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Abstract 

 
In this paper we model the effect of water soluble (WS) in the radiative forcing 

(RF) of urban aerosols at spectral range of 0.25 to 1.00 µµµµm at relative humidities (RHs) 
(0, 50, 70, 80, 90, 95, 98 and 99%) using OPAC. The concentrations of WS used were 
15,000 20,000, 25,000, 30,000 and 35,000 cm-3. These parameters were used to 
determine the Radiative forcing (RF) . The RF decreases with wavelength at RH 0 to 
90% in a form of power law but quadratic in concave form at RH 95 to 99%. The effect 
of RH on RF (cooling) increases with the increase in RH. The effect of adding WS is 
such that the RF at longer wavelength becomes more linear and started curving as from 
30,000cm-3 and the cooling increases with the increase in concentration and RH. Using 
regression analysis, the Angstrom exponents were determined along with α1 and α2, the 
coefficients of a second order polynomial fit. The αααα increases with RH from 0% to 90% 
and decreases from 95 to 99% at concentration 15,000, 20,000, and 25,000, but at 
30,000 and 35,000cm-3 it increases from 0 to 80% and decreases from 90 to 99%.  

 

1.0 Introduction 
The effects of aerosols on climate can be large and complex due to the fact that aerosols chemical composition, 

abundance and size distribution are highly variable both spatially and temporally [1]. Aerosol particle types which contribute 
to the scattering coefficient include organic particles, water-soluble inorganic species such as sulphates, nitrates etc. that are 
produced by conversion from SO2 and NOx associated mainly with fossil fuel/biomass combustion, and ammonium from 
fertilizers and biological sources. Most of the earliest investigations on direct aerosol forcing have focused on sulphate 
aerosol because of their importance as an anthropogenic aerosol component [2,3]. Sulphate particle is an important 
component of atmospheric aerosols. Sulphate makes up a substantial fraction of tropospheric aerosol in both urban and 
remote/rural areas [4,5,6]. Sulphate aerosols are capable of modifying the climate not only by scattering incoming sunlight 
back to space (direct effect) but also by altering the properties of clouds(indirect effect) [1].  

The water-soluble part of aerosol particles originates from gas to particle conversion can consists of various kinds of 
sulfates, nitrates, such as salts like ammonium hydrogen sulphate (NH4HSO4), ammonium nitrate (NH4NO3) and ammonium 
sulphate ((NH4)2SO4) and organic acids like formic, acetic, pyruvic and oxalic acids. Similarly, high concentrations of sulfate 
aerosols are expected from the oxidation of SO2 that is emitted by diesel-fueled mobile sources and from the numerous coal-
fired industries and power generation stations located both in urban areas and the heavy commercial vessel traffic in these 
areas is also a significant source of SO2 [7,8]. Thus it contains more than only the sulfate aerosol that is often used to describe 
anthropogenic aerosol. The mass density of sulfate is about half that of the water-soluble components. This component is also 
used to model the di-methyl sulfiderelated aerosol produced over the oceans [9]. 

Understanding the influence of atmospheric aerosol on climate, visibility and photochemistry requires accurate data of 
aerosol optical properties such as the light extinction coefficient, single scattering albedo, upscatter fraction, and size 
distribution which are necessary for estimating direct aerosol radiative forcing on climate [10-13]. 

Aerosol optical properties can be strongly dependent upon relative humidity (RH). Hygroscopic properties of soluble 
atmospheric particles significantly influence the size of the particles at ambient relative humidity, and thus influence the 
scattering capability, optical depth and residence time of these particles in the atmosphere [14].This is because water uptake 
affects aerosol atmospheric lifetime, particle size and composition, which in turn affect direct radiative forcing of climate 
because of its influence by hygroscopic growth of the aerosols [15-17]. For these reasons, hygroscopic data are also required 
to calculate microphysical aerosol properties such as size distribution or optical depth at ambient conditions. 

In this paper we modeled the effect of water soluble by changing their concentrations of WS using OPAC at eight 
relative  
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humidities (0, 50, 70, 80, 90, 95, 98 & 99%). The optical properties used in this paper are, optical depths, single scattering 
albedos and asymmetric parameters. They were used to calculate the radiative forcing, and the Ångström coefficient which 
characterizes the dependence of AOD on wavelength and provides information about the size of aerosol particles. The 
asymmetric parameters were analysed to ascertain the nature of the RF because of the nature of the forward scattering. 

The models extracted from OPAC are given in Table 1. 
 
Table 1 Compositions of aerosol types [9]. 

Components 
Model1 
(Ni,cm-3) 

Model2 
(Ni,cm-3) 

Model3 
(Ni,cm-3)  

Model4 (Ni,cm-

3) 
Model5 
(Ni,cm-3) 

Insoluble  1.50  1.50  1.50  1.50  1.50  

water soluble  15,000.00  20,000.00  25,000.00  30,000.00  35,000.00  

Soot  110,000.00  110,000.00  110,000.00  110,000.00  110,000.00  

Total 125,001.50  130,001.50  135,001.50  140,001.50  145,001.50  
 
Where Ni is the number of particles cm-3. 
Although a fully exact radiative transfer model is difficult, so in this paper we used the approach of [18] where they show 
that the direct aerosol radiative forcing at the top of the atmosphere can be approximated by 
  

  ∆�� � �
��

�
	
��

 �1 � �������2τ��1 � ��
�� � 2��1 � ���    (1) 

 
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, β is the fraction of radiation 
scattered by aerosol into the atmosphere and τ is the optical thickness and ω is the single scattering albedo [19]. 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 [20] 
 

  β �
�



�1 � g�         (2) 

 
where g is the asymmetry parameter. Although the model is simple but was used to provide sresonable estimates for the 
radiative forcing by both sulfate aerosols [2] and absorbing smoke aerosols [18]. 
The spectral behavior of the aerosol optical thickness, with the wavelength of light (λ) is expressed as inverse power law 
[21]:  
 

τ(λ)=βλ-α         (3) 
 
where β is the turbidity and α is the Angstrom exponent [22,23]. 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 [24]. The wavelength dependence of τ(λ) can be characterized by the Angstrom 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 [25 -34] 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 [30, 26, 
28, 35]. Eck et al. [26] 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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RESULTS AND OBSERVATIONS 

 
Figure 1a. A graph of radiative forcing against wavelength for model1 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% RH 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. The nature of the graphs with RH reflects the dominance of fine particles. 

 
Figure 1b. A graph of optical depth against wavelength for model1at RHs 0, 50, 70, 80, 90, 95, 98 and 99%. 
 
Figure 1b shows that optical depths follow a relatively smooth decrease with the increase in wavelengths though some are 
steeper than others and the steepness increases with the increase in RHs. It is evident from the figure that there is a relatively 
strong wavelengths dependence of optical depths at shorter wavelengths that decreases toward longer wavelengths 
irrespective of the RH, attributing to the presence of fine and coarse particles. The presence of fine mode particles which are 
selective scatters enhanced the irradiance scattering in shorter wavelength only while the coarse mode particles provide 
similar contributions to the optical depths at both wavelengths [36]. Additionally fine particles scatter more lights in the 
forward direction than coarse particles. 
In relation to RH, it shows that optical depths increase with the increase in RH. As the RH increases there is an increase in 
hygroscopic growth more to fine particles than coarse particles and since fine particles scatter more lights in the forward 
direction than coarse particles, that is why also the optical depth are higher at shorter wavelengths than longer wavelengths 
even at higher RHs. These hygroscopic growth behaviors also reveal an immense potential of light scattering enhancement in 
the forward direction at high RHs and the potential of fine particles to be highly effective cloud condensation nuclei. The 
increase of AOD with RH at the delequicence point (95 to 99%) is that the growth increase substantially, making the process 
strongly nonlinear with RH [37, 38]. 
It also shows monomode type of particle size distributions in the form of Junge power law in this spectral range [26] and 
increase in RH has caused increase in mode growth because of the increase in optical depths.  
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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, and the quadratic 
part also verifies this because α2>0. However as the RH increased from 50 to 90% the value of α continues to increase and α2 
becomes negative and its magnitude continues to increase with the increase in RH which indicates the increase in the 
dominance of fine particles with the increase in RH. 
At the RH between 95 to 99% the value of α started decreasing, which implies that these are the delinquent points of the 
mixtures and that particles at the delinquent points appear to be large particles. This is because of swelling of water vapor and 
aging processes, exhibiting thus similar characteristics to the particles produced in arid areas [39, 40] though it can be 
observed that α2 is negative and continued to increase. This shows that at delinquent points increase in the curvature of 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, means that the 
effective radius of the aerosol particles become smaller when the water vapor increases. 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 (Reid et al., 1999); 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 [41] and it reflect the occurrence of large size accumulation mode particles that 
may result from fine particle coagulation at high concentration from hygroscopic growth. There is also an observational 
evidence that Ångström exponents decrease in value as particles grow hygroscopically [42].  

 
Figure 1c. A graph of asymmetric parameter against wavelength for model1 at RHs 0, 50, 70, 80, 90, 95, 98 and 99%. 
 
The behavior of asymmetric parameter with wavelength is like power law but as it can be seen from the graph, the coefficient 
decreases 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 the increase in RH enhances 
scattering more in the forward direction of which that is why we have increase in RF(cooling) with RH. 
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Figure 2a. A graph of radiative forcing against wavelength for model2 at RHs 0, 50, 70, 80, 90, 95, 98 and 99%. 
 
Figure 2a is similar to figure 1a with respect to wavelengths, but the main difference is that RF( cooling) has increased with 
respect to RHs. 

 
Figure 2b. A graph of optical depth against wavelength for model2 at RHs 0, 50, 70, 80, 90, 95, 98 and 99%. 
 
Figure 2b is similar to figure 1b with respect to wavelength, but there is an increase of optical depths with the increase in 
RHs. 
Table 3 The 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  0.99752 0.93799 2.03695 0.99760 -0.96661 -0.02099 2.02427 

50  0.99728 1.00504 2.42128 0.99845 -1.12277 -0.08636 2.35989 

70  0.99653 1.02583 2.67734 0.99875 -1.19143 -0.12148 2.58234 

80  0.99555 1.03839 2.96303 0.99901 -1.24735 -0.15328 2.83099 

90  0.99276 1.04410 3.70803 0.99939 -1.33552 -0.21378 3.47963 

95  0.98849 1.02339 4.97507 0.99968 -1.39544 -0.27293 4.58721 

98  0.98106 0.95680 7.79292 0.99989 -1.40974 -0.33226 7.05971 

99  0.97493 0.89298 10.7556 0.99995 -1.38174 -0.35855 9.66779 
Comparing Tables 2 and 3 shows that there is an increase in both α andα2 , except that α2 at 0% RH has changed sign from 
positive in table 2 to negative in this table. 
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Figure 2c. A graph of asymmetric parameter against wavelength for model2 at RHs 0, 50, 70, 80, 90, 95, 98 and 99%. 
 
Figure 2c’s relation with wavelength it is similar to that of Figure 1c. but in relation to RH it shows a slight increase. 

 
Figure 3a. A graph of radiative forcing against wavelength for model3 at RHs 0, 50, 70, 80, 90, 95, 98 and 99%. 
 
Figure 3a is similar to Figures 1a and 2a with respect to wavelength, but the RF( cooling) is higher than both with respect to 
RHs. 

 
Figure 3b. A graph of optical depth against wavelength for model3 at RHs 0, 50, 70, 80, 90, 95, 98 and 99%. 
 
Figure 3b is similar to Figures 1b and 2b with respect to wavelength, but there is an increase of optical depth with respect to 
RHs. 
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Table 4 The 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 0.99752 0.97817 2.17621 0.99792 -1.04481 -0.04888 2.14480 

50 0.99670 1.04467 2.65697 0.99873 -1.20585 -0.11824 2.56516 

70 0.99566 1.06295 2.97715 0.99900 -1.27306 -0.15413 2.84376 

80 0.99445 1.07225 3.33467 0.99923 -1.32618 -0.18628 3.15496 

90 0.99143 1.07173 4.26453 0.99954 -1.40306 -0.24305 3.96716 

95 0.98697 1.04311 5.84636 0.99978 -1.44912 -0.29784 5.35079 

98 0.97953 0.96733 9.36627 0.99993 -1.44427 -0.34987 8.44072 

99 0.97340 0.89938 13.06814 0.999974 -1.40703 -0.37240 11.69813 
Comparing with table3, it can  be observed that both α and α2 have increased.  

 
Figure 3c. A graph of asymmetric parameter against wavelength for model3 at RHs 0, 50, 70, 80, 90, 95, 98 and 99%. 
 
In relation to wavelength Figure 3c is similar to those of Figures 1c and 2c, but its relation with RH shows a slight increase. 

 
Figure 4a. A graph of radiative forcing against wavelength for model4at RHs 0, 50, 70, 80, 90, 95, 98 and 99%. 
 
Figure 4a is similar to figure 1a, 2a and 3a with respect to wavelength, but there is an increase in RF(cooling) with the 
increase in RHs. 
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Figure 4b. A graph of optical depth against wavelength for model4at RHs 0, 50, 70, 80, 90, 95, 98 and 99%. 
 
Figure 4b is similar to figures 1b, 2b, and 3b with respect to wavelength, but there is an increase of optical depth with the 
increase in RHs. 
 
Table 5 The results of the Angstrom coefficients for Model4 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 0.99731 1.01207 2.31576 0.99815 -1.11236 -0.07357 2.26564 

50 0.99602 1.07624 2.89341 0.99892 -1.27466 -0.14555 2.77083 

70 0.99481 1.09212 3.27738 0.99917 -1.33907 -0.18115 3.10549 

80 0.99350 1.09898 3.70573 0.99938 -1.38776 -0.21184 3.47947 

90 0.99028 1.09243 4.82090 0.99964 -1.45523 -0.26614 4.45405 

95 0.98582 1.05746 6.71730 0.99983 -1.48818 -0.31596 6.11485 

98 0.97842 0.97475 10.94137 0.99995 -1.46880 -0.36242 9.82342 

99 0.97236 0.90374 15.38190 0.99998 -1.42410 -0.38172 13.73121 
Comparing Table 5 with Table 4, it can be observed that there is an increase in both α and α2. 
 

 
Figure 4c. A graph of asymmetric parameter against wavelength for model4 
 
From figure 4c, the relation with wavelength is similar to that of figure 1c, 2c and 3c. but with RH it shows a slight increase. 
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Figure 5a. A graph of radiative forcing against wavelength for model5at RHs 0, 50, 70, 80, 90, 95, 98 and 99%. 
 
Figure 5a is similar to figures 1a 2a, 3a, and 4a with respect to wavelength, but there is an increase in RF(cooling) with the 
increase in RHs. 

 
Figure 5b. A graph of optical depth against wavelength for model5at RHs 0, 50, 70, 80, 90, 95, 98 and 99%. 
 
Figure 5b is similar to figures 1b, 2b, 3b, and 4b with respect to wavelength, but there is an increase of optical depth with the 
increase in RHs. 
 
Table 6 The results of the Angstrom coefficients for Model5 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 0.99701 1.04109 2.45555 0.99836 -1.17169 -0.09581 2.38657 

50 0.99539 1.10236 3.12990 0.99909 -1.33172 -0.16825 2.97715 

70 0.99406 1.11582 3.57768 0.99930 -1.39259 -0.20303 3.36805 

80 0.99264 1.12000 4.07737 0.99948 -1.43774 -0.23309 3.80431 

90 0.98936 1.10842 5.37756 0.99972 -1.4958 -0.28417 4.94177 

95 0.98488 1.06832 7.58854 0.99987 -1.51863 -0.33034 6.87850 

98 0.97763 0.98029 12.51567 0.99997 -1.48651 -0.37135 11.20707 

99 0.97161 0.90694 17.69601 0.99999 -1.43642 -0.38841 15.765599 
Comparing with table 5, it can be observed that there is an increase in both α and α2. 
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Figure 5c. A graph of asymmetric parameter against wavelength for model 5 at RHs 0, 50, 70, 80, 90, 95, 98 and 99%. 
 
Figure 5c’s relation with wavelength is similar to that of figures 1c, 2c, 3c and 4c but there is a slight increase in relation to 
RH. 
 
Conclusions 
From our results, we observed a slight decrease in RF(warming), with the increase in water soluble at 0% RH. But as can also 
be observed, the difference in the increase is becoming more noticeable as the RH increases most especially as from 50% 
RH. This is attributed to the increase in scattering because of the high hygroscopicity of the WS. This shows that RH has a 
great influence on RF in urban areas where they have diesel-fueled mobile sources, the numerous coal-fired industries and 
power generation stations are expected to be cooling with the increase in these activities. 
Additionally, the increase in α together with the decrease in the curvature from α2 at 0% from tables 2 and 3 together with the 
subsequent increase in magnitude of α2 for the remaining tables reflect the increase in fine particles which implies that water 
soluble are fine particles. Also according to [36], 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 RHs, so we assume that 
the particles have bimodal type of particle size distributions with the dominance of fine particles. 
Also since forward scattering strength is correlated with particles size, the value of g can also be used as a general indicator 
for particle size. 
Additionally it can be observed that the increase in WS has lowered the deliquescent points, because at models 1 and 2, it 
started from 95, while models 3, 4 & 5 at 90. 
Finally it can be observed that the change in Ångström coefficient due to variation in RH is comparable to that caused by 
change in the aerosol mixture compositions. 
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