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Solar Radiative Heating in the Presence of Aerosols

Abstract: A theoretical study is carried out to evaluate the effects of aerosols on the shortwave flux divergence in the lower troposphere
(0-2 km) by using four computational methods: Gauss-Seidel iteration, a reference method by which all orders of scattering are ac-
counted for, and three approximations, primary scattering, no-scattering and median wavelength. By using these procedures, the radia-
tive transfer equation is solved for a cloudless plane parallel atmosphere of infinite extent in the horizontal, but of finite extent in the
vertical. The Gauss-Seidel procedure is taken as a standard and comparisons of the flux divergence are made by using various combina-
tions of solar zenith angle, aerosol size frequency distribution and aerosol refractive index. In many of the simulations the median
wavelength approximation gives accuracies comparable to those of the no-scattering approximation, in which case the choice of method
is based on the required computational time. However, inaccuracies appear with all the approximations and the degree of superiority of

one method over another depends on the aerosol and gaseous constituents of the model atmosphere.

Introduction

Recent observations of the flux divergence of short wave
radiation {0.30-2.4 um) indicate that aerosols play a
larger role in the absorption of solar energy than was pre-
viously suspected [1, 2]. In an attempt to quantify the im-
pact of this additional absorption on global climate, vari-
ous simulation calculations making use of terrestrial radi-
ative transfer theories have been carried out [3-5]. The
results of these studies indicate that an increase in the
tropospheric aerosol concentration could lead to either a
warming or a cooling of the atmosphere near the earth’s
surface.

Observational evidence that aerosol concentrations
over large urban areas have increased due to man’s activ-
ity has also been presented. The local climate in many of
these large urban areas has been altered as a result of the
presence of these anthropogenic aerosols. One atmo-
spheric parameter that has been affected is the short wave
flux divergence incident at the ground within cities [6-9].

In addition, a number of theoretical investigations have
been carried out to determine the potential impact of
these anthropogenic aerosols on the short wave radiative
heat balance in the lower troposphere (approximately 0-
2 km) {10, 11], commonly referred to as the atmospheric
boundary layer.

In these various simulation studies, the equation of ra-
diative transfer was solved by using various approxima-
tions. The method of approximation chosen is usually de-
termined by weighing the computational time savings

against the accuracy desired. Accurate modeling of radi-
ative transfer in the presence of aerosols can go a long
way in aiding experimental design of observational stud-
ies. In addition, precise simulation of multiple scattering
and absorption by aerosols can aid in evaluating the sensi-
tivity of flux divergence to changes in particular aerosol
characteristics (e.g., size distribution and refractive in-
dex).

In the context of this paper, a solution of the transfer
equation for short wave radiation will be considered a ref-
erence solution if it takes into account multiple scattering,
and if its accuracy is the highest consistent with the avail-
able computational methods. The method chosen for the
reference case is the iterative method of Braslau and
Dave [12]. Extensive calculations based on this method
are then used in evaluating the accuracy of three approxi-
mation methods that are much less demanding of compu-
tational time than the reference method. The three meth-
ods discussed in this paper are: (a) the primary scattering
approximation ., (b) the no-scattering approximation, and
(¢c) the median wavelength approximation.

Calculation of radiative flux divergence

e Assumptions and procedures
The model atmosphere we choose is assumed to be cloud-
less, plane parallel and horizontally homogeneous, but in-
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homogeneous in the vertical direction. At the bottom of
the atmosphere there is an idealized ground having the
property that all radiation incident upon it is totally ab-
sorbed. Unfortunately the added computational burden
necessary for considering the effects of ground reflection
would have exceeded the time available for this effort. The
solar spectrum from 0.3025 to 2.45 um is divided into 80
unequal intervals, and within each, the optical parameters
of the atmospheric gases and aerosols are taken to be con-
stant. The scalar form of the transfer equation is used,
thereby neglecting polarization effects in the atmosphere.
The aerosols are assumed to be spherical in shape and
composed of a homogeneous material whose refractive
index is independent of wavelength. Changes in the an-
thropogenic aerosols are assumed to take place within
the bottom 200 mb (2 pascals) (0-2 km) of the atmo-
sphere, the layer we have termed the radiation boundary
layer. Finally, it is assumed that the downward radiation
incident on the top of the radiation boundary layer is inde-
pendent of the properties of the layer itself. This last ap-
proximation is based on the fact that the component of
the upward flux at the top of the turbid layer which is
backscattered by the underlying atmosphere is only a
small fraction of the total incident flux, and therefore of
minor significance. Under these arguments, the fluxes of
direct solar radiation and the azimuth-independent com-
ponent of the diffuse sky radiation incident at the top of
the radiation boundary layer are obtained at 2° intervals in
each of the 80 wavelength ranges through a spectral range
from 0.3025 um to 2.45 um for each of four solar zenith
angles of the model C atmosphere of Braslau and Dave
[12]. These quantities are then used as input to carry out
transfer calculations within the radiation boundary layer.
The upward and downward quasi-monochromatic diffuse
fluxes are evaluated at 20 equally spaced pressure levels
within the 2-km-thick radiation boundary layer. From
these results, the spectrally integrated upward and down-
ward fluxes at these levels are computed. These data are
then used to obtain the vertical profile of the flux diver-
gence for each model considered.

e Equation of transfer for nonhomogenecvus atmosphere
The equation of transfer of a monochromatic beam of ra-
diation of intensity I(7; u, ¢) propagated at zenith angle 6
= cos 'w and azimuth ¢ through a plane-parallel, hori-
zontally homogeneous atmosphere of normal optical
thickness 7 can be represented by the expression

di(r; ., b)
p— o 2 P

4 =11 u, P) — wT)J(r; u, ¢). (N
-

The source function is given by J(r; i, ¢) and w(r) is the
albedo of single scattering of the particles.
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The boundary conditions for Eq. (1) are given by
10; ~u, @) =0
s ?2)
Ir;pm, @) =0

where r_ is the total optical depth for the atmosphere. We
use the convention that —u and g are for the downward
and upward directions, respectively. It is assumed that
the atmosphere is illuminated by parallel solar radiation
propagated in the —u,, ¢, direction with a net flux of
F(—pgy, ¢,) = 1 per unit area normal to its direction of
propagation.

The method used for solving Eq. (1) is that given by
Braslau and Dave [12]. It is presented here for complete-
ness and to ensure continuity when discussing the solu-
tion to Eq. (1) in the radiation boundary layer.

The total optical thickness of the layer in question is
due to Rayleigh scattering by gaseous molecules 7", Mie

scattering by aerosols 7™, absorption by gases 7, and
absorption by aerosols #*™. Thus we can write
T = T(S.F) + T(S.m) + T(H,m) + T(ﬂ). (3)
The albedo of single scattering is given by

AT(S,m) + AT(S.F)
wr)=———"", @)

At

where Ar is determined from Eq. (3). The details of the
method for computing the values of these quantities are
given in [12].

The source function J(r; w, ¢) is defined as

1
Jap, ) = vy Fexp (=1/uy) P(r; n, b5 —py &)

+1 2w

+ —I_J J P(T;P*s (bv IJ'I’ d),) I(T; ,Ua,, ¢,)d/.L, dd)/, (5)
4’7]’ —1 0

where F is the solar fiux in the (—u,; ¢,) direction. The
function P(r; u, ¢; n', ¢') is the normalized scattering
phase function representing the distribution of the scat-
tered radiation by a unit volume, which is being illumi-
nated by a beam of unit strength from the direction u’, ¢’
and scattered in a direction u, ¢. For a unit volume con-
sisting of both molecules and aerosols, this normalized
phase function has the form

P, ¢ n's ') = T(r) Mu, &3 ', ")
+[1=T@O] R, d; ', ¢'), (6)
where T(r), the turbidity factor, is given by

AT(S,m)
T(T) :ﬁm——f‘ . @
A7 + ArsP
The quantities M(w, ¢; u', ¢') and R(u, ¢; u', ¢') in Eq.
(6) are the normalized Mie and Rayleigh scattering phase
functions, respectively.
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Several authors [12-15] have shown the utility of ex-
panding the phase function in a Fourier series whose ar-
gument is the difference between the azimuth angles of
the incident and scattered radiations. Furthermore, the
intensity and source function can also be expanded in a
Fourier series. Such an expansion permits the integration
over azimuth to be achieved analytically. Since we are
interested in flux, only the first term of the Fourier expan-
sion need be evaluated. The upward and downward dif-
fuse fluxes at a level 7 are given by

Fyr) = 27 J I ) wodu, 8)
0

and

Fulr) = 2 j 1 — ) e dp, ©
0

where I'(r; u) is the first term of the Fourier expansion
written as

I ) = S 1™ w)cos (n — Did, — ¢). (10)

By substituting Eq. (10) and a similar expression for
J(r; w, ¢) into Eq. (1) and integrating over the azimuth
angle, the basic transfer equation for the radiation bound-
ary layer becomes

dI'(r s ., —po)
p——— = I, )

dr
— o) J V1 p. — ). (1n

where 7, is the optical depth within the radiative bound-
ary layer at some height 4. The boundary conditions for
Eq. (11) are

I3y ~p) = 0 (12)
and
1Py 5 1) =0, (13)

where the quantities r,, and 7, are the normal optical
depths at the bottom and top of the radiation boundary
layer, respectively.

The source function J"(r,; u, —u,) is given by

1
‘I(“(Tb; B ) = _4_10 exp (_T'l‘h/“‘o) €Xp [—(Th - T'rh)/""o]

| 1
X Plry e o) J Plrys . —u,)
0

X 1P (rrs —mys py) exp [—(r, — 7/, ] die,

] 1 ’ ’

" TJ Plry; s p) Iy p's —p) du’ (14
-1

where p, is the cosine of the angle that the diffuse radia-

tion incident on the top of the radiation boundary layer

makes with respect to the local zenith. The quantity u' is

the cosine of the angle that the scattered radiation makes
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with respect to the local zenith and / is the intensity in-
cident on top of the radiation boundary layer. Again the
terms in Eq. (14) are azimuth independent,

The first term in Eq. (14) represents the contribution
due to scattering of the direct short wave radiation on the
top of the radiation boundary layer. The second term de-
notes the contribution due to the downward directed dif-
fuse radiation incident on the top of the radiation bound-
ary layer that originated from all directions (u,) in the up-
per hemisphere. Finally, the third term represents the
contribution due to scattering in the radiation boundary
layer itself.

® Basic model

The radiation boundary layer model is taken to extend
through the lower 2 km of the atmosphere. The variations
of pressure, temperature, water vapor, carbon dioxide,
oxygen and ozone with height are those found between
the surface and 2 km of model C of Braslau and Dave
[12]. The total unscaled water vapor and ozone amounts
are 1.826 gm/cm® and 0.005 cm-atm., respectively. To
simulate aerosol contributions in the radiation boundary
layer, the total nymber of particles in a unit column be-
tween the surface and 2 km in the model C was increased
from 1.646 x 107 to 1.886 x 10°. The aerosol concentra-
tion was assumed to be uniform with height, and to have a
value of 1.013 x 10®* em™®,

The refractive index (n) for anthropogenic aerosols is
not well established. The aerosol observations of Cart-
wright et al. [16] over Sheffield, England taken some 20
years ago indicated that those aerosols were composed
largely of carbonaceous material. Presumably, the major
sources producing these aerosols were coal-burning
sources. Present-day sources burn fuels containing less
carbonaceous material; however, recent renewed interest
in burning potentially large amounts of coal in place of oil
led us to choose a carbonaceous aerosol for our calcu-
lations. By using the results of Twitty and Weinman [17]
for carbonaceous aerosols, the upper limit for the model
aerosol’s refractive index was taken as 1.80-0.5 i. Aero-
sols made of such material are very strong absorbers and
scatterers of short wave radiation. The lower limit is a
nonabsorbing aerosol with n = 1.50-0.0 /.

The final parameter required for the computations is
the size-frequency distribution of aerosol particles. Com-
putations were made for two different distributions—the
Junge distribution [18] and the Haze L distribution of
Deirmendjian [19). The Junge distribution is given by the
relation

n(r) = (‘]r‘””“,. (15)

where n(r) is the number of particles per unit volume in a
unit interval of radius centered at r, ¢, is the particle
concentration at r = | um, and B is a parameter de-
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termined by the size spectrum of the particles. The distri-
bution function for Haze L is written as

n(r) = ar* exp (—br"), (16)

where a, «, b, and y are parameters which can be varied
to fit the properties of a given aerosol. Del uisi et al. [20]
were moderately successful in fitting this relation to ac-
tual observations.

Values of the parameters of the two distributions that
were used for these computations are: a = 4.9757 x 10°
em ™ um™, b =15.1186,y = 0.50,a = 2.0, ¢, =8.83cm™*
um, and 8 = 3. Data for ¢, and 8 were obtained from ob-
servations summarized by McClatchey et al. [21], while
those for the Haze L model are from Deirmendjian [19].

The mass loading of particulate matter has been arbi-
trarily assumed to be the same for the two distribution
functions. This required increasing the total number of
particles in a unit vertical column from 1.886 X 10® for the
Haze L function to 1.368 x 10° for the Junge distribution.
Figure 1 shows a comparison of these two size distribu-
tion functions. The Junge distribution has a cutoff at par-
ticle radius 0.025 um and an upper limit value for n{r) of
10 pum.

In order to treat the attenuation of direct solar radiation
due to atmospheric gases, the solar spectrum between
0.3025 and 2.45 um is divided into 80 unequal intervals.
The absorption parameters for ozone, water vapor, car-
bon dioxide and oxygen were determined by plotting high
resolution absorption data as a function of wavelength
and then determining mean values of the absorption data
for each of the 80 spectral bands. The spectral distribu-
tion of the absorption parameters are given by Braslau
and Dave [12]. By the use of this distribution the attenua-
tion of the radiation incident on the nth atmospheric level
is evaluated from the expression

exp [—7," /i) = Ty (1) T (1) T () T, 18- a7

The transmission factors T, T, T,,. and T, are for
water vapor, oxygen, carbon dioxide, and ozone, respec-
tively. The gaseous absorption undergone by the scat-
tered radiation as it passes through the nth layer is com-

puted from the equation

€Xp [_A";;m//'bo] =T, )/ T, (k) (18)

where T, is the transmission factor due to the ith gas at
the nth level. The total optical thickness for all gases is
obtained by summing the values for individual gases for
each spectral region.

While the water vapor and carbon dioxide absorption
can change considerably (due to line structure) within an
absorption spectral interval, the 80 bands were chosen to
minimize these variations. The overall accuracy of the ap-
proach is likely to be good provided the transmission re-
mains fairly large (90 percent). Most of the absorption by
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Figure 1 Size distribution for Haze L and Junge aerosol mod-
els, where n(r) is the density of particles in a sampling sphere of
radius 1 um, centered at r.

the gases considered takes place in the troposphere. Here
the fraction of energy in the spectral regions of strong ab-
sorption is about 15 percent of the total, and errors would
modify the flux divergence orily slightly. The largest error
in determining gaseous absorption is in estimating the op-
tical thickness when both scattering and absorption are
present. As most of the scattering is in the forward direc-
tion for the bands considered, the solar-angle dependent
formulation should be adequate. However, for very low
zenith angles (when the diffuse beam is strong) errors
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will arise from the u, dependence. Bounds on these
errors have been presented by Braslau and Dave [12].

® Multiple scattering and an iterative solution

The solution of Eq. (11) has been obtained by the iterative
method of [12]. This is considered the reference solution,
and is used as a standard for comparing the results by the
three approximate methods.

The integral form of the resulting equation is evaluated
by using a quadrature of the normal optical depth and by
dividing the atmosphere up into layers of finite optical
thickness. The integration over the zenith angle is accom-
plished by the trapezoidal rule, using a 2° discretization
interval. This results in a system of linear algebraic equa-
tions, which is solved by the iterative procedure of
Gauss-Seidel. The initial value of the source function is
taken to include only primary scattering, and the iterative
procedure is curtailed when successive iterative values
differ by less than 0.001.

® Primary scattering approximation

The main burden computing the short wave flux diver-
gence in a turbid atmosphere is in accounting for multiple
scattering. Thus, a considerable reduction in computer
time can be achieved by considering only primary scatter-
ing of the direct solar beam. In this case, the integral term
of the source function [Eq. (5)} is eliminated, which yields
the simplified expression

Jim, ¢) = —g exp — (v/m) P(ri . &) —pyn &), (19)
The primary scattering approximation is obtained by sub-
stituting Eq. (19) into Eq. (1). The solution of the result-
ant equation can be obtained analytically. However, for
comparison purposes our calculations are based on dis-
cretizing the equation for optical thickness and azimuth
angle, and solving the resulting system of linear equations
by the Gauss-Seidel iterative technique. The validity of
this approximation will be discussed below.

® No-scattering approximuation

This approximation assumes absorption only by gases
and aerosols. [t is based on the hypothesis that the lack
of irradiance of a given layer due to the neglect of scat-
tering by the overlying atmosphere will be compensated
for by a concomitant strengthening of the scatter-free so-
lar beam reaching the layer. Herman and Yarger [22] have
shown the method to be most realistic for a spectral re-
gion with strong gaseous absorption and small optical
thickness, and the method has been used by various au-
thors (e.g. [10]) for calculations of fluxes and heating
rates.
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In applying the no-scattering approximation, we let the
scattering optical thickness and albedo of single scatter-
ing both vanish, and neglect the second term of the source
function. Thus we have 760 = 7™ = 4(7) = 0, and the
source function is that given in Eq. (19). The solution of
the radiative transfer equation (1) then takes the form

I . d) = 10; ., &) exp [ ™ + 79 /u]. 20)

o Median wavelength approximation

In the strict sense, the equation of radiative transfer is
valid only for monochromatic radiation; it may be used
to compute radiation integrated over a wavelength inter-
val, if band-averaged values for the scattering and ab-
sorption parameters are chosen. In the methods discussed
above, this approach resulted in 80 unequal spectral
bands. However, some investigators [5, 10] have sug-
gested that even this is too computer time-consuming
and have calculated flux values using radiation parame-
ters evaluated at a single (median) wavelength. Radiation
calculations applicable to this mediari wavelength, usu-
ally selected as about 0.5 um, are then assumed to be rep-
resentative of the entire short wave spectrum.

To test this hypothesis, we have carried out two inde-
pendent sets of calctlations at two median wavelength
values, 0.5150 um and 0.725 um. The former value is
close to that used by Atwater [10], while the latter selec-
tion is just beyond the portion of the spectrum where
scattering by aerosols is at a maximum. This point is
worth noting since the median wavelength approximation
does take account of all orders of scattering. However,
the transfer equation is evaluated only at the single wave-
length value. These median wavelengths having been se-
lected, 80 wavelength intervals throughout the entire so-
lar spectrum were used to calculate the direct solar flux
and azimuth-independent component of flux of diffuse
skylight at the top of the radiation boundary layer. By
using these quantities as input, the equation of radiative
transfer is solved for the radiative boundary layer in a
procedure parallel to that described for the reference
method. However, the aerosol scattering and absorption
parameters are taken to be those of the median wave-
length. The gaseous transmission is evaluated by using
the wavelength-independent formulation of Sasamori et
al. [23]. Thus, the median wavelength approximation
does consider both aerosol scattering and absorption and
gaseous absorption of the direct and diffuse beams as they
traverse the radiation boundary layer.

It is well established that the major gaseous absorber
causing attenuation of the short wave radiation under nor-
mal atmospheric conditions is water vapor [24, 25].
Therefore, we consider only gaseous absorption by water
vapor in the median wavelength approximation. Follow-
ing Sasamori et al. [23], the attenuation of the direct solar
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Table 1 Numerical methods for computing short wave flux divergence.

Computational Number of Gaseous Aerosol Order of
method spectral bands absorption absorption scattering
: . ipl
Al median 1(0.5150 wm) water vapor yes multfp e
A2 ~ wavelength 1(0.7250 um) water vapor yes multiple
. water vapor,
B — no-scattering 80 Co0,, 0,.0, yes none .
__ primary water vapor, .
scattering 80 C0,,0,,0, yes primary
water vapor, .
D — (reference) 80 C0,,0,,0, yes multiple
beam reaching the ath level can be written as 80 Solar zenith
angle
T — a) 0° 60° 30° 0°
Twn - exp[-—ﬂr(; /“’0] 8.5 8
= 1.0121 = 0.110(C,, — 6.31 x 107", (1)
9.0 I
where Tw" is the wavelength transmission of water vapor =
. o
and Cwn(gm/cmz) is the scaled water vapor amount above &= g5t
i . p
the nth level. For the absorption of the scattered beam as 5
it passes through the nth layer, we follow the formulation £ 100 | | | | | | ~ .
given in Eq. (18) while using Eq. (21) for evaluating the 09 10 11 12 13 14 15 16 17 18
transmission function.
Ratio of flux divergence (water vapor only)

Discussion of results
The qualitative characteristics of the methods outlined
for soiving the transfer equation are described in Table 1.
The ratios of the flux divergences resulting from Egs.
(18) and (21), as opposed to the detailed spectral method
of Braslau and Dave [12], are shown in Fig. 2. The calcu-
lations are for levels within the radiation boundary layer.
The results show significant deviations of the flux diver-
gence ratio from unity, with a strong zenith angle depen-
dency. The best agreement between the two methods is
obtained for the long path length and large solar zenith
angle of 80°. In this case, the ratio ranges from 0.86 to
1.07 at the top and bottom of the radiation boundary
layer, respectively. The flux divergence ratios attain their
worst values for a solar zenith of 0°, their ratios being 1.49
and 1.74 at the top and bottom of the radiation boundary
layer, respectively. Except for long path lengths and large
solar zenith angle, the wavelength-dependent method
shows less absorption than does the wavelength-inde-
pendent approach. It is obvious that Eq. (21) is not the
optimally designed formulation for treating absorption
due to water vapor. One could devote an entire indepen-
dent study to obtaining a wavelength-independent trans-
mission which might result in water vapor absorption ap-
proaching that obtained by using the reference method.
This endeavor is beyond the scope of this paper. Equa-
tion (21) is used in conjunction with the median wave-
length approximation solution to the transfer equation.
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Figure 2 Vertical profile of the ratio of short wavé fiux diver-
gence due to water vapor absorption using a wavelength-inde-
pendent parameterization method compared to a wavelength-
dependent method.

Figure 3 Vertical profile of the ratio of short wave flux diver-
gence obtained by using approximate computational methods
(A1, A2, B and C) compared to that obtained from the reference
method (D). The results are for Haze L aerosol size distribution,
a refractive index of 1.8-0.50 i, and solar zenith angles of (a) 0°,
(b) 30°, (c) 60° and (d) 80°.
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Figure 4 The scattering (a) and absorption (b) coefficient per
average particle as a function of the wavelength for Haze L and
Junge aerosol size distributions using different refractive indices.

The relative significance of absorption due to aerosols
and gases in the radiation boundary layer has been calcu-
lated by Halpern and Coulson [26]. For the Haze L dis-
tribution the results were strongly solar zenith angle de-
pendent. The total flux absorbed (in watts/em?) in a 2-km
column for a zenith angle of 0° varied from 0.389 x 107°,
1.348 x 1077, and 3.714 x 1072 for refractive indices 1.5-
0.0 /, 1.5-0.01 i, and 1,5-0.10 i, respectively. At 80° the
absorption was 4.3 x 107, 3.15 x 107, and 9.78 x 10°°,
respectively. The flux absorbed by aerosols was an order
of magnitude above that for gaseous absorption.
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o Effect of various scattering approximations

For the sake of clarity and simplicity, we compute the
ratio of flux divergence values obtained for each of the
approximate methods to those for the reference method.
The vertical profiles of this ratio in the radiation boundary
layer are shown in Figs. 3 (a)-(d) for the four solar zenith
angles ¢, = 0°, 30°, 60° and 80°, respectively. The aerosol
size distribution used is Haze L and the aerosol refractive
index m is 1.80-0.05 i. For 0°, the median wavelength
methods (Al and A2), and the primary scattering method
(C) result in flux divergence ratios greater than unity.
Method C allows for over-absorption since it is an in-
complete solution to Eq. (1). For methods Al and A2 the
excessive absorption of flux is a consequence of the fact
that both the direct and diffuse fluxes incident at the top
of the boundary layer are integrated over wavelength,
whereas the flux divergence within the radiation bound-
ary layer is computed by the use of values of aerosol scat-
tering and absorption coefficients per average particle
evaluated at a specific wavelength. In Figs. 4(a) and 4(b),
we present the wavelength dependency of these quan-
tities. The values at wavelengths A = 0.5150 and
0.7250 wm for n = 1.80-0.50 i are close to the maximum
for the entire solar spectrum considered. The slightly
larger flux divergence ratio for method A2 (A =
0.7250 pm) is related to the small decrease in the normal
scattering and absorption optical thickness for this wave-
length compared to that used for method Al (A =
0.5150 wm).

The no-scattering approximation method (B) shown in
Fig. 3 results in a flux divergence ratio less than unity
throughout the radiation boundary layer for 8, = 0° and
30°. The omission of scattering in the direct solar beam
causes greater flux to reach all levels in the radiation
boundary layer. Also, the downward diffuse flux that is
incident on the top of the layer undergoes only absorption
as it penetrates into this layer. Therefore, its magnitude is
less than it would have been had multiple scattering from
the direct beam been present. The ratio for the flux di-
vergence values calculated by method B should be unity,
provided the increase in the magnitude of the direct beam
flux is compensated by the lack of the upward diffuse flux
and a reduced downward diffuse flux. The results at §, =
0° indicate that such a balance does not occur. This is due
in part to the large scattering coefficient per average par-
ticle of the aerosol chosen for these computations [Fig.
4(a)]. Thus the enhanced direct beam flux over-
compensates for the reduced diffuse beam flux. This
causes a reduction in the flux divergence, and explains
why the values for these ratios are less than unity.

In general, flux divergence ratios shown in Fig. 3, 8, =
30° and 60°, show similar trends for all methods except for
method B and § = 60°. Here, the ratio changes from less
than unity to greater than unity at levels below 923 mb
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(9.23 Pa). At 6, = 80°, the ratio takes on large positive
values at all but the top part of the radiation boundary
layer. Longer path lengths of 6, = 60° and 80° enhance
the importance of aerosol scattering. At large solar zenith
angles the downward diffuse beam becomes the domi-
nating component for flux divergence. The neglect of
aerosol scattering causes a substantial decrease of the dif-
fuse component, so the scattering approximation of meth-
od B leads to the indication of excessive absorption
shown for 6, = 80° in Fig. 3.

o Effect of aerosol refractive index upon the no-
scattering approximation

The sensitivity of the reference method to changes in 7
was investigated by Halpern and Coulson [26] and was
discussed earlier. To establish the sensitivity of the vari-
ous approximation methods, we first present the ratio of
the flux divergence of method B to the reference method
for » values of 1.5-0.00 i, -0.01 /, and -0.10 i with aerosol
model Haze L. The ratios of the four zenith angles are
shown in Fig. 5. The flux divergences are all less than
unity when 6, = 0°. This is consistent with the results
presented in Fig. 3 for n = 1.80-0.5 i, but the ratios are all
smaller in magnitude than those in Fig. 3. In Fig. 5 the no-
scattering approximation is closest to the reference
method (i.e. the ratio is closest to unity) forn = 1.50-0.1/.
For 6, = 30°, the ratios are somewhat smaller than those
at 0°, whereas for 6, = 60° and 80°, they are significantly
larger. At these larger angles, aerosols withn = 1.50-0.0 /
and -0.01 / have almost identical flux divergence ratios,
and ratios for the three refractive indices have values
which are greater than unity at levels below 943 mb (9.43
Pa). Very large ratios are found for all three n values
at @ = 80°, as they were for strongly absorbing aero-
sols (y = 1.80-0.5 /) in Fig. 3. Thus, comparison of the
data indicates that an increase in aerosol absorption
makes the no-scattering approximation agree more
closely with the reference method.

The reason for the divergence ratios having values
which are less than unity at §, = 0° and 30° has previously
been explained. The resuits of Fig. 5 show that for small
solar zenith angles, the no-scattering approximation is
best for highly absorbing and nonabsorbing aerosols, with
larger errors for the case of moderate absorption. This
apparent inconsistency can be explained by referring to
the scattering and absorption coefficient per average par-
ticle for these aerosols in Figs. 4(a) and 4(b). For the non-
absorbing aerosol (n = 1.50-0.0 ), the no-scattering ap-
proximation correctly accounts for absorption of the di-
rect beam by gases, but the lack of scattering results in no
diffuse component. The lack of absorption of this diffuse
radiation causes the no-scattering approximation to give a
ratio (shown in Fig. 5) of less than unity at the smaller
solar zenith angles. The relatively poor approximation at-
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Figure 5 Vertical profile of the ratio of the short wave flux di-
vergence obtained by using the no-scattering approximation
method (B) compared to that obtained by using the reference
method (D) for aerosols of three different refractive indices: (®)
1.5-0.0 i, (0) 1.5-0.1 i, and (x) 1.5-0.10 i. The results are for Haze
L aerosol size distribution and solar zenith angles of (a) 0°, (b)
30°, (¢) 60° and (d) 80°.

tained by the no-scattering approximation for the case of
moderate aerosol absorption (y = 1.50-0.01 /) is caused
by significant absorption by gases and aerosols in the ap-
proximation, but with little diminution of scattering in the
reference method. Thus the ratio of flux divergence for
the two methods is less for this case than for that of
smaller index of refraction. The approximation is again
improved for the large imaginary index of refraction (0.1
i) for small angles. This occurs because of strong absorp-
tion of the scattered radiation in the reference method
without a commensurate increase in absorption of the di-
rect beam for the no-scattering approximation for the
case of small solar zenith angles.

For the solar zenith angles of 60° and 80°, the flux di-
vergence ratio of Fig. 5 becomes significantly larger than
unity in the lower portion of the radiation boundary layer.
At these angles, the logger path length and consequent
larger scattering optical thickness cause enhancement of
the downward diffuse flux at the expense of the direct
beam. The decrease of the direct plus diffuse beam is
caused by some added backscattering. The reference
method takes into account the backscattered radiation,
whereas the no-scattering approximation does not. Con-
sequently, in the reference method, there is less energy
available for absorption. This causes the flux divergence
ratio to be greater than unity and the effect increases with
increasing zenith angle.
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Figure 6 Vertical profile of the ratio of the short wave flux di-
vergence obtained by using the no-scattering approximation
method (B) compared to that obtained by using the reference
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tions. Results are for a refractive index of 1.50-0.01 / and solar
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Figure 7 Vertical profile of the ratio of the short wave flux di-
vergence obtained by using the median wavelength approxima-
tion methods (A1 and A2) compared to that obtained by using the
reference method (D) for aerosols of three different refractive
indices. The results are for the Haze L aerosol size distribution
and solar zenith angles of (a) 0°, (b) 30°, (¢) 60° and (d) 80°.
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& Effect of aerosol size distribution upon the no-
scattering approximation

A comparison of flux divergence ratios for Haze L and
Junge aerosol distributions for an index of refraction of )
= 1.50-0.01 i is shown for four solar zenith angles in Fig.
6. The no-scattering approximation gives better results
for the Haze L. model than for the Junge distribution for
all #, = 60°. This is a consequence of the much greater
role that scattering plays in the extinction of radiation by
the individual particles of the Junge size distribution in
combination with the larger total number of Junge parti-
cles necessary for equal mass for the two distributions.
The many very small particles for the Junge case are par-
ticularly important for light scattering. For instance, the
ratio of scattering to absorption coefficients is 13 for
Junge particles but only 10 for the particles of Haze L for
method B. Thus the neglect of scattering causes larger
errors for the Junge distribution than for Haze L. For
large solar zenith angles, both models produce strong
scattering, thereby rendering the no-scattering approxi-
mation an inaccurate representation of reality.

& Effect of aerosol refractive index upon the median
wavelength approximation

The ratio of flux divergence computed by the median
wavelength approximation to that computed by the refer-
ence method for the Haze L particle distribution is shown
for two different median wavelengths (A = 0.7250 um for
method A2, and A = 0.5150 um for method A1) and vari-
ous combinations of refractive indices and solar zenith
angles in Fig. 7. This approximation gives too large a flux
divergence at all solar zenith angles except 6, = 80°, in
which case scattering effects in the long atmospheric path
lengths traversed by the radiation are important at all
wavelengths as determined by the reference method. For
smaller solar zenith angles, the large scattering and ab-
sorption coefficients [see Figs. 4(a) and 4(b)] that exist at
wavelengths 0.5150 and 0.7250 um make the flux diver-
gence very strong for the median wavelength approxima-
tions based on those particular wavelengths. With a non-
absorbing aerosol (n = 1.50-0.0 /), the approximation
gives about the same divergence for the two wavelengths,
aresult expected from the upper curve of Fig. 4(a). As the
absorption becomes significant, however, the flux diver-
gence becomes less for A = 0.7250 um than for A =
0.5150 um. The difference is strongest for n = 1.50-0.0 /,
a result that is consistent with the absorption coefficient
curves of Fig. 4(b). For larger amounts of absorption (5 =

1.50-0.10 i), the median wavelength approximation gives
the more realistic results, particularly for the longer of the
two wavelengths, as would be anticipated from the fact

that the aerosol scattering and absorption coeflicients are

lower for A = 0.7250 pum than for A = 0.5150 um (Fig. 4).
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The ratio of the flux divergence for methods Al and A2
in the case of the nonabsorbing aerosol are of the same
magnitude as those presented in Fig. 7 for gaseous ab-
sorption. In particular the same zenith angle dependence
is present in both figures. Therefore the method of treat-
ing gaseous absorption is critical for flux divergence cal-
culations in the presence of such an aerosol. However,
for the absorbing aerosols, the flux divergence ratios
show marked improvement. While this might appear to be
the result of compensating errors, the magnitude of the
absorption caused by these aerosols was shown to be far
in excess of the absorption by gases. Using the reference
method, the ratios of absorbed flux for a nonabsorbing
aerosol (n = 1.50-6.0 () to that for a moderate-absorbing
aerosol (n = 1.50-0.01 /) at 0° and 80° are 3.5 and 7.3,
respectively. For the strong-absorbing aerosol, (n = 1.5-
0.10 /), these ratios are 9.5 and 22.7 at 0° and 80°, respec-
tively. Therefore, the effect of the absorption by aerosols
completely masks that due to gases. The results of the
median wavelength approximations are a function of the
absorbing quality of the aerosol.

o Lffect of aerosol size distribution upon the median
wavelength approximation

The aerosol size distribution has a very strong effect on
the results obtained with the median wavelength approxi-
mation, as shown in Fig. 8 for a moderately absorbing
aerosol (y = 1.50-0.01 /). The flux divergence is much too
low at both A = 0.5150 and 0.7250 um for the Junge distri-
bution, whereas it is generally too high for the Haze L
model. This discrepancy can be explained by the greatly
different scattering and absc . ption coefficients for the two
distributions shown in Fig. 4. The much smaller values of
these coefficients for the Junge distribution, in combina-
tion with the fact that computations by the reference
method were for the Haze L distribution. yields the small
ratios shown by the curves. The scattering and absorption
coefficients are slightly higher at A = 0.5150 wm than for A
= 0.7250 uwm, resulting in correspondingly higher ratios
of flux divergence for the shorter wavelength for both dis-
tributions.

o Effect of aerosol refractive index upon the primary
scattering approximation

In this approximation, primary scattering of the direct so-
lar beam is taken into account, but all higher orders of
scattering are neglected. The lack of a complete solution
of the transfer equation causes unrealistically high values
of flux divergence, as shown in Fig. 9. For a nonabsorbing
aerosol (n = 1.50-0.0 i), the flux divergence computed by
the primary scattering approximation is 6 to 20 times
greater than that computed by the reference method. In-
troduction of aerosol absorption (n = 1.50-0.01 i/ and -0.10
/) improves the approximation considerably, but the pri-
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Figure 8 Vertical profile of the ratio of the short wave flux di-
vergence obtained by using the median wavelength approxima-
tion methods (A1 and A2) compared to that obtained by using the
reference method (D) for Haze L and Junge aerosol size distribu-
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Figure 9 Vertical profile of the ratio of the short wave flux di-
vergence obtained by using the primary scattering approximation
method (C) compared to that obtained by using the reference
method (D) for three different aerosol refractive indices. The re-
sults are for Haze L aerosol size distribution and solar zenith
angles of (a) 0°, (b) 30°, (c) 60° and (d) 80°.
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mary scattering approximation yields results similar to
those for the reference method only for strong absorption
accompanied by large optical path lengths (6 = 60° and
80°).

The absorption coefficients used in both methods are
identical. However, the over-absorption in the primary
scattering approximation results from the incomplete so-
lution to the equation of transfer. The neglecting of the
higher orders of scattering causes a decrease in both the
downward diffuse and upward diffuse beams. The loss in
flux increases rapidly with increase in the scattering opti-
cal thickness. The presence of an increasingly absorbing
aerosol causes absorption of some of the flux that would
be otherwise unaccounted for. This causes the reduced
ratios for these aerosols shown in Fig. 9. The over-ab-
sorption will decrease, approaching that of the reference
method as increasingly higher orders of scattering are
included. As can be seen from the data of Fig. 9, absorp-
tion by aerosol particles decreases the effects of over-
absorption, but this approximation must be viewed as of
marginal value in practical applications.

Conclusions

From the flux divergence resuits presented in this study,
it appears that the no-scattering approximation and the
median wavelength approximation are superior to the pri-
mary scattering approximation for evaluating short wave
flux divergence in the presence of aerosols. When choos-
ing between these methods one must carefully consider
the computational time required. The time necessary for
calculating the flux divergence for twenty levels in the ra-
diation boundary layer for four solar zenith angles varies
over two orders of magnitude for the various methods.
The relative times were: reference method (D), 1.0, pri-
mary scattering approximation method (C), 0.1. no-scat-
tering approximation method (B), 0.01, and median wave-
length approximation methods (Al and A2), 0.02. The
twofold decrease in computational time for method B
over methods Al or A2 makes the former scheme quite
attractive. However, from the point of view of overall ac-
curacy, it appears that all of the approximation methods
may be considerably inaccurate in some circumstances
and accurate in others. Therefore, care should be exer-
cised when using only one of these approximations.

If it is important to treat the scattering effects of aero-
sols (in the evaluation of upward and downward diffuse
fluxes or intensities), the scattering should be calculated
by using the reference method. Alternately, a modified
version of the median wavelength approximation method
might be used, where the transfer equation is evaluated at
multiple wavelengths, rather than at a single wavelength.
In this case, the absorption and scattering coefficients per
average particle, as well as the gaseous absorption coeffi-
cients, could be determined for six to ten wide spectral

P. HALPERN AND K. L. COULSON

bands. This approach would increase the computational
time requirements, but would allow for the incorporation
of aerasol radiation parameters that are more representa-
tive of the total solar spectrum. In addition, the problem
of a wavelength-independent parameterization of gaseous
absorption would be alleviated.
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