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Abstract

We study the radiative forcing of Urban aerosols at the near infrared region

(1.0 uBm to 4.0B8um) using data from the Optical Properties of Aerosol and
Clouds software. Radiative forcing at different wavelengths and Relative humidities
(RHs) are calculated and analysed. The other parameters that were analysed in order to
be able to understand the nature of the particles and their distributions are the effective
refractive indicies, optical depths, single scattering albedo, extinction, scattering and
absorption coefficients. From the analysis, it was discovered that radiative forcing (in a
form of cooling) increases with relative humidities (RH) and is dependent on
wavelengths. The nature of the increments of the radiative forcing with RH reflects the
dominance of fine particles. This is because as a result of the increase in RH from 0 to
50%, large particles started sedimenting which caused the increase in fine particles. As
the RH increases the concentrations of larger particles continue to decrease so the
concentration of fine particles continue to increase which result in decrease in effective
radii and increase in Angstrom coefficients. The analysis of the Angstrom coefficients
showed the dominance of fine particles. The analysis of optical depth with wavelengths
and RHs together with the comparison with scattering and absorption coefficients,
hygsroscopicity factor and humidification factor, show that the particles are very
hygroscopic and have bimodal type of size distributions with majority satisfying Junge
type of distribution with a small component of lognormal.

1.0 Introduction

It is generally clear that aerosols perturb the radiation balance of the Earth both directly, by scattering and absorbing
solar radiation, and indirectly by changing the microphysical properties of the clouds [[1-4].

Great progress has been made in recent years in the use of satellite sensors for the quantitative characterization of aerosol
optical properties [5,6]. Aerosol optical thickness and aerosol effective radius (r) are two commonly retrieved properties.
There has recently been an increase in the use of satellite derived aerosol products for the study of urban particulate (PM) [7-
9]. The ultraviolet, visible, near-infrared and infrared spectral regions are increasingly being exploited for the remote
sounding of the Earth’s atmosphere and surface [10].

The absorption of water by atmospheric aerosols with increasing relative humidity (RH) influences their size,
composition, lifetime, chemical reactivity, and light extinction, scattering and absorption. Water is the most prevalent aerosol
component at RHs above 80% and is often a significant component at lower RHs [11]. 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.

The aerosol properties needed to estimate the magnitude and sign of direct aerosol radiative forcing are the aerosol

optical depth, t (integral of aerosol extinction with height), single scattering albedo, « (ratio of the aerosol scattering
coefficient to total extinction coefficient), and the aerosol up scatter fraction, f (fraction of radiation scattered upward to
space) [12-14] Analysis of optical depths 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 [15].
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 urban 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.
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2.0 Methodology

The data used for the urban aerosols in this paper are derived from the Optical Properties of Aerosols and Clouds
(OPAC) data set [16]. In this, a mixture of three components is used to describe Urban aerosols: a water soluble components
(WASO, consists of scattering aerosols, that are hygroscopic in nature, such as sulfates and nitrates present in anthropogenic
pollution), water insoluble (INSO) and soot (SOOT, not soluble in water and therefore the particles are assumed not to grow
with increasing relative humidity).

The globally averaged direct acrosol Radiative forcing, AFg, was calculated using the equation derived by [17]

AFg = =2T2,,(1 = N){(1 = A)?2fT,cq — 4ATans} )

Where S, is a solar constant, Ty, 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, B is the fraction of radiation scattered by aerosol into the
atmosphere and 15, and T, are the aerosol layer scattering and absorption of orptical 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 [18]

_9
p=10 @
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, the atmospheric transmittance is taken to be Tatm=0.79 [19] 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 [20]:

Eeff—Eo &i—¢€
= =y i @3)
Eefft2€0 git+2¢&g

where f; and ; are the volume fraction and dielectric constant of the it component and & iS the dielectric constant of the
host material. For the case of Lorentz-Lorentz [21,22], the host material is taken to be vacuum, gy =1.

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 (z(X)), scattering (os4t(A)), absorption (ozps(A)) and extinction (Gex(A))
coefficients, with the wavelength of light (1) as inverse power law [23,24]:

X(M=pr* (4)

Where X(A) can be any of the parameters mentioned above. In this paper optical depths (t(A))are used but other
paramenters 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 [25].

The wavelength dependence of T(A) can be characterized by the Angstron parameter, which is a coefficient of the
following regression:

Int(X) = -aln(}) + Inp (5)

where  and a are the turbidity coefficient and the shaping factor, respectively [26,27]. The turbidity coefficient is a
proportionality constant relating the optical depth and the wavelength. The shaping factor o provides a measure of how
rapidly aerosol optical depth t changes with wavelength and also relates to the size of particles and depends on the ratio of
the concentration of large to small aerosols and [ represents the total acrosol loading in the atmosphere. So o and B can be
used to describe the size distribution of aerosol particles and the general haziness of the atmosphere. Larger particles
generally correspond to smaller a, whereas smaller particles generally correspond to larger a. According to [28], 2000 a low
(down to 0) is a sign of large dust particles; a high (up to 2) corresponds to small smoke particles. Also according to [29]
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. Large positive values of a are characteristic of fine-mode-
dominated aerosol size distributions [25,29,30] while near zero and negative values are characteristic of dominant coarse-
mode or bi-modal size distributions, with coarse-mode aerosols having significant magnitude [29,31,32].

In the analysis of spectral measurement of optical depths in locations dominated by biomass burning, urban, or desert
dust aerosols, a significant curvature in the In t versus In A relationship was observed [29]. In this paper, an attempt has been
made to show the departure that introduces a curvature on Int(A) versus InA curve. And a second order fit to the Int(L) versus
In) provides better estimates than linear fit [32-34]. The quadratic formula that is used is

Int(X) = -op(Ink)? - oIk + Inp (6)
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and the coefficients (B, a4, o) are obtained using SPSS 15 for windows. In case of negative curvature (0,,<0, convex type
curves) the rate of change of a is more significant at the longer wavelengths, while in case of positive curvature (o, >0,
concave type curves) the rate of change of a is more significant at the shorter wavelengths. [29] reported the existence of
negative curvatures for fine-mode aerosols and positive curvatures for significant contribution by coarse-mode particles in the
size distribution.

To quantify the water uptake at subsaturated conditions, we define the hygroscopic growth factor (HGF) as the ratio of
the radius Rgu, radius at a specified RH to the original dry radius Rgr, which is at RH=0% [35,36]:

HGF = 281 ©)

Rdry

The HGF can be subdivided into different classes with respect hygroscopicity. One classification is based on diameter
growth factor by [35,37] 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 obtain a better estimate and be able to explain the type of direct climate forcing by aerosols and reduce the
associated uncertainty, quantification of aerosol optical properties and their dependency on relative humidity [38-40] is very
important. The increase in light-scattering, absorption and extinction coefficients by aerosols with RH with respect to
wavelength, f(RH, A), (humidification factor), has been considered an important parameter to describe the nature of aerosol
Radiative forcing [3,39,41-46] and to understand the cause of visibility degradation due to aerosols [47-49]. The
humidification factor 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 [38-40].

The aerosol humidification factor, f(RH, X ), can be described as either the ratio of aerosol light scattering, absorption, or
extinction between two different RH values. The f(RH, 1) was calculated from the following [50]:

_ Uext(RHhigh'A) _ [ 100—RHy, 4

f(RH’ l) B O'ext(RHref'A) B <1OO_RHhig];1) (8)

where in this study RH, is 0%, vy is referred to as the aerosol hygroscopicity factor. Hygroscopic properties of aerosol
particles describe the interactions between particles and the 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 y parameter in our
case was obtained by combining the eight ceq(L) values at 0%, 50%, 70%, 80%, 90%, 95%, 98% and 99% RH. The use of y
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 [52]., 2005). The y parameter is dimensionless, and it increases with increasing
particle water uptake. From previous studies, typical values of y for ambient aerosol ranged between 0.1 and 1.5 [51-53].

3.0 Results and Discussions
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Figure 1: A plot of radiative forcing against wavelength
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From figure 1, at 0% RH the RF is positive and almost independent of wavelength. But as the RH increases the RF continues
to decrease most especially at shorter wavelengths and this indicates the dominance of fine mode particles because they
scatter more light as a result of hygroscopic growth than coarse particles which results in the increase in cooling at 1.0 to 2.5
spectral range . But as from 2.5 to 3.0 there is a sudden change in RF which indicates the sudden change in size distribution
from Junge size distribution of fine mode particles to a small lognormal size distribution of coarse mode particles that don’t
vary much with the increase in RH. The relation of RF with RH is such that at the deliquescence point (90 to 99%) the
increase or decrease with higher humidities increases or decreases substantially, making this process strongly nonlinear with
relative humidity [54,55].
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Figure 2: A graph of effective real refractive indices against wavelengths

The decrease in the effective real refractive indicies with RH is as a result of hygroscopic growth. The relationship of the
particles with wavelengths shows the presence of non-spherical particles.
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Figure 3: A plot of scattering coefficients against wavelength (A) for relative humidities 0% to 99% (B) for 0% Relative
humidity.

Figure 3B is drawn to enable us see more clearly the type of relationship between scattering coefficient and wavelength.
Comparing figures 3A and 3B it can be observed that scattering coefficient has bimodal type of size distributions. The first at
the spectral range 1.0pum to 3.0um which indicates that power law is satisfied (ie it can be approximated with a power law
wavelength dependence equations (4) and (5)) while the second (3.0pum to 4.0um) is a lognormal mode. The increase in
scattering coefficients with RH is as a result of hygroscopic growth by the aerosols particles where by fine particles scatter
more light than coarse particles.
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Figure 4: A plot of effective imaginary refractive indices against wavelengths

From figure 4 at RH=0% it shows little variations of the effective refractive indicies with wavelength which shows the
presence of non-spherical particles. But as the RH increases there is a decrease in the indicies and a creation of two types of
mode size distributions a the atmospheric window of 3.0um.
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Figure 5: A graph of absorption against wavelengths

It decreases slowly with wavelength and independent of RH, in the interval 1.0pum to 2.5um.

It shows the presence of two distinct size distribution that satisfy Junge power law (1.0pum to 2.5um.) and lognormal (2.5pum
to 4.0um.) modes. The first spectral is independent of RH and this reflects the dominance of fine particles but the second is
dependent on RH and this reflects the dominance of coarse mode particles.
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Figure 6: A plot of optical depth against wavelengths (A) for relative humidities 0 % to 99% (B) for 0% relative humidity.
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Figure 6B is drawn to enable us see more clearly the type of relationship between optical depth and wavelength. At 0% RH
(figure 6B) it appears the system has bimodal of the form Junge (1.0pm to 3.0pm) and lognormal (3.0pm to 4.0pm). But as
the RH increases, the bimodal type of distribution becomes clearer, but this time at 1.0um to 2.5um (Junge) and a small
lognormal (2.5um to 4.0um). 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 at two spectral interval (1.0 to 2.5 and 3.0
to 4.0) irrespective of the RH change, attributing to the presence of fine and coarse particles at these two different size modes
distributions respectively. The first mode which is dominated by fine mode particles satisfies power law distribution while
the second dominated by coarse mode satisfy lognormal size distribution. This is in line with what [56] 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 of lognormal type. The high optical depth 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

Table 1: The results of the Angstron coefficients at the respective relative humidities using equation(5) at the spectral range
1.0um to 2.5um.

Linear Quadratic

RH o B R? o 0 B R

0 0.6308 2.3453 0.9969 0.7208 -0.0989 2.3725 0.9989
50 0.7969 | 2.7987 0.9964 0.9338 | -0.1505 2.8481 0.9994
70 0.8879 3.1036 0.9968 1.0336 -0.1601 3.1619 0.9995
80 0.9763 | 3.4481 0.9975 1.1172 | -0.1549 3.5108 0.9999
90 1.1575 4.3645 0.9990 1.2586 -0.1111 44212 0.9997
95 1.3640 5.9734 0.9999 1.3521 0.0130 5.9643 0.9999
98 1.6031 | 9.6936 0.9974 1.3500 | 0.2782 9.3849 0.99997
99 1.7160 13.7141 | 0.9934 1.2821 0.4769 12.9741 | 0.9999

The observed variations in Angstrém 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
Angstrém coefficient. This shows that hygroscopic growth has caused reduction in the effective radii and this is caused a to
increase with the increase in RH. It also shows that increase in RH which increases hygroscopic growth has caused increase
in mode size distributions for the two modes. Though [29] reported the existence of negative curvatures for fine-mode
aerosols and positive curvatures for significant contribution by coarse-mode particles in the size distribution but from table 1,
it can be observed that RH also has effect on the type of curvature. This is because from 0 to 90% RH «a,<0 which signifies
fine particles while at RH 95 to 99% RH a,>0 for coarse particles.

Table 2: Values of dry and wet radii of aerosols extracted from the microphysical characteristics of the aerosols and the
calculated HGF using equation(7).

RH(%) 00 50 70 80 90 95 98 99
Rmod (wet), [um]: 0.0212 |00262 | 00285 |0.0306 |0.0348 |0.0399 |0.0476 | 0.0534
Rmod (dry), [um]: 00212 | 00212 | 00212 |00212 |00212 [00212 |00212 | 00212
HGF 1 1236 | 1.344 | 1.443 | 1642 | 1882 | 2245 | 2519
MAS.MIXof WASO(%) | 4641 |5632 |6085 |6475 |7152 |7822 |8535 |88.98

Table 2 shows that the mixture is very hygroscopic.
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Figure 7: A graph of f(RH, A) against wavelengths

It relation with RH shows that the mixture is very hygroscopic. This is not surprising because it contains large amount of
water soluble component. It also shows increase in mode size distributions as a result of increase in RH. The figure shows bi-
modal types of size distribution (Junge (1.0um to 2.5 pm) and lognormal (2.5 pm to 4.0 pm)). It also shows the sensitivity of
the sudden change in size distribution at 3.0 atmospheric window.
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Figure 8: A graph of hygroscopicity factor against wavelengths

The figure shows that the particles are deliquesced as cited by [52]. This is in line with the previous studies by [51-53] that
typical values of y for ambient aerosol ranged between 0.1 and 1.5.
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Figure 9: A plot of single scattering albedo against wavelengths
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The decrease in SSA with wavelengths signifies the dominance of fine modes particles. This is because as discussed before
fine mode particles scatter more lights at shorter wavelengths. Its relation with RH also confirms that fine more particles
scatter more lights as a result of the increase in hygroscopic growth. Its behavior at 3.0um atmospheric window shows its
sensitivity to particle size distributions with wavelengths and RH.

5.0 Conclusion

The nature of the increments of the radiative forcing with RH reflects the dominance of fine particles at spectral
range of 1.0 um to 2.5 pum and the dominance of coarse particles at 2.5 pum to 4.0 pm.

This is because as a result of increase in RH fine particles are effected with hygroscopic growth which scatter more
lights thereby increasing cooling while coarse are not very sensitive. The increase in Angstrom coefficient with RH shows
that as the RH increase the coarse particles continue sediment which caused the increase in the concentration of fine particles
which result in decrease in effective radius and increase in Angstrom coefficients. 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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