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Abstract—Visibility modeling requires a proper description of the optical properties of atmospheric
pollutants and an accurate simulation of the physical processes of light propagation in the atmosphere. The
objectives of this paper are to study the effects of various microstructures of atmospheric particles on their
optical properties (such as extinction coefficient, probability of scattering, and scattering phase matrix) and
consequential influence on the computation of path radiance and contrast.

Mie computations are performed, in which the physical characteristics (e.g. size distribution, solubility,
and mixture) of particles and the atmospheric conditions (e.g. moisture) are allowed to vary. A plane—parallel
multiple scattering radiation model, utilizing the methods of doubling and adding, is then used to assess the
impact of atmospheric pollutants on visibility and visual air quality. The results of this study demonstrate
the dependence of sky radiance not only on the aerosol extinction coefficient but on the phase matrix and
environmental conditions as well. These results are presented in sky color maps which are created using
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truecolor imagery.
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1. INTRODUCTION

Atmospheric aerosols affect not only visibility but also
daily weather, the climate of the Earth, and it has been
speculated in some instances even the survival of
species on Earth. One of the most apparent influences
of these aerosols is on the transfer of visible light in the
terrestrial atmosphere which is especially important to
problems of visibility and the perceived visual air
quality.

Visibility modeling requires a proper description of
the optical properties of these atmospheric aerosols
and an accurate simulation of the physical processes of
light propagation in the atmosphere. Specification of
the aerosol optical properties is in fact a complex
problem. Many of the past investigations on this
subject have focused on the relation of the extinction
coefficients to the chemical specification of aerosol
mass through empirical/statistical models of multivar-
iate linear regression (e.g. Barone et al., 1978; Ouim-
ette and Flagan, 1982) while other investigators have
relied on more physical aerosol models (Sloane, 1984,
1986 among others). Most of these studies have been
constrained within the realm of Beer’s Law, in which
the multiple scattering of light is neglected.

Visibility degradation is a combination of two
effects: the attenuation of image forming radiance and
the generation of path radiance by the atmospheric
molecular and aerosol extinction, including multiple
scattering. The difference in the path radiance between
scattering dominated and absorption dominated ae-
rosols could be as large as one to two order of
magnitude. Consequently, considerations of visibility
reduction only on the attenuation of light along the
viewing path may produce serious error (e.g. Dave,

1981). Furthermore, the perceived visual air quality is
often determined by the color contrast and the loading
of aerosols of different microstructure can change the
sky color dramatically from clean and blue to turbid
and yellowish or to brownish (e.g. Megaw, 1977; Dave,
1980; Groblicki et al., 1981) in a complex manner.
To account for the enhancement of path radiance
by aerosol loading and multiple scattering, one needs
suitable and accurate methods for computing aerosol
optical properties and for simulating atmospheric
radiance fields. In section 2 we describe the construc-
tion and consideration of atmospheric aerosol models
used. Then based on their microstructures, the acrosol
optical properties are determined in section 3. In
section 4 we first describe a radiative transfer model
used to compute intensity fields, contrast and colori-
metric parameters for aerosols in a horizontally
homogeneous atmosphere. The effects of scattering by
air molecules and by a reflecting surface are also
included in the model. We then proceed in section 5 to
show, from a theoretical perspective, how different
microstructure of atmospheric aerosol affects visual
air quality; in particular, how it alters the sky intensity
field, the contrast of an object viewed along a horizon-
tal path and the perceived color contrast. Truecolor
images are used to illustrate the effect of acrosol on sky
color. A summary of this study is given in section 6.

2. ATMOSPHERIC AEROSOL MODELS

2.1. Size distribution

In practice, a volume of aerosols is a collection of
discrete sized particles with a number concentration
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(n, particles per unit volume per radius) that varies
with aerosol size. These grouped data are commonly
presented in the form of a histogram. However, we
may conveniently characterize such a polydispersion
in terms of some type of analytical function.

The lognormal distributions are frequently used in
describing aerosol size and/or volume distributions
(e.g. Davies, 1974), due to their unique properties [cf.
Aitchison and Brown (1957) for detailed discussion].
The lognormal size distribution has the form

. N, [ l(lnr/rm>2] M

nr)=——=———-exp| —=| —— ,
r\/21zlna‘l 2\ Ing,

where N, is the total (volume) concentration of aero-

sols, r,,, is the median (or geometric mean) radius and

o, is the geometric standard deviation. By performing

a fundamental transformation and algebraic manip-

ulation, the p-moment of radius (r?) with respect to the
size distribution is readily obtained

I

plne,\? .
where f(p)=exp| —— ] . For example, the effective
2
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radius (r.,), which is the ratio of third to second
moments of the size distribution (Hansen and Travis,
1974), is an important parameter in characterizing
single scattering properties, and is determined by

5 2
Fert =FmEXP E(lnag) .

Moreover, when a particle number density is required
(such as Mie computation), a known median radius of
higher p-moment distribution (r,, ,; e.g. p=3 for vol-
ume distribution) can be transferred into number
density distribution by utilizing the following trans-

formation

©)

@)
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2.2. Aerosol mixture

Microscopic analysis reveals that atmospheric aero-
sols agglomerate in complex ways. As we will demon-
strate, different combinations of aerosol species pro-
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duce changes of the effective optical characteristics of
the aerosols which in turn influence the atmospheric
visibility in important ways. In general, there are three
types of mixture that can be readily approximated by
physical models: external, internal, and volume mix-
ture (e.g. Ackerman and Toon, 1981). Figure 1 shows
these three types of aerosol mixtures. The properties of
the individual chemical species that comprise the
mixture are summed up to represent the effective
properties of an external mixing, in which aerosols are
mixed as distinct particles without interaction. Ex-
ternal mixing is the most frequent assumption used in
the literature. The internal mixing is defined such that
aerosols exist as a core and/or a shell to form a coated
particle. If the aerosol species are combined in fixed
proportions, it is referred to as a volume mixture.
Bohren (1986), however, argued the applicability and
validity of the volume mixture (e.g. the concepts of
effective-medium). In this study, we consider a volume
mixture only if the aerosols can be mixed homogen-
eously. For example, the effective indices of refraction
are taken to be a combination by volume of the
original dry soluble compound and the solution (e.g.
water and/or sulphuric acid) when they are mixed. For
the case of insoluble compounds, then the particle is
considered to be an as internal mixture with a coating
structure.

2.3. Chemical species and solubility

Aerosols sampled in the real world are generally not
single-sized or single-moded, instead they often have
sizes in the ranges referred to as the nuclei mode, the
accumulation mode and the coarse mode. In most
cases the different modes are associated with varying
aerosol species (Friedlander, 1970; Nilsson, 1979;
Blanchet and List, 1983). For example, most of the sea
salt aerosols are in the coarse mode. The size distribu-
tion of Los Angeles smog was well fitted by Davies
(1974) using up to seven lognormal distributions,
while Egan (1982) used generalized gamma distribu-
tions to simulate and examine a variety of aerosol
measurements. Therefore, a wide range composition
of aerosol species can be modeled by changing the
parameters of these analytic functions, and the optical

l
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Fig. 1. Schematic representation of aerosol mixtures: (a) external mixing, (b) internal mixing with coating
structure and (c) homogeneous mixing within a volume.
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properties can also be examined extensively in terms
of these distributions.

In a moist environment under supersaturation,
water vapor is first absorbed by the soluble aerosols.
Consequently, the water activity also changes the
aerosol size distribution and the effective indices of
refraction. To consider these changes, an iterative
scheme developed by Shettle and Fenn (1979) and
extended for coated spheres by Blanchet and List
(1983) is adopted here to infer the wetted aerosol sizes
and effective indices of refraction. The observed rela-
tton between water uptake and water activity for
various types of aerosols and sulphuric acid (Hénel,
1976; Nair and Vohra, 1975) is used in the model.

3. AEROSOL OPTICAL PROPERTIES

3.1. Single particle

The optical properties of atmospheric aerosols are
closely related to their microstructure and for the
purpose of estimating these properties, the assumption
that these particles are spheres is invoked. Interaction
of radiation with a scattering/absorbing homogeneous
sphere is described by Mie theory and is adequately
discussed in a number of classic textbooks (e.g. van de
Hulst, 1957; Deirmendjian, 1969) and a number of
recent, improved Mie scattering algorithms have be-
come available (Wiscombe, 1980, 1989). The physical
parameters involved in Mie calculations are the com-
plex refractive index of the sphere relative to the
surrounding medium (M=, — iMimaginary) and the
size parameter (x=mnd/A; d for diameter and A for
wavelength). Indices of refraction for different types of
aerosols used in this study are adopted from the
compilation of Shettle and Fenn (1979). The complete
single scattering parameters of extinction (Q.,,) and
scattering (Q,.,) efficiency factors as well as the
scattering phase matrix ( Py, the angular distribution
and polarization of the scattered radiation related to
scattering angle 9) are then obtained (cf. Wiscombe,
1980 and 1989 for detailed derivations).

While we assume spherical geometry, the aerosol
particles that appear in the atmosphere are generally
not spherical in shape. Although liquid aerosols or
liquid-coated aerosols (e.g. coating of sulfuric acid
solution; Bigg, 1980) are approximately spherical, dry
particles tend to be irregular in shape. Pollack and
Cuzzi (1980) suggested that for nonspherical particles
with x < ~§ the error may be quite small, due to the
light wave only sensing the particle without detailing
its shape or variation in composition. Also, studies by
Chylek et al. (1976) and Holland and Gagne (1970)
indicated that for particles of equal overall dimensions
but different shapes, the spherical particle extinction
has the highest values. Therefore, Mie computations
involving the assumption of sphericity are still appro-
priate to most cases if proper precautions are made.
To account for the structure of concentrical-coated
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sphere, the more general Aden and Kerker selution
(Kerker, 1969) is used in place of the Mie solution.
Furthermore, the study of Toon and Ackerman (1981)
reconstructed the algorithms to circumvent the nu-
merical instabilities involved in the Aden and Kerker
solution of a, and b,,.

3.2. Polydispersed particles

A volume of aerosols typically contains a mixture of
particles of different sizes and species. The single
scattering parameters (extinction coefficient f.,,, pro-
bability of scattering @, and scattering phase matrix
Pg), which are ultimately used in multiple scattering
radiation models and thus properties that influence
the path radiance significantly, can be computed for
each individual aerosol species (i) and the associated
size distributions

o}

. 9
;ca =73 szsca(x)n(x)dx
K2,

. A
‘ext=ﬁJ\ XZQe“(x)f',(X)dX

0
P"(9)=$ f X2 Qua(M) P(5,9)1(x)dx,  (5)

where k=2n/A and &'=p!,/Bi,. The final optical
properties of the combination of all aerosol species are
then weighted properly according to their partition in
total volume (Blanchet and List, 1983).

Figure 2 shows, for example, an aerosol size dis-
tribution commonly observed in the atmosphere (e.g.
Bigg, 1980) and its corresponding characteristic para-
meters of lognormal functions are listed in Table 1. If
each mode of the size distribution is associated with
one pure substance, which is assigned as soot, dust-
like and sea-salt aerosols, the bulk optical properties

dN/dIn R (cm™)

NV ITIPEEN W Y
107 10
RADIUS R (um)

Fig. 2. An aerosol model size distribution which is com-
posed of three lognormal functions and their character-
istic parameters are listed in Table 1.
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at 0.55 um wavelength can be obtained according to
Equation (5) and are listed in Table 2. The asymmetry
factor (g), which is the first moment of the scattering
phase function, is computed from Mie theory. The
corresponding physical properties of these aerosols
are also listed in Table 2. Figure 3 shows the scattering
phase functions of individual components and total
aerosol mixture. Soot and dust-like aerosols are gen-
erally smooth in all scattering angles, with a minimum
at about 130°. Since the sea-salt aerosol is relatively
large and close to pure scattering, two extreme
scattering features are displayed at the forward and
backward directions. When all aerosols are mixed
externally, the scattering characteristics is thus a com-
position of each component. The wavelength depend-
ence of the scattering phase matrix is shown in Fig. 4
for three primary colors of red (0.63 um), green
(0.55 pm) and blue (0.45 um). The major difference of
these three phase functions is the increase in backward
scattering as wavelength increases, which is caused
mainly by the decrease of optical sizes.

To explore the effect of relative humidity on aerosol
optical properties, a dry aerosol model is defined and
listed in Table 3a. The classification of chemical
compound and the index of refraction are adopted
from Shettle and Fenn (1979), except for the pure
sulphuric acid case which is taken from Nair and
Vohra (1975). In the moist environment, the water
activity of each aerosol component follows the meas-
urements of Hanel (1976), defined as urban, maritime
and continental types. Soot and dust-like particles are
not soluble, but with the coating of sulphuric acid they
grow through the absorption of water vapor by sul-
phuric acid. The computed bulk optical properties for
three relative humidities are listed in Table 3b. A
nonlinear relation between the bulk optical properties
and relative humidity is observed. Figure 5 shows the

Table 1. Size distribution parameters for an aerosol model

having lognormal functions. r,, stands for the median radius

(um), o, for geometric standard deviation and N, for total
aerosol concentration (cm~3)
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scattering phase functions for relative humidity at 0%,
50% and 90%. The most pronounced changes in the
scattering pattern are the dramatic increase in the
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Fig. 3. Scattering phase functions at 0.55 um wavelength

for three pure aerosol substances of (a) —— soot,
(b) —- dust-like, (c) - - - sea-salt, and (d) —-——for all
components.
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Mode Tm o, N,
; 8(1)(5) }2 ;% Fig. 4. Wavelength dependence of s'catu.’,ring phase func-
3 0‘50 2'0 0.5 tions of all components, defined as in Fig. 3, for (a) —

0.45 pm, (b) - — — 0.55 pm, and (c) - - - 0.63 um.

Table 2. Physical and optical properties for an acrosol model having the size distribution shown in Fig. 2. V, denotes the total
volume of aerosol (um? cm ™ ?); m, the index of refraction at 0.55 um wavelength; f,,,, the extinction coefficient (Km ~!); &, the
single scattering albedo; and g, the asymmetry factor

Physical properties

Optical properties
@

Mode N, v, m Bext g
Soot 1 100 0.248 1.75-0.440i 0.002781 0.39803 0.5442
Dust-like 2 500 4.388 1.53-0.008i 0.030482 0.95865 0.6213
Sea-salt 3 0.5 2.246 1.50-0.000i 0.002471 1.00000 0.7245
Total — 600.5 6.882 — 0.035734 0.91787 0.6265
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Table 3. Asin Table 2, except for different aerosl compositions (%), wavelengths (4, in um), and relative humidities (r.h. in %).
Notations are the same as in Table 2, except V,, for the total volume of wetted aerosol (um3cm ~3) and r, for the effective

radius (um)
(@)
Soluble Dust-like Soot Sea-salt H,S0,-acid

Composition mode-1 15 10 60 0 15
Composition mode-2 20 50 15 0 15
Composition mode-3 10 10 5 60 15
Aerosol density 1.85 1.85 20 245 1.835
Type of activity Continental — — Maritime H,SO,
Solubility Soluble Insoluble Insoluble Soluble Soluble
Refractive index mg 45 1.53-0.005i 1.53-0.008i 1.75-0.454i 1.50-0.000i 1.40-0.000i
Refractive index mg s 1.53-0.006i 1.53-0.008i 1.75-0.440i 1.50-0.000i 1.37-0.000i
Refractive index myg o, 1.53-0.006i 1.53-0.008i 1.75-0.430i 1.49-0.000i 1.37-0.000:
(b)
R'h' reff,w Vw '1 ﬂexl @ g

045 0.048628 0.84874 0.6607
00% 0.21t 6.882 0.55 0.037370 0.82368 0.6230

0.63 0.030454 0.80384 0.5927

045 0.062292 0.86905 0.6827
50% 0.241 9.737 0.55 0.048444 0.85026 0.6481

0.63 0.039793 0.83517 0.6193

045 0.109188 091377 0.7306
90% 0.407 26.11 0.55 0.085507 0.90391 0.7111

0.63 0.071923 0.89703 0.6892

SCATTERING PHASE FUNCTION
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Fig. 5. Relative humidity dependence of scattering phase
functions of aerosols, defined as in Table 3, for (a) —
0%, (b) — — — 50%, and (c) - - - 90%.

forward peak when relative humidity is increased.
This nonlinearity can be seen from the values listed in
Table 3b in which the effective radius is doubled for an
increase in relative humidity from 50 to 90% while
only a 10% increase in particle size occurs for mois-
ture changes from dry to 50% relative humidity.
Since the model atmosphere adopted in this study
consists of Rayleigh scattering, gaseous absorption

and aerosol particle extinction, it is necessary to
determine an effective optical depth, single scatter
albedo and scattering phase matrix for the combined
effects. These quantities can be written as

T =T+ 76+ TH
Depr=(Tr + Dy Ty)/Tere

Pege=(tg Pr + Oy Ty Py )/ Do Teges (6)
where R, G and H refer to Rayleigh, gas and haze,
respectively.

4. RADIATIVE TRANSFER MODEL

4.1. Basic equation and solution

We begin with the monochromatic one-dimen-
sional equation which is simply an energy conser-
vation law for radiative transfer through the optical
medium. In this model, aerosol particles are assumed
to lie in a horizontally homogeneous atmosphere (i.e.
plane—parallel). As such, the intensity field (I) varies
spatially only in the vertical direction (z or 7), and has
a zenith () and azimuth (¢) angle dependence.

The transfer of monochromatic radiation through
an infinitesimally thin layer can be expressed as
(Chandrasekhar, 1960)

dl(z; p,¢)

u W= —1(z; u,@)+J(z 1, 0),

™)
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where u=cosf. The first term on the right side of
Equation (7) represents the loss of intensity by extinc-
tion through the layer and the second term is the
contribution to the intensity field through the effects of
sources within the layer. For visible radiation, the
source function (J) is given as

()
J(T; #’¢)=EF0P(T; Auid)’ — Ho> ¢o)e—r/p°

@ 2n 1
+4~J f P(riu,é,1',¢") I (z; if,¢")dp'dgp’,  (8)
TJo J-1

where F, is the monochromatic flux at the top of
the atmosphere. The optical depth (7) is a product of
the volume extinction coefficient (8.,,) and the geo-
metrical thickness of the layer. 7 is conventionally set
to zero at the top of the atmosphere and increases,
in a positive sense, toward the surface. The single-
scatter albedo (®) and scattering phase matrix
(P(t; u,¢,1',¢")) are defined previously. This source
function is composed of the contribution from the
single scatter of the collimated solar flux at top (first
term of Equation (8)) and the contribution from
multiple scattering processes within the layer (second
term). The geometry of the model is depicted schema-
tically in Fig. 6.

The internal and emergent diffuse intensities of the
haze layer and the atmosphere are determined by
solving Equation (7). A variety of methods exist for
this purpose (cf. Lenoble, 1985 for a detailed review). A
typical technique involves expanding the phase matrix
and intensity about the azimuth as follows:

N-1
Pt wi',¢")= 3 P™(1; pu')cosm(¢—¢’)
m=0

N-1

I(g; )= Y, I™(x; weosm(¢p—ay). (9

m=0

A set of N differential equations is obtained which is
systematically solved for the N unknown amplitudes

Zenith b4

Fig. 6. Schematic representation of geometry for a

plane—parallel atmosphere. Inhomogeneity of op-

tical properties is considered only in the vertical
direction.
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I™ by utilizing the methods of Doubling and Adding
(van de Hulst, 1963; Grant and Hunt, 1969). Therefore,
the solution is obtained by applying the boundary
conditions at the top of the atmosphere and the
surface, respectively, as follows:

F,
I,(r=0; _”’(b):E O(u—1o)0(d— )

Ie=1t* p,@)=AJ(x=1* —y,¢"),  (10)

where § is the Dirac delta function, t* is the optical
depth at the surface and 4 is the albedo of the surface.
The first condition implies that there is no diffuse
intensity entering the top of the atmosphere, except for
the collimated solar beam. The second condition
defines the reflection of the diffuse intensity at the
surface. For simplicity, the reflecting surface is as-
sumed to be Lambertian.

4.2. Visibility and contrast

The apparent spectral intensity (or radiance, Equa-
tion (7)) of an object seen from a distance in an
atmosphere is a result of the contributions from the
background intensity and the residual intensity of the
object. The background intensity along a hypo-
thetically infinite path defines the equilibrium intens-
ity I, (Duntley et al., 1957). In a plane-parallel atmo-
sphere, the optical properties are uniform along hori-
zontal paths; thus, I, can be written as

*. @ *. —t*/,
Iq(‘C s ¢)=EF0P(1 H .u=0’ d’y _.uo’(bo}e

C(") 2n 1
+_j f P(*; u=0,p,u',0")
4ar J, -1

x1(t*; ', ¢")du'de’, (11)

and represents the contribution from the sky through
both single and multiple scattering (path radiance of
Equation (8)). Therefore, the apparent intensity of an
object is described by the simple expression (we omit
the angular dependence)

Li=1,T,00,n+1,(1—T,0,r)), (12)

where r refers to the distance between the object and
the observer and T, is the transmittance of the object
image forming intensity (I,) along the path.

An important factor when viewing an object at the
horizon is how clearly it can be seen against the
background sky. One way to quantify the visibility is
in terms of the equilibrium contrast (C,) which is given
as.(Duntley et al., 1957)

C =(Io Iq)Tr(O’r). (13)

q
Iq
The object image forming intensity is expressed as

1

lo=o- A F e (14)
T
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where A, is the albedo of the object. For the case of
viewing a black object in a vacuum, C;= —1. When
C,=0, there is no contrast with the background and
the object can not be seen and C,>0 for optically
lighter objects.

4.3. Colorimetric parameters and color contrast

Another way to assess visual air quality is in terms
of color contrast. An observer’s actual perception of
the color of a light beam can only be characterized in a
qualitative manner. The psychological description of
an observer’s visual sensation often includes bright-
ness, hue and saturation. These psychological terms
loosely correspond to the following psychophysical
terms: luminance, dominant wavelength and spectral
purity (colorimetric parameters). To clarify these colo-
rimetric parameters the chromaticity diagram is re-
produced and modified from the treatise of “The
Science of Color” (Optical Society of America, 1953)
and “Color Measurement” (Grum and Bartleson,
1980), as shown in Fig. 7. A plane of constant lumin-
ance is represented as the shaded triangular area and
the strength of luminance decreases along the 2 axis
toward the point @. The horseshoe shaped region

I TRICHROMATIC COEFFICIENT, ¥

o

\B

/

7

o
x
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consists of all real colors and the boundary of this
region represents pure monochromatic color (or
dominant wavelength). Points that lie within the con-
fines of the diagram are considered to be less saturated
than the pure colors. Pure white light is represented by
an equal proportion of three primaries: red, green and
blue light. The ratio of the distance between a sample
color and the white light to the distance of its domi-
nant wavelength and the white light is defined as
spectral purity.

The work of Dave (1980, 1981) includes perhaps the
most sophisticated description of sky colors; however,
they were shown in some sort of three-dimensional
plots of the colorimetric parameters. It is evident that
the actual sky color must be interpreted rather sub-
jectively from the plots of the colorimetric parameters.
Thus, it is desirable to create sky color maps to assess
changes in sky color.

To recreate the stimuli that produce the color
sensation, an additive mixture of lights (e.g. Optronics
Optical Film Writer) or a subtractive mixture of pig-
ments (such as cyan, magenta and yellow used in the
HP-PaintJet color printer) has been chosen to match
the color perceived by the observer. The former color-

e

Unit plane of equal luminance showing intersection points of the CIE imaginary
primaries X,9, 3, and real spectral primaries R, ®,98.

Fig. 7. CIE chromaticity diagram (see text), modified from Grum and Bartleson
(1980).
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matching method is referred to as the tristimulus
specification of color, in which the proportions of
three primary lights (red &, green ¢ and blue & of Fig.
7) are determined and the chromaticity diagram is
subsequently used to specify the color. However, a
chromaticity match cannot be fully made for all real
stimuli or for all aspects of visual color perceived by an
observer. For example, an urban brown haze may be
interpreted as some shade of gray by the chromaticity
calculations (Malm et al., 1980). Therefore, it is better
to quantify color in a relative sense such as a color
contrast. A state-of-the-art Optronics optical Film
Writer, which generates a 900 x 1350 pixel resolution
on 35 mm slides, is used in this study.

The Optronics Film Writer is essentially a sophist-
icated camera, which is digitally-controlled to plot
optical densities on photographic film. The mono-
chromatic optical density of an ith pixel (D;) is ob-
tained simply as a logarithmic transformation of the
transmittance () of the film

1
D;=log,o—,

(15)

where 7 is defined as a ratio of the transmitted
radiance (I;) to the incident radiance (I,). Similarly,
the optical density of a reference pixel (D,) also can be
obtained, in which the strongest transmitted intensity
in the radiance field is chosen as the reference or
contrast,

1 1
D,-—D,=logloz—logw?' or
I;
Di=’Dr_10g101_' (16)

r

Then, the optical density is related to the Film Writer

25um GRAY SCALE (1 R/S)

LI S B B B A s S S S LA

Optical Density

P S S S TSN T S B U WAPUY WS B R
[¢] 20 40 60 80 100 120 140 160 180 200 220 240 260

Digital Number

Fig. 8. 25 um gray scale curves between optical density
and digital number used in the Optronics Film Writer for
three primary lights.
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intensity (digital number) through the gray scale calib-
ration curves, as shown in Fig. 8 for 25 um grid. The
intensity of light source varies in 256 steps (0 for white
and 255 for black). Theoretically, the Film Writer
should be able to produce about 16.7 million colors
(256 x 256 x 256). However, due to the limited range of
film sensitivity and of perceived color change by an
average observer, colors that can be identified are far
less than this number. Color images can be rendered
by exposing the film sequentially through the three
primary lights, and correcting for the interactions
between the cyan, magenta, and yellow film dyes
(Johnson et al., 1988).

5. MODEL RESULTS

The following results from both Mie model and
radiative transfer model computations are carried out
on a personal computer and a VAX-2000 workstation.
A simple two-layer atmosphere is used and the top of
the upper layer is set at 30 km height, overlyinga 2 km
thick boundary layer. Monochromatic flux incident at
top of the atmosphere is normalized to unity and the
wavelengths of the three primaries are chosen as
0.63 um for red, 0.55 um for green and 0.45 um for
blue.

5.1. Sensitivity studies on sky radiance

The most difficult aspect of solving the equation of
radiative transfer is the numerical evaluation of the
integral in the multiple scattering term. A finite sum of
Legendre polynomials is used to approximate the
phase matrix, in which the determination of the num-
ber of necessary terms is typically a trade-off between
accuracy and computational speed. King (1983) dem-
onstrated the dependence of the number of terms on
the phase matrix used. To obtain a criterion for
computational efficiency, Figs 9a and 9b show the
sensitivity of sky radiance to the number of discrete
streams (2 times the hemispheric quadratures). The
sun illuminates from above along a 60° zenith sngle
and the sky radiances are computed at a zenith angle
of 60° with various azimuthal angles. The scattering
phase functions of sea-salt and all components (Fig. 3)
are used. Sky radiances converge very fast for azi-
muthal angles other than the forward direction. Since
the sea-salt component has a strong forward peak in
scattering phase matrix, more terms are needed to
resolve this feature. Therefore, 16 quadrature points
for hemispheric discretization are the least require-
ment for this study.

The sensitivity of sky radiance on the aerosol spe-
cies, as well as on the incident solar zenith angle and
surface reflectance, is examined using sky maps in Figs
10a—f. The optical properties used in the sky radiance
computations are identical with those in Table 2 and
Fig. 3, ¢xcept that the total optical depth of each
aerosol component is specified to be 0.1 which is
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Fig. 9. Sensitivity studies of diffuse sky radiance on

number of discrete quadratures used in the radiation

model: (a) sea-salt component and (b) all components for
various azimuth angles.

tynical ¢.” atmosphere turbidity values. Figures 10a-
10d, respectively, correspond to cases of soot, dust-
like, sea-salt, and all components concerned under the
conditicns of a black surface and 60° solar illumina-
tion at the top. What is characteristic of these atmo-
spheres is the well-known limb brightening near the
horizon. Sky brightness increases, in general, with
increasing atmospheric turbidity and/or path length
due to the more diffuse character of the radiance field.
The phase functions of soot and dust-like aerosols are
generally smooth, which produce nearly circular con-
centric contours. Since soot is more absorptive than
dust-like aerosols, the sky radiance field by soot is
about half the strength of that by dust-like aerosols.
Sea-salt aerosols, by contrast, are large and nearly
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pure scatterers and for this case, shown in Fig. 10c, the
intensity increases substantially near the sun. This is
due, primarily, to the strong forward scattering from
the sea-salt aerosols. This aureole region around the
solar point is also retained but is weaker when the
composite aerosol model is used, as shown in Fig. 10d.
The maximum intensity occurs at the sun-side horizon
of the principle plane as a result of multiple scattering,

With the inclusion of a Lambertian surface with a
reflection of 0.15 below an atmosphere containing the
composite aerosol model, the horizon light (Figs 10d
vs 10e) is enhanced especially for low solar elevation.
As the sun is moved towards zenith, the maximum
diffuse radiance shifts to the solar point and sky
radiances become circular concentric when the sun is
right over the zenith.

5.2. Equilibrium intensity and contrast

The following results of equilibrium intensity (1)
and contrast (C,) were computed assuming a dark
object (4,=0.25) and a path length (object-observer
distance) of 20 km. Figures 11a and 11b show the
azimuthal dependence of equilibrium intensity and
contrast, respectively, for an aerosol model defined in
Table 2. The solar zenith angle is 60° and the com-
putations were made assuming no surface reflection
(thin curves) and a surface reflectivity of 0.15 (thick
curves). It is evident from Fig. 11a that I, takes on the
behavior of the scattering phase function (Fig. 3). This
indicates that the background sky radiance viewed
along a horizontal path is highly dependent on the
aerosol phase function. As expected, I, increases sys-
tematically due to the additional intensity along the
line of sight that arises from reflection by the under-
lying surface. Since forward scattering is more pro-
nounced for anisotropic aerosol scattering, the relative
increase in I, due to surface reflection is the largest at
the sun side.

Figure 11b shows C, as a function of ¢ for the same
aerosol model used in Fig. 11a. C, is inversely propor-
tional to I, under the assumption of horizontal homo-
geneity (Equation (13)). We have employed an identi-
cal optical depth of 0.1 for these cases. Thus the curves
of C, in Fig. 11b have an inverted shape of I_ in Fig.
11a. Since the dark object is contrasted against the
brighter background, the largest contrast can be found
on the sun side (the largest I,). But the largest
improvement of contrast (AC,), due to the increase of
I, by surface reflection, is found at the anti-sun side
(Fig. 11b). This is because AC, is inverse proportion to
Al,.

Figures 12a and 12b show the azimuthal variation
of equilibrium intensity and contrast for an aerosol
model defined in Table 3. Computations were made
for a relative humidity of 0%, 50% and 90% with
0,=60° (thin curves) and 6,=30° (thick curves), in
which the surface albedo is set to zero. From Table 3b,
the corresponding optical depths for a 2 km thick
aerosol layer are 0.075, 0.097, 0.17 at 0%, 50%, and



1048

Si-CHEE TSAY et al.

(d)

8% 50 30 ] 30
ZENITH ANGLE (deg)

20

;|

60 30 0 60

] 3
ZENITH ANGLE {deg)

N 90

[ e

[
ZENITH ANGLE (deg)

%0 &0 30 ) 30 60 90°
ZENITH ANGLE (deg)

%5 50 30 0 %0

0 30
ZENITH ANGLE (deg)

1826 6 30 [ 30 %0 80°
ZENITH ANGLE (deg)

Fig. 10. Zenith-azimuth plot of diffuse sky radiance for various aerosols and boundary conditions: (a) soot, (b) dust-like,
(c) sea-salt, and (d) all components. Figures 10a-10d are produced under the boundary conditions of 6,=60° with a
Lambertian surface reflection A,=0 and 10e as in 10d, except 4,=0.15; 10f as in 10d, except 8,=30".

90% relative humidity, respectively. Generally, Fig.
12a shows the same trends as in Fig. 11a. The equilib-
rium intensity at 90% is very low due to intense
scattering in the forward direction, in which case little
radiation is scattered toward the horizon. As the sun
moves toward zenith, I, decreases further (cf. Fig. 10).
Similarly, the discussion in Fig. 11b generally applies
to Fig. 12b but there are differences. For example, at a
90% relative humidity, a dark object is contrasted

against either a brighter, indistinguishable, and even
darker background depending on the azimuthal direc-
tion. Also, the changes in contrast (AC,) for different
relative humidities are complicated functions of solar
zenith angles, since I, and T, (0,2 km) in Equation (13)
are no longer a constant for different relative humidity
values. The net effect on equilibrium contrast is a
result of the competition among the three factors of I,
I, and T,. This figure illustrates how equilibrium
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Fig. 11. (a) Equilibrium intensity and (b) equilibrium

contrast as a function of azimuth angle for an aerosol

model defined in Table 2. Results were computed at

0.55 um and #=60° with no surface reflection (thin

curves) and with a surface reflectivity of 0.15 (thick
curves).

contrast can change dramatically for even an optically
thin aerosol layer.

5.3. Sky color maps

Four simulated sky color maps obtained directly
from the output of the Optronics Film Writer are
displayed here. The model conditions are the same as
for the previously described results except that the
aerosol conditions are varied. Figure 13a shows, for
6,=30° and 1,=0, the blue sky which is typical of
Rayleigh scattering. What is also characteristic of this
atmosphere is the rapid desaturation of the blue color
near the horizon. When a more extreme case of a pure
scattering aerosol layer (Haze-L) of thickness 7,=1 is

Fig. 12. (a) Equilibrium intensity and (b) equilibrium

contrast as a function of azimuth angle for an aerosol

model defined in Table 3. Results were computed at

0.55 pm and a black surface with 6 = 60° (thin curves) and
0=30° (thick curves).

introduced into the model, as shown in Fig. 13b, the
most prominent changes are the lack of blue sky away
from the sun and the slight yellowish hue near the sun.
The rest of the sky appears a desaturated blue.

For an aerosol model defined in Table 3 at 0%
relative humidity and 6,=30°, Fig. 13c shows a nar-
row and dull white aureole around the sun. For the
most part, the sky still retains the Rayleigh scatter blue
color. When the relative humidity increases to 90%, as
shown in Fig. 13d, the most apparent effects are the
increased size of the white aureole and the appearance
of a dull white color across most of the sky on the
sunside. As expected, the sky color for an aerosol
atmosphere at 50% relative humidity lies somewhat
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between the sky colors corresponding to 0% and 90%
relative humidity. When a surface reflection of 0.15 is
included in the model of Fig. 13c, a further desatura-
tion of blue sky at the horizon is found as predicted in
the previous section. A similar feature is also seen
when the sun moves toward the horizon.

6. SUMMARY

The objectives of this paper are to study the effects
of various microstructures of atmospheric aerosols on
their optical properties and the.subsequent influence
of these properties on the computation of path radi-
ance and contrast. Mie computations are performed,
in which the physical properties of aerosols and the
relative humidity of model atmosphere are allowed to
vary. A plane-parallel multiple scatter radiation
model was used to demonstrate how aerosol particles
impact on visibility and visual air quality. Solutions to
the radiative transfer equation were obtained using
the methods of doubling and adding. The results in
this paper were obtained using a simple two layer
model and at least a 16-quadrature (i.e. 32-stream)
discretization.

It has been shown that a thin aerosol layer can
influence visibility by increasing the diffuse sky intens-
ity, which in turn changes the contrast of an object
viewed along a horizontal path. The sensitivity of the
sky radiance to aerosol species as well as incident solar
zenith angle and surface reflectance is examined. It is
found that for horizontal paths the equilibrium intens-
ity takes on the behavior of the scattering phase
function. This in turn indicates that the background
sky radiance viewed along a horizontal path is highly
dependent on the structure of aerosol phase function.
The effects of surface reflection and solar zenith angle
on the equilibrium contrast lead to a dynamical
change in contrast, depending on how and what object
is viewed and most important what aerosol micro-
structure defines the optical properties of the aerosol.

In addition, color maps were used to assess the
impact of aerosols on sky color. These maps were
created by the Optronics Film Writer. It was shown
that a thin aerosol layer produced a distinct white
aureole around the sun. The most dramatic changes in
sky color occurred when the aerosol optical thickness
increased and also when relative humidity increased.
In those cases much of the sky on the sun side
exhibited a dull white color and the aureole assumed a
light yellowish appearance.
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(a) Pure Rayleigh atmosphere (b) Haze - L aerosol of pure
scattering and 7= |

(c) Coated cerosol at 0% (d) Coated aerosol at 90%
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Fig. 13. Simulated sky color maps for (a) pure Rayleigh atmosphere, (b) aerosol Haze-L model of pure scattering and

t=1, (c) aerosol model defined in Table 3 at 0% relative humidity, and (d) as in (c), but for 90% relative humidity. Results

are shown at 6 =60° with no surface reflection. Numbers surrounding image represent the azimuth angles; the zenith angle
is defined as 0° at the center of image and 90° at the perimeter.
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