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Abstract 
 

In this paper extracted used data from Optical Properties of Aerosols and Cloud( OPAC) to 
model the effect of soot on optical depth, scattering and  extinction coefficients, and asymmetry 
parameters at spectral range of 0.25 to 1.00 µµµµm at eight different relative humidity (RH) ( 0, 50, 70, 
80, 90, 95, 98 and 99%). The concentrations of soot were varied while those of water soluble and 
insoluble were kept constant. Using regression analysis, the Angstrom exponents were determined 
along with α1 and α2, the coefficients of a second order polynomial fit. The Angstrom coefficient 
increases with RH from 0-90%RH and decreases from 95-99% RH but α1is negative and continued 
to increase with the increase in both soot and RH, while α2 which signifies curvature is positive at 
0% RH and decreases with the increase in soot but negative as from 50 to 99% and increases in 
magnitude with the increase in soot and RH. The above optical parameters were also used to 
determine the radiative forcing. The relation of RadiativeForcing (RF) with wavelength is such that 
it decreases with power law as from 0 to 90% but quadratic from 95 to 99%. The effect of RH on 
RF(warming) is such that it decreases with RH. The effect of adding soot leads to increase in 
warming. 

 

1.0 Introduction 
A significant fraction of atmospheric aerosols is comprised of carbonaceous materials, which are often categorized as 

elemental or black/graphitic carbon (EC/BC) and organic carbon (OC) known as Carbonaceous particles which are a by-
product of liquid or gaseous fuel combustion and are also known as soot [1]. Black carbon(BC) is produced as primary 
particles from incomplete combustion processes, in particular from diesel engines, which are the major source of black 
carbon in urban areas [2]. Soot particles are also produced in fuel-rich flames, or fuel rich parts of frames, as a result of 
incomplete combustion of carbonaceous fuel (of fossil fuels, biomass and agricultural wastes and forest fires) [3]. These 
forms of carbon play an important role in climate change, either contributing to or offsetting atmospheric warming [4, 5]. BC 
has attracted special attention because of its contribution to radiative heating [2, 6]. The Intergovernmental Panel on Climate 
Change (IPCC) has estimated that the global mean clear-sky radiative forcing of BC is 0.23 ± 0.25 Wm-2[7], which is 
approximately half the value of Methane, the second most important greenhouse gas after Carbon dioxide. BC may also have 
regional climatic impacts. For example, Menon et. al. [5] have suggested that the high concentrations of soot over India and 
China are responsible for a trend toward increased flooding in the south and drought in the north. It is estimated that the 
reduced atmospheric transparency caused by high soot concentrations over India and China decreases agricultural 
productivity by 10–20% [8]. Soot deposited on plant leaves also reduces plant productivity [9]. In urban areas, black carbon 
is the principle particle species that absorbs radiation in the visible spectrum.  

Soot consists of nearly monodispersed spherical particles that collect into mass fractal aggregates having a broad size 
distribution. The primary soot particles are usually very small. By combustion of gaseous or liquid fuel, the diameters of 
primary soot particles are usually in the range between 5 and 80 nm. Airborne soot and soot-containing aerosols are 
important components of the atmosphere [10, 11]. 

Understanding the influence of atmospheric aerosol on climate, visibility and photochemistry requires knowledge of 
their optical and physical properties, such as the light extinction coefficient (the sum of the aerosol light scattering and 
absorption coefficients), Aerosol optical depth (AOD), single scattering albedo (ratio of scattering to extinction coefficients), 
upscatter fraction (fraction of incident solar radiation that is scattered upward to space), and size distribution [12 - 15]. 

Determination of AOD at different spectral wavelengths helps in deriving information on the optical properties and size 
distribution of particles, as well as studying the diurnal and season variability of aerosols [16]. 

Aerosol optical properties can be strongly dependent upon relative humidity (RH) becausewater uptake affects aerosol  
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atmospheric lifetime and composition, which in turn affect atmospheric visibility and direct radiative forcing of climate [7]. 
The absorption of water by atmospheric aerosols with increasing relative humidity (RH) influences their size, composition, 
lifetime, chemical reactivity, light scattering and other optical and microphysical characteristics. Water is the most prevalent 
aerosol component at RHs above 80% and is often a significant component at lower RHs [17]. Accordingly, hygroscopic 
growth is important in a number of air pollution problems, including visibility impairment, climate effects of aerosols, acid 
deposition, long-range transport, and the ability of particles to penetrate into the human respiratory system. Aerosol optical 
properties depend on particle size and composition, which can be greatly influenced by hygroscopic growth [18, 19]. 

In this paper OPAC was used to model the effect of soot on optical depths, single scattering albedo and asymmetric 
parameter at eight different RHs (0, 50, 70, 80, 90, 95, 98 and 99%) at the spectral interval of 0.25µm to 1.00µm for urban 
aerosols, to determine its effect on the RF of urban aerosols. The optical depth was used to determine the Angstrom 
parameters to help us to see its effect on the particle size distributions and change in mode size distributions. Using 
regression analysis, the Angstrom exponents were determined along with α1 and α2, the coefficients of a second order 
polynomial fit.Finally, asymmetric parameters were also used to see its effect particle size and consequently in forward 
scattering. 

The models extracted from OPAC are given in Table 1. 
Table 1 Compositions of aerosol types [20]. 

Components 
Model1(Ni,cm-

3) 
Model2(Ni,cm-

3) 
Model3(Ni,cm-

3) 

Insoluble  1.50  1.50  1.50  

water soluble  15,000.00  15,000.00  15,000.00  

Soot  110,000.00  120,000.00  130,000.00  

Total 125,001.50  135,000.00  145,001.50  
Although a fully exact radiative transfer model is difficult, so in this paper we used the approach of [21] where they show 
that the direct aerosol radiative forcing at the top of the atmosphere can be approximated by  
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Where S0 =1368Wm-2 is a solar constant, Tatm =0.79 is the transmittance of the atmosphere above the aerosol layer, Ncloud=0.6 
is the fraction of the sky covered by clouds, the global averaged albedo A=0.22 over land, ω is the average single scattering 
albedo, β is the fraction of radiation scattered by aerosol into the atmosphere and τ the optical thickness [22]. 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 [23]. 
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where g is the asymmetry parameter. Although the model is simple but was used to provide reasonable estimates for the 
radiative forcing by both sulfate aerosols [24] and absorbing smoke aerosols [21]. 
The spectral behavior of the aerosol optical thickness, with the wavelength of light (λ) is expressed as inverse power law 
[25]:  

τ(λ)=βλ-α         (3) 
where β is the turbidity and α is the Angstom exponent [26, 27]. 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 [28]. 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        (4) 
The Angstrom exponent itself varies with wavelength, and a more precise empirical relationship between aerosol extinction 
and wavelength is obtained with a 2nd-order polynomial [29-39]. as:  
 

lnτ(λ) =  α2(lnλ)
2 + α1lnλ + lnβ       (5)  

Here, the coefficient α2 accounts for a “curvature” often observed in sunphotometry measurements. 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 [34, 30, 
31, 40]. [30]reported the existence of negative curvatures for fine-mode aerosols and positive curvatures for significant 
contribution by coarse-mode particles in the size distribution.  
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2.0 Results and Observations 
 

 
Figure 1a.A graph of radiative forcing against wavelength for model 1 at RHs 0, 50, 70, 80, 90, 95, 98 and 99%. 

The graph shows that RF behaves as inverse power law with wavelength at RHs 0 to 70 but started curving upward 
(concave) at higher wavelengths from 80 and the curving continues to increase upto 99%. Its relation with RH is that 
RF(cooling) increases with the increase in RHs. It also shows that smaller particles have more impact on RF as the RH 
increases. 

 
Figure 1b A graph of optical depth against wavelength for model 1 at RHs 0, 50, 70, 80, 90, 95, 98 and 99%. 

The optical depth follows a relatively smooth decrease with wavelength for all RHs and can be approximated with power 
law wavelength dependence (equation (3)). 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 and 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 [41]. The relation with RH shows that hygroscopic growth has 
more effect on fine particles than coarse particles and also that has caused increase in mode size distributions. The relation of 
optical depth 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 [42, 43]. A higher RH could obviously cause the 
particles’ hygroscopic increase, which could result in greater extinction and a larger volume of fine particles and therefore 
increase in optical depth. 
 
 
 
 

 
 
 

Journal of the Nigerian Association of Mathematical Physics Volume 23 (March, 2013), 325 – 334   

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

-120

-100

-80

-60

-40

-20

0

20

40

60

80

100

120

140

R
ad

ia
tiv

e 
F

or
ci

ng
 (

W
m

-2
)

Wavelength(µm)

 RF00    RF50
 RF70    RF80
 RF90    RF95
 RF98    RF99

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

O
pt

ic
al

 D
ep

th

Wavelength(µm)

 TAU00    TAU50
 TAU70    TAU80
 TAU90    TAU95
 TAU98    TAU99



328 

 

The Effect of Soot in the Radiative Forcing... Tijjani and Akpootu J of NAMP 
 
Table 2 The results of the Angstrom coefficients for Model1 using equations (4) and (5) at the respective relative 
humidities using regression analysis with SPSS16.0. 

  Linear Quadratic 

RH(%) R2 α  β R2 α1 α2 β 

0  0.99716 0.88942 1.89869 0.99718 -0.87478 0.01074 1.90477 

50  0.99767 0.95463 2.18600 0.99807 -1.01951 -0.04759 2.15528 

70  0.99731 0.97719 2.37797 0.99839 -1.08704 -0.08058 2.32166 

80  0.99666 0.99232 2.59259 0.99868 -1.14479 -0.11185 2.50777 

90  0.99444 1.00563 3.15204 0.99913 -1.24161 -0.17311 2.99387 

95  0.99054 0.99513 4.10309 0.99951 -1.31856 -0.23726 3.82356 

98  0.98330 0.94069 6.21860 0.99982 -1.35728 -0.3056 5.67836 

99  0.97709 0.88316 8.44252 0.99991 -1.34429 -0.33827 7.63453 
 

Table 2 shows that at 0% RH the value of α from the linear part reflects the dominance of coarse particles (because α<1 
), and the quadratic part also verifies this because α2>0. However as the RH increases from 50 to 90% the value of α 
continues to increase and α2 becomes negative and the magnitude of α2 continues to increase with the increase in RH which 
indicates the increase in the concentrations of fine particles with the increase in RH. 

At the RH between 95 to 99% the value of α started decreasing, which implies that particles at the delinquent points 
appear to be large particles, because of swelling of water vapor and aging processes, exhibiting thus similar characteristics to 
the particles produced in arid areas [44, 45] but it can be observed that α2 continued to increase, and this shows that at 
delinquent points increase in α2 does not reflect increase in fine mode particles. 

The observed variations in Ångström coefficients can be explained by changes in the effective radii of the mixtures 
resulting from changes in RH in the range 0% to 90%: the larger the number of small aerosol particles, the smaller the 
effective radius and the larger the Ångström coefficient The Ångström exponent increases with the increase in water vapor, 
which means that the effective radius of the aerosol particles become smaller when the water vapor increases. An increase in 
AOD with an increasing α as a result of change in RH, reflects the presence of a significant fraction of fine particles in the 
aerosol size distribution. 

But as from 95% to 99% RH there is an increase in fine mode particle radius which results from particle growth due to 
coagulation and hygroscopic growth. Coagulation rates increase as particle concentration increases [40]; therefore this 
particle growth mechanism will be greatest at the highest optical depth (τ(λ)). Hygroscopic at high RH will also tend to 
increase optical depth as accumulation mode particles increase in size [46]. 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 
become large particles, causing the AOD to increase and α becomes smaller. Also the decrease in α as AOD increases, 
suggest the presence of larger particles leads to enhanced extinction. There is observational evidence that Ångström 
exponents decrease in value as particles grow hygroscopically[47].  
 

 
Figure 1c A graph of asymmetric parameter against wavelength for model 1 at RHs 0, 50, 70, 80, 90, 95, 98 and 99%. 
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The behavior of asymmetric parameter with wavelength is like power law but as it can be seen from the graph, the coefficient 
increases with the increase in RH (0%–90%) but becomes linear and increase with RH as from 95% – 99%. The increase of 
asymmetric parameter with RH shows that hygroscopic growth by particles as a result of increase in RH enhances scattering 
more in the forward direction of which that is why we have increase in RF(cooling) with RH. 

 
Figure2a A graph of radiative forcing against wavelength for model 2 at RHs 0, 50, 70, 80, 90, 95, 98 and 99%. 
Figure 2a is almost similar to Figure 1a, but the main difference is that there is an increase in warming and continues to 
increase with the increase in RH. 

 
Figure 2b.A graph of optical depth against wavelength for model 2 at RHs 0, 50, 70, 80, 90, 95, 98 and 99%. 
Figures 1b and 2b are similar for relation with wavelength, but there is a slight increase of optical depth with the increase in 
RH. 
Table 3The results of the Angstrom coefficients for Model2 using equations (4) and (5) at the respective relative humidities 
using regression analysis with SPSS16.0. 

  Linear Quadratic 

RH(%) R2 α β R2 α1 α2 β 

0   0.99715 0.90177 1.943251 0.99716 -0.8917 0.007389 1.947526 

50   0.99760 0.96343 2.230815 0.99803 -1.03138 -0.04985 2.197988 

70   0.99726 0.98463 2.422911 0.99836 -1.09634 -0.08194 2.36458 

80   0.99664 0.99871 2.637723 0.99865 -1.15178 -0.11229 2.551095 

90   0.99451 1.01104 3.196606 0.99910 -1.2457 -0.17214 3.037081 

95   0.99070 0.99927 4.147965 0.99950 -1.32093 -0.23596 3.866873 

98 0.983532 0.94394 6.263338 0.99980 -1.35874 -0.30429 5.721444 

99 0.977451 0.88640 8.485223 0.99991 -1.34539 -1.34539 7.676742 
Comparing Table 3 with Table2, shows that values of α have increased, however for α2, its value at 0% RH has decreased but 
at the remaining RH it has increased in magnitude. 

 
Journal of the Nigerian Association of Mathematical Physics Volume 23 (March, 2013), 325 – 334   

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
-120

-100

-80

-60

-40

-20

0

20

40

60

80

100

120

140

R
ad

ia
tiv

e 
F

or
ci

ng
 (

W
m

-2
)

Wavelength(µm)

 RF00    RF50
 RF70    RF80
 RF90    RF95
 RF98    RF99

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

O
pt

ic
al

 D
ep

th

Wavelength(µm)

 TAU00    TAU50
 TAU70    TAU80
 TAU90    TAU95
 TAU98    TAU99



330 

 

The Effect of Soot in the Radiative Forcing... Tijjani and Akpootu J of NAMP 
 

 
Figure 2c A graph of asymmetric parameter against wavelength for model 2 at RHs 0, 50, 70, 80, 90, 95, 98 and 99%. 
Figure 2cand Figure 1c are similar in relation to wavelength, but in relation to RH shows that there is a slight decrease in 
asymmetric parameters. 

 
Figure 3a.A graph of radiative forcing against wavelength for model 3 at RHs 0, 50, 70, 80, 90, 95, 98 and 99%. 
Figure 3a is similar to that of figures 1a and 2a in relation to wavelength, but shows an increase in warming and increases 
more with the increase in RH. 

 
Figure 3b: A graph of optical depth against wavelength for model 3 at RHs 0, 50, 70, 80, 90, 95, 98 and 99%. 
Figure 3b is similar to Figures 1b and 2b in relation to wavelength, but there is a slight increase in optical depth with respect 
to RHs. 
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Table 4The results of the Angstrom coefficients for Model3 using equations (4) and (5) at the respective relative 
humidities using regression analysis with SPSS16.0. 

  Linear Quadratic 

RH(%) R2 α Β R2 α1 α2 Β 

0 0.99714 0.91350 1.98778 0.99714 -0.90855 0.00363 1.98992 

50 0.99755 0.97173 2.27574 0.99800 -1.04255 -0.05196 2.24085 

70 0.99721 0.99172 2.46781 0.99833 -1.10516 -0.08322 2.40748 

80 0.99664 1.00504 2.68255 0.99863 -1.15845 -0.11253 2.59426 

90 0.99456 1.01606 3.24145 0.99908 -1.25010 -0.17168 3.08011 

95 0.99084 1.00343 4.19279 0.99947 -1.32329 -0.23464 3.91019 

98 0.98381 0.94737 6.30763 0.99979 -1.35989 -0.30261 5.76477 

99 0.97783 0.88921 8.53057 0.99990 -1.34568 -0.33485 7.72200 
 
The values of αs are higher than those of Tables 2 and 3. In relation to α2, it decreases at 0 compared to the other two tables. 
But at higher RHs the α2s are higher in magnitude than the corresponding α2s of the other tables.  
 

 
Figure 3c: A graph of asymmetric parameter against wavelength for model 3 at RHs 0, 50, 70, 80, 90, 95, 98 and 99%. 
 
Figure 3c is similar to Figures 1c and 2c with respect to wavelength, but there is a slight decrease at all RHs compared to the 
two figures at the respective RHs. 
CONCLUSIONS 
From the figures of the RFs it can be observed that the increase in soot has caused an increase in RF in the form of warming. 
This is also verified by the decrease in asymmetric parameter because it reflects the decrease in forward scattering which 
automatically implied increase in absorption, so that is why we have increase in warming.The increase in α with the increase 
in soot reflects the increase in fine particles, which is also verified by the decrease in the positive curvatures (that is α2) at 0% 
RH and increase in the negative of curvatures at the remaining RHs.  
Also according to Schuster et al. [41], the absolute value of the coefficient α1 decreases with increasing particle size for fine 
monomodal aerosols, but in our case it is observed that α1 increases with the increase in soot and RHs, so this shows a sign of 
bimodal type of size distributions. 
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