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ABSTRACT

The optical and microphysical properties of urban aerosols at the visible region (0.40um to
0.75um) at relative humidities (RHs) 0, 50, 70, 80, 90, 95, 98 and 99% are extracted from
the Optical Properties of Aerosol and Clouds software. The optical parameters extracted are
refractive indices, radii of water soluble components, scattering, absorption, and extinction
coefficients, single scattering albedos, asymmetry paramenters and tsc, and T, as the aerosol
layer scattering and absorption optical thickness. The data was used to calculate the radiative
forcings(RF), Angstom parameters, hygroscopic growth factors, and hgroscopicities. Angstrom
parameters that are used to determine the nature of the particles size distributions at different
RHs are obtained using the aerosols optical depths. Angstrom parameters increase from 1.0842
at 0% RH to 1.1677 at 80% RH as a result of hygroscopic growth and decrease from 1.1677 at
80% RH to 0.9722 at 99% as a result of coagulation due to the increase in RH. It also shows that
increase in RH has caused increase in mode size distributions which caused increase in radiative
cooling. The analysis further shows that these aerosols have Junge type of size distributions and

are dominated by fine mode particles distribution which account for the observed negative RF.

INTRODUCTION

Anthropogenic aerosols affect the Earth’s climate in two ways: they reflect and absorb solar
radiation, thereby giving rise to what is referred to as the direct radiative forcing, and they
increase the numbers and decrease the sizes of cloud droplets, thereby giving rise to the indirect

radiative forcing [1-3]. Both effects alter sunlight reflected and absorbed by the Earth-
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atmosphere system. These changes are expected to lead to changes in atmospheric and oceanic
temperatures, and consequently, altered weather patterns. Knowledge of the spatial distribution
of aerosols and their effect on the Earth’s energy budget is a key to reliable assessments of
climate change. The variability of aerosol concentrations coupled with the variability of their
physical and optical properties, makes direct measurements of aerosols and their properties on
global scales impractical. Consequently, remote sensing of aerosols from satellites is essential to
determining the temporal and spatial distribution of aerosols and estimating the aerosol direct

radiative forcing of climate.[4].

Radiative forcing due to aerosols is one of the largest sources of uncertainties in estimating
anthropogenic climate perturbations [1, 5]. Aerosols are produced by various sources that are
highly inhomogeneous in both time and space [6-10], as a result of which estimating aerosol
radiative forcing is much more complicated than estimating radiative forcing due to well-mixed
greenhouse gases [5]. The data on aerosol physical and optical characteristics (such as aerosol
optical depth and size distribution) are more readily available than data on aerosol chemical
composition. This is because the determination of chemical composition requires dedicated field
experiments and expensive instrumentation [11]. One of the important properties of aerosols is
the Aerosol Optical Depth (AOD). Measuring 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 [12].

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 [13]. Accordingly, hygroscopic growth is
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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 aim of this paper is to calculate and analyze the spectral behavior of RF of Urban aerosols in
the visible region and the effect of hygroscopic properties of the ambient aerosols on it. Also the
spectral behavior of other optical parameters analysed are, optical depths, Angstrom parameters,
single scattering albedos, asymmetry parameters, and extinction, scattering and absorption
coefficients to help in determining the nature of the aerosols such as well as the size distribution..

METHODOLOGY

The data used for the urban aerosols in this paper are derived from the Optical Properties of
Aerosols and Clouds (OPAC) data set [14]. 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).

[15] derived the formula that can be used to calculate the globally averaged direct aerosol

Radiative forcing of absorbing aerosols, AFg, as
S
AFp = — :OTc%tm(l - N){(l - A)ZZ.BTsca - 4‘ATabs} (1)

Where Sp =1370Wm™ is a solar constant, Tam =0.79 is the transmittance of the atmosphere
above the aerosol layer, N =0.6 is the fraction of the sky covered by clouds, the global averaged
albedo A=0.22 over land, B is the fraction of radiation scattered by aerosol into the atmosphere

and Tsca and Tap, are the aerosol layer scattering and absorption optical thickness [16]. The above
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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 [17]

_ @9

=" )
where g is the asymmetry parameter.

To calculate the effective refractive indices of the bulk samples the following formula is used for

the three mixed aerosols [18]:

=S firns ®3)

Seff+2€0 - git2¢gp

Where f; and &; are the volume fraction and dielectric constant of the i" component and ¢ is the
dielectric constant of the host material. For the case of Lorentz-Lorentz [19, 20], the host

material is taken to be vacuum, gy =1.

The spectral behavior of the aerosols optical depth (t) (or scattering (oscat), absorption (Gaps) and
extinction (oex) 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 any of the optical parameters with the wavelength of light () as inverse power

law [21,22]:

(V=P \“ 4

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

coefficient of the following regression:

Int(}) = -aln(A) + Inf 5)
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where [ and o are the turbidity coefficient and the shaping factor, respectively.[23, 24] a is also
related to the size of particles. So a and § can be used to describe the size distribution of aerosol
particles and the general haziness of the atmosphere respectively. Larger particles generally
correspond to smaller o, whereas smaller particles generally correspond to larger a. According to
[25] alow (down to 0) is a sign of large dust particles; a high (up to 2) corresponds to small
smoke particles. According to [26] typical values of the shaping factor are larger than 2.0 for
fresh smoke 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 [27].

As a result of wetting the hydroscopic particles grow, thereby changing the effective radius of an
aerosol mixture and subsequently the aerosol extinction or aerosol optical thickness. The
variation of the extinction coefficient or the aerosol optical thickness with the wavelength can be
presented as a power law function with a constant (related to the power factor) known as the
Angstrom coefficient [22]. When the particle size distribution is dominated by small particles, a
situation usually associated with pollution, the Angstrém coefficients are high; in clear
conditions they are usually low. [28] demonstrated that the Angstrém 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 Angstrém

coefficient.

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

(HGF) as the ratio of the radius Rry, at a specified RH to the original dry diameter Rgry, which is
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at RH =0% and RH is taken for seven values 50%, 70%, 80%, 90%, 95%, 98% and 99%. [29,

30]:

HGF = 2rH (6)

R dry

The HGF can be subdivided into different classes with respect hygroscopicity. One classification
is based on diameter growth factor by [23, 29] as Barely Hygroscopic (HGF = 1.0-1.11), Less
Hygroscopic (HGF = 1.11-1.33), More Hygroscopic (HGF = 1.33-1.85) and most hygroscopic

growth (HGF > 1.85).

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 [31-33].

The aerosol hygroscopic growth factor, f(RH,A), describes the ratio of aerosol light extinction

between two different RH values that can be calculated from the following [34]:

f(RH, 1) = Oext(RHpign) (100_RHTef ))’ o

Uext(RHref) 100-RHpign

where in our study RHes = 00%. The y parameter in our case was obtained by combining the
eight Gexi(A) measurements at 00%, 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 [35], a reasonable
assumption for this data set due to the high ambient relative humidity during the field study. The
vy 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 [35-37].
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RESULTS AND DISCUSSIONS
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Figure 1: Radiative forcing against wavelength

It shows smooth decrease in radiative cooling with wavelength but increases with the increase in

RH. The relation of RF 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. The reason why radiative cooling is higher in the lower wavelengths with the

increase in RHs is because as a result of hygroscopic growth, smaller particles scatter more light

than bigger particles; this implies more cooling at lower wavelength with hygroscopic growth.

Therefore this shows that the hygroscopicity of atmospheric aerosols greatly affect their ability

to scatter more light than absorbed.
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Figure 2: A plot of effective real refractive indicies against wavelength.
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The figure shows that refractive indicies decreases with the increase in RH, but constant with

wavelength at the point where the particles are assumed spherical and variable where the

particles are non-spherical (at 70, 95, 98 and 99%) as pointed out by [38]. 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.
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The scattering coefficient follows a relatively smooth decrease with wavelength for all RHs and

can be approximated with power law wavelength dependence (Scattering Angstrom Exponent).

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

coefficients 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 enhances the

irradiance scattering in shorter wavelength only while the coarse-mode particles provide similar

contributions to the scattering coefficients at both wavelengths [39]. It also shows that as a result

of hygroscopic growth, smaller particles scatter more light at shorter wavelengths compared to

bigger particles. 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 [40-43].
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Figure 4: A plot of effective imaginary refractive indices against wavelength.
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It shows a slight increase with the increase in wavelength but decrease in magnitude with RH.

This shows that as a result of hygroscopic growth, there is a decrease in effective imaginary
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refractive indices.
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Figure 5: A plot of absorption coefficients against wavelengths

It shows that absorption coefficients decrease smoothly with wavelength but constant in all RHs
and can be approximated with power law wavelength dependence (Absorption Angstrom

Exponent). It also shows hygroscopic growth has no effect on absorption coefficients.
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Figure 6: A plot of optical depth against wavelength
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The optical depth follows a relatively smooth decrease with wavelength for all RHs and can be
approximated with power law wavelength dependence (Optical Depth Angstrom Exponent). 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 enhances the irradiance scattering in shorter
wavelength only, while the coarse-mode particles provide similar contributions to the AOD at
both wavelengths [39]. 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 [40, 41].The figure shows confirms the power law, and this ascertain
equations (4) and (5). A higher RH could obviously cause the particles’ hygroscopicC increase,

which could result in greater extinction and a larger volume of fine particles.

Table 1: Values of a and f obtained from regression analysis using equation(’5)

RH(%) 00 50 70 80 90 95 98 99
o 1.0842 | 1.1458 | 1.1618 | 1.1677 | 1.1613 | 1.1267 | 1.0435 0.9722
B 2.2663 | 2.8075 | 3.1680 | 3.5732 | 4.6263 | 6.4183 | 10.4136 | 14.6078
R 0.9999 | 0.9998 | 0.9996 | 0.9993 | 0.9987 | 0.9979 | 0.9965 0.9954

The observed variations in Angstrém coefficients can be explained by changes in the effective
radii of the mixtures resulting from changes in RH in the range 0% to 80%: the larger the number
of small aerosol particles, the smaller the effective radius and the larger the Angstrém coefficient
The Angstrém 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.. But as
from 80% to 99% RH there is an increase in fine mode particle radius which results from particle
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growth due to coagulation and hygroscopic growth. Coagulation rates increase as particle
concentration increases [44]; therefore this particle growth mechanism will be greatest at the
highest optical depth (t(1)). Hygroscopic at high RH will also tend to increase optical depth as
accumulation mode particles increase in size [26]. Also these values of a in the range 1.1 to 1.2
imply that aerosol mixtures are dominated by fine mode particles and also reflect the occurrence
of large size accumulation mode particles that may result from fine particle coagulation at high
concentration from 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 become large particles, causing the AOD to increase and o becomes
smaller. Also the decrease in a as AOD increases, suggest the presence of larger particles leads
to enhanced extinction. An increase in AOD with an increasing a as a result of change in RH,
reflects the presence of a significant fraction of fine particles in the aerosol size distribution.
There is observational evidence that Angstrém exponents decrease in value as particles grow

hygroscopically [45].

Table 2: Values of dry and wet radii of aerosols extracted from the microphysical characteristics

of the aerosols and the calculated HGF using equation(6).

RH(%) 00 50 70 80 90 95 98 99
Rmod (wet), [um]: 0.0212 | 0.0262 | 0.0285 | 0.0306 | 0.0348 | 0.0399 | 0.0476 | 0.0534
Rmod (dry), [um]: 0.0212 | 0.0212 | 0.0212 | 0.0212 | 0.0212 | 0.0212 | 0.0212 | 0.0212
HGF 1| 1236 | 1344 | 1443 | 1642 | 1.882| 2.245| 2.519
MAS.MIXof

WASO(%) 46.41 | 56.32| 60.85| 64.75| 7152 | 78.22| 8535 | 88.98

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

It shows that the f(RH, A) increases with the increase in RH. But in relation to wavelengths, from
50 to 80%RH it is almost constant, but started increasing with wavelength from 90 to 99 (the
slopes increase as the RH increases). At the deliquescence point this growth with higher
humidities increases substantially, making this process strongly nonlinear with relative humidity

[40, 41]. Comparing figure 7 and table 2 it can be concluded that the particles are very
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These variations may be due to variations in the mixing state of different components of the

aerosols due to changes in RH.

Single Scattering Albedo

) —=— SSA00
0'94 ] oo o % | *SSAs0
002 ] =
0.90 ] e +§§ﬁgg
0.88 ]
- — < SSA95
0'84 : SSA98
082 ] Ve —v— -
v—

0.80 ] N
0.78 ]
0.76 I
ore] ..
072 ] \7
0.70 ]
0.68 ] T -

—_—
0.66 o
0.64 ] L
0.62

T T T T T T T T 1
035 040 045 050 055 060 065 070 0.75 0.80

Wavelength(um)

Figure 9: A plot of single scattering albedo against wavelength

It shows that SSA is increasing with increase in RH because as it can be seen on figures 3 and 5,

scattering is increasing faster than absorption as a result of hygroscopic growth. The SSA

decreases with wavelength because the scattering is decreasing faster than absorption as shown in

figures 3 and 5 [38, 46].
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Figure 10 verify that smaller particles scatter more lights than bigger particles as discussed in
figure 3 and they scatter more in the forward than backward. It also shows that there is a
dominance of fine particles because the asymmetry parameter does not change much with
wavelength even as a result of hygroscopic growth. It relation with RH shows that hygroscopic

growth enhances scattering in the forward direction.
CONCLUSION

The Radiative Forcing (cooling) at 0% RH linearly decreases to higher wavelength. The negative
value of RF at lower wavelength signifies the presence of fine mode particles while the positive
values at higher wavelengths signify the presence of coarse mode particles. As the RH is
increased it is observed that the RF is more negative at shorter wavelength than higher
wavelengths, this signifies the dominance of fine mode particles. Figure 5 shows higher
absorption coefficients at shorter wavelengths, which also indicate why cooling results. That is
higher absorption results in less radiation reaching the lower atmosphere which induces cooling.
Also the value of Angstrom coefficients indicates the dominance of fine particles over coarse
particles, and are comparable to those found in pollution outbreaks in the northeast Asian region
[47-49]. The observed increase in scattering, which is much more than absorption shows that
hygroscopic growth has more effect on fine particles than coarse particles. It can therefore be
safely concluded that the dominance of fine particles in this spectral range is what is responsible

for the radiative cooling.
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