. This is not surprising 

because they are dominated by coarse particles that are non-hygroscopic. It shows that it is very 

sensitive to particle size distributions and hygroscopic growth and shows bimodal size 

distribution ( ie Junge and lognormal). It also shows that these particles are slightly deliquesced 

[62]. 

CONCLUSIONS 

The radiative forcing (cooling) at 0%RH is about -50Wm
-2

 at 1.0μm, but at 50% it reduced to 

around -45Wm
-2

 and as the RH increases the cooling started increasing up to a maximum value 

of about -60Wm
-2

 at 99%. The nature of the increments of the radiative forcing with RH reflects 

the dominance of large particles. This is because as a result of increase in RH from 0 to 50%, 

large particles started sedimenting. But as the RH increases the concentrations of larger particles 

decrease and concentration of smaller particles continue to increase which result in decrease in 
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effective radius and increase in Angstrom coefficients. The analysis of the Angstrom coefficients 

showed the dominance of large particles. The analysis of optical depth with wavelengths together 

with the comparison with scattering and absorption coefficients, hygsroscopicity factor  and 

humidification factor show that the particles have bimodal type of size distributions with 

majority satisfying Junge type of distribution with a small component of lognormal.  
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