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ABSTRACT

Monte Carlo radiative transfer calculations are performed to examine the forward
scattering effects on retrievals of dust aerosol optical depth (AOD) from ground-based
instruments. We consider dust aerosols with different AOD, effective radius and
imaginary refractive index at 0.5 pm wavelength. The shape of dust aerosols is assumed
to be spheroids and the equivalent spheres that preserve both volume and projected
area (V/P) are also considered. The single-scattering albedos and asymmetry factors of
spheroids and V/P-equivalent spheres have small differences, but the scattering phase
functions are very different for the scattering angle range ~90-180°. The relative errors
of retrieved AOD caused by forward scattering effects due to the differences between
the single-scattering properties of spheroids and spheres are similar. It is shown that at
solar zenith angle (SZA) smaller than ~70° the effect of the forward scattering is
generally small although the relative errors in retrieved AOD can be as large as —10%
when r.=2. However, the largest relative errors, which can reach —40%, appear at high
SZA (> ~70°) with AOD larger than 1. This is not caused by the increase of forward

scattering intensity, but is due to the strong attenuation of solar direct beam.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Aerosols can directly affect climate system by scatter-
ing and absorbing the incoming solar radiation and
indirectly by changing the microphysics of clouds [1]. A
great number of works have been done to study aerosol
optical properties [2-4]. The aerosol optical depth (AOD)
is the most important quantity to estimate the impact
of aerosols on radiative energy budget. The AOD can be
retrieved from the observation of spectral solar radiation
reaching at the surface or reflected at the top of the
atmosphere. While satellite observations provide the
global coverage of AOD, the ground-based observations
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are much more reliable and are often used to calibrate and
validate the AOD retrievals from satellite [5]. The widely
employed ground-based instruments for the AOD retrie-
vals include the sun photometers such as CIMEL [6] and
the multi-filter rotating shadow-band radiometer (MFRSR
[7]). These instruments have a finite fields of view (FOV)
angle, which receives not only the direct solar beam but
also some diffuse light that is scattered into the forward
direction. This may cause an overestimation of measured
direct solar irradiance and thus underestimation of
retrieved AOD. In order to obtain the true AOD, the
forward scattering light into the instruments’ FOV should
be taken into account.

Dust, a major aerosol in the atmosphere, usually has
large optical depth and particle size [8]. Thus, the
forward-scattering effects may be significant for dust
aerosols. In addition, the shapes of dust particles are
exclusively non-spherical [9-11], which have a different
scattering phase function from those of spheres [12]. In
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this paper, Monte Carlo radiative transfer calculations are
performed to evaluate the forward-scattering effects on
the retrieval of dust aerosol optical depth from ground-
based instruments. We assume that the shape of aerosol
particles is spheroid for simple approximation of the
complicated shapes of real dust aerosols and we also
consider the equivalent spheres that preserve both
volume and projected area. In the calculations of the
single-scattering properties of dust aerosols, a combina-
tion of the T-matrix method [13,14] and the improved
geometric optics method (IGOM [11,15]) is used for
spheroids and Mie code [16] for spheres. A wide range
of AOD, mean effective radius and solar zenith angles
(SZA) are considered.

2. Monte Carlo simulations

The Monte Carlo method is a flexible approach to
simulate photon transport by randomly sampling the
variables from defined probability distributions [17]. Here
we briefly describe our Monte Carlo radiative transfer
code. Two coordinates are used to track the photon
position and determine the direction of photon propaga-
tion. The first one is the Cartesian coordinator (x,y,z) while
the second is (6,¢) where 6 and ¢ are the zenith and
azimuth angles, respectively. A photon is launched to
enter the aerosol layer along the direction of solar
direct beam. A random number (RN), which represents
the probability of a photon travelling a free path length
(fp) without interactions with aerosol particles, is gener-
ated so that

RN = exp(—fy ). @1

where f5. is the volume extinction coefficient. We check
whether the photon goes out of the dust aerosol layer. If
the photon is still in the layer, another RN is generated.
If this RN is greater than single-scattering albedo, photon
will be absorbed, otherwise, photon will be scattered. The
scattering angle @ can be determined from the scattering
phase function P(@). Since the scattering phase function is
normalized, we have

% / P(@)sin@dO =1, 22)
0

where @ is the scattering angle. The third RN is generated
to solve the scattering angle following the equation

1
RN l

= P(cos @)dcos O. 2.3)
2 cos @

Here we assume that the aerosol particles are randomly
oriented so that the azimuth angle is uniformly distributed
between 0 and 27 and thus the azimuth angle after
scattering is solved by ¢=2nRN, where the RN is the forth
random number generated. The above processes are
repeated until the photon either goes outside of the aerosol
boundaries (reflected or transmitted) or is absorbed and
then a new photon is launched.

3. Single-scattering properties

The single-scattering properties including the single-
scattering albedo and scattering phase function are
required when we estimate the forward scattering effects
by using the Monte Carlo method. Following Yang et al.
[11] and Fu et al. [18], we assume that the shapes of dust
particles are spheroids with an aspect ratio of 1.7 (i.e. a/b,
where a and b are the rotational-symmetry and equatorial
semi-axes, respectively). The real part of refractive index is
1.53 at 0.5 um [11,18,19]. Two imaginary parts of refractive
index, 0.001i and 0.008i, are used in our study [18]. To
compute the single-scattering properties of spheroid dust
particles, a combination of the T-matrix [13,14] and IGOM
methods, which is originally developed by Yang et al. [11]
and Yang and Liou [15], is used. The T-matrix is employed
for the size parameter smaller than 50. When the size
parameter is greater than 50, the IGOM is applied. Here the
size parameter is defined as 27nr,/A, where r, is the radius
of the volume equivalent sphere and 2 is the wavelength.
The spheroidal particles are assumed to be randomly
oriented in space with a(b) ranging from 0.071(0.042) to
21.37(12.57) pm, corresponding to a r,, from 0.05 to 15 pm.

In application of radiative energy budget calculation
and remote sensing, the Mie theory is widely used to
approximate non-spherical particles. However, the scat-
tering phase functions of spheroidal particles are quite
different from those of equivalent spheres derived by the
Mie theory [11,18]. Herein we also consider the phase
functions of spheres to examine the difference of forward
scattering effect from that assuming spheroids. To
calculate spherical phase function, the individual spheroid
particle is converted into sphere particles that have both
equivalent projected area (P) and volume (V) of the
spheroid. By letting P =nnrZ, and V = n(4/3)nr;,, where n
is the adjusted number of spheres to preserve both P and
V for a spheroid, we have r,,=3V/4P [20,21].

In order to obtain the bulk single-scattering properties
of dust aerosols, the lognormal size distribution [19] is
employed:

(3.1)

dN(rU): Ny ox 7[log(r,,/r,,m)]2
dry r,In(10)0v27 202 '

Table 1
Single-scattering albedo (zw) and asymmetry factor (g) for both spheroid
and V/P-equivalent sphere dust aerosol at 0.5 um wavelength.

Te (Lm) m=1.53+0.001i m=1.53+0.008i

w g w g
Sphere
0.25 0.992 0.659 0.942 0.670
0.50 0.987 0.677 0917 0.696
1.00 0.977 0.696 0.869 0.726
2.00 0.957 0.734 0.794 0.779
Spheroid
0.25 0.992 0.667 0.942 0.680
0.50 0.987 0.680 0916 0.705
1.00 0.976 0.690 0.866 0.732
2.00 0.954 0.716 0.788 0.781
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where r,, and ¢ are the mode radius and standard
deviation, respectively, Ng is the number density of dust
aerosols and o is assumed to be 0.4. We can then calculate
the effective radius (r.), bulk single-scattering albedo (=)
and phase function (P;;) according to the following

Phase Function P11

Phase Function P11
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formulas:
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Fig. 1. Dust aerosol scattering phase functions for spheroids (lower panel) and V/P-equivalent spheres (upper panel) with two refractive indices and four
effective radii at the wavelength of 0.5 um.
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Fig. 2. PAQ as a function of half-FOV angles for spheroids and V/P-equivalent spheres with two refractive indices and four effective radii.
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The ratio of light singly scattered into instruments’ FOV (i.e. PAQ) at
0.5 pm wavelength.

Te (Lm) m=1.53+0.001i m=1.53+0.008i
CIMEL (%) MFRSR (%) CIMEL (%) MFRSR (%)
Sphere
0.25 0.06 0.43 0.06 0.45
0.50 0.14 0.99 0.15 1.06
1.00 0.45 2.72 0.51 3.05
2.00 1.54 7.62 1.86 9.17
Spheroid
0.25 0.07 0.49 0.07 0.50
0.50 0.17 1.12 0.18 1.20
1.00 0.51 3.00 0.57 3.37
2.00 1.70 8.15 2.05 9.83

AOD

AOD

AOD

AOD
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where Qs, Q. and P’y; are the extinction and scattering
efficiencies and scattering phase function, respectively, for
individual particles.

4. Single forward scattering effects
When the AOD is small enough, the multiple-scatter-

ing processes are negligible. Following Russell et al. [22],
the ratio of light scattered forward into the instruments’
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Fig. 3. The ratio of forward scattered light into the MFRSR’s FOV to all scattered light versus optical depth and solar zenith angle with the refractive index
of 1.53+0.001i and four effective radii of 2, 1, 0.5 and 0.25 um from top to bottom at the wavelength of 0.5 pm. The left panel is for spheres and right
panel is for spheroids.
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FOV to the total scattered light can be estimated from the
single-scattering process in the form

Il n
PAQ = / * P11(@)sin @ dO / / Py1(@)sin@dO
0 0

n
_ %/ ' P11 (@)sin@do, 4.1
0

where 7 is the half-FOV angle. Note the P;1(®) can be
expanded in terms of Legendre polynomials P; in the form

N
Pi1(cos@) = Y wP(cos @),
=0

“4.2)

where the moment co; is derived from the orthogonal
properties of Legendre polynomials as follows:

1
w = ZIT'H/ 1 P11(cos @)P(cos @)d cos O. 4.3)

Sphere
Re=2 um

20
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Substituting Eq. (4.2) into Eq. (4.1) and considering the
properties of Legendre polynomials, Eq. (4.1) can be
further written as

PAQ= 2 {(1 cosnpy+ 3 FIP MO f’”“os%ﬂ}
=1

44)

Here, wp=1 and w,/3=g and g is the asymmetry factor. N
is the number of expansion terms. Fu et al. [18] shows
that the expansion with N=255 can converge to the exact
scattering phase function for both spheres and spheroids,
so we let N=255. Shiobara and Asano [23] used the PAQ
and single-scattering albedo to calculate forward scatter-
ing correction factor. For given scattering phase function
P11(®) and half-FOV angle 7o, the single forward scatter-
ing portion PAQ can be easily estimated from Eq. (4.4). In
Section 5, we will present the values of PAQ as a function
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Fig. 4. Same as Fig. 3, but for the refractive index of 1.53+0.008i.



J.M. Ge et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 112 (2011) 310-319 315

of 770 and its dependence on effective radius, aerosol shape
and refractive indices.

5. Results and discussions

Table 1 shows the single-scattering albedos and
asymmetry factors of dust aerosol for both V/P-equivalent
spheres and spheroids at 0.5 pm wavelength. Two
imaginary refractive indices and four effective radii are
considered for comparison. The @ and g vary with both
effective radius and imaginary refractive index. Taking
spheroids as an example, the value of w decreases from
0.992 to 0.954 while g increases from 0.667 to 0.716 as r,
increases from 0.25 to 2 um with a refractive index of
1.53+0.001i. For the imaginary part of 0.008i, the values of
w are smaller than that of 1.53+0.001i and range from

Sphere

0.942 to 0.788. g varies from 0.68 to 0.781. We note that
the difference of single-scattering albedos between
spheroids and spheres is small (less than 0.06).

Fig. 1 shows the scattering phase functions of both
spheroids and V/P-equivalent spheres, which are employed
in the Monte Carlo simulations. We can see that the
forward peaks of both spheroids and spheres sharply
increase with the increase of r, because larger particles
have stronger forward scattering. The magnitudes of the
scattering phase functions at forward peaks for spheroids
and spheres are similar while the obvious differences
appear at the back scattering directions (i.e. >90°). From
90° to 140°, the spherical phase functions are smaller than
that of spheroids but larger from 140° to 180°.

Fig. 2 is the ratio of the forward single-scattering light
(i.e. PAQ) from Eq. (4.4). The value of PAQ increases with
increase in FOV angle and effective radius. When the FOV
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Fig. 5. The transmittance of forward scattered light versus optical depth and solar zenith angle with the refractive index of 1.53+0.001i and four effective
radii of 2, 1, 0.5 and 0.25 um from top to bottom at the wavelength of 0.5 um. The left panel is for spheres and right panel is for spheroids.
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angle is 360° (i.e. #o=180), which means that the instrument
can receive the scattered light in all directions, the value
of PAQ becomes 1. Here we focus on ground-based
instruments with specific FOV angles. The CIMEL that is
the standard instrument of Aerosol Robotic Network
(AERONET) has a narrow FOV angle of 1.2° [24] while the
MEFRSR has a FOV of ~3.3° [25]. Table 2 shows PAQ values
for CIMEL and MFRSR. The PAQ values for the CIMEL are all
smaller than 2.05%, indicating that the dust aerosol forward
scattering may not significantly affect the accuracy of CIMEL
retrieved AOD. However, for the MFRSR, the values of PAQ
rapidly increase with effective radii. Almost 10% of the
scattered light can be received by the MFRSR when the r. is
2 pm and the imaginary refractive index is 0.008i. We also
note that PAQ is insensitive to the dust aerosol shapes
although the PAQ of spheroids is slightly larger than that of
spheres.
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To evaluate the forward scattering effects by consider-
ing the multiple-scattering processes with different AOD
and solar zenith angles, we perform the Monte Carlo
simulations of the photon transport through the dust
aerosol layer. Fig. 3 shows the fraction of forward scattered
light into the MFRSR’s FOV to the total scattered light
versus optical depth and solar zenith angle for the
refractive index of 1.53+0.001i at 0.5 pm wavelength.
The left panel shows the results by using spherical phase
functions along with four effective radii of 2, 1, 0.5 and
0.25 um while the right panel shows the results of
spheroids. We can see that when the value of AOD is
small (i.e. AOD=0.01) and thus the multiple scattering is
less important, the forward scattering ratios are almost the
same as those listed in Table 2. In Fig. 3, it also shows that
the values of forward scattering ratio decrease with the
increases of both AOD and solar zenith angle. However,
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Fig. 6. Same as Fig. 5, but for the refractive index of 1.53+0.008i.
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we found that the maximum value, for a given AOD,
appears at the solar zenith angle of ~ 1° rather than 0°. For
re<0.5 um, less than 2% of all scattered light can be
blocked as direct beam by MFRSR’s shadowband and thus
the forward scattering of dust aerosol may be not a serious
problem. For r.>1 um, the forward scattering gradually
becomes important and it can amount to 10% of total
scattered light when r.=2 pm for a AOD of 0.01. Fig. 4 is the
same as Fig. 3 but for the refractive index of 1.53+0.008i.
The values of forward scattering ratio in Fig. 4 are relatively
larger than those in Fig. 3. Here, we should point out
that the ratio represents the relative strength of forward
scattering. Although the forward scattering ratio decreases
with increase in AOD and SZA, it does not mean that more
light is forward scattered into the FOV at lower AOD and
SZA. This is because aerosol does scatter more light when
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AOD is large or SZA is high. So the intensity of 10% forward
scattering of total scattered light by the dust aerosol with
optical depth of 0.01 at the SZA of 10° may be weaker than
that of 5% forward scattered light by the aerosol with an
optical depth of 2 at 70°.

To understand the absolute strength of forward
scattering, we define the forward scattering transmit-
tance, which is a ratio of the transmitted forward
scattering intensity to the incident intensity. Here, the
transmitted forward scattering intensity can be repre-
sented by the number of photons, which are mistakenly
identified as direct beam by the MFRSR. The incident
intensity is represented by the total number of lunched
photons. Generally, forty thousand photons are enough to
precisely simulate flux density; however, in our study we
are interested in the intensity at a specific forward angle
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Fig. 7. The relative differences between apparent AOD and true AOD versus optical depth and solar zenith angle with the refractive index of 1.53+0.001i
and four effective radii of 2, 1, 0.5 and 0.25 pm from top to bottom at the wavelength of 0.5 pm. The left panel is for spheres and right panel is for

spheroids.
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(i.e. half-FOV angle). To that end, a large number of
photons (we use 1.5 million photons) are needed to get
significant results in statistics. Fig. 5 is the same as Fig. 3
except for plotting the forward scattering transmittance.
It is clear that more light can be scattered into the FOV at
low solar zenith angle when AOD is larger than 0.5. When
AOD is smaller than 0.5, the transmittance gradually
increases as the solar zenith angle increases to 80°. Here
we did not consider high solar zenith angle ( > 80°), for
which the AOD retrieval becomes unreliable because of
large atmospheric refraction. Fig. 6 is the same as Fig. 5
but for the imaginary refractive index of 1.53+0.008i. We
can see that in Fig. 6, the forward scattering transmit-
tances are smaller than those in Fig. 5 due to the larger
aerosol absorption.

From the Beer’s Law, the AOD can be expressed as
T = UoIn(lp/Is), where Iy is the incident intensity at the top

J.M. Ge et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 112 (2011) 310-319

of atmosphere (TOA), I is the intensity received by ground
instrument and p is the cosine of the solar zenith angle.
For the apparent AOD, for which the forward scattering
contribution has not been removed, I; consists of two parts,
i.e. the direct beam Iy;- and the scattered light I4;, which is
wrongly blocked being direct beam by MFRSR. Thus the
apparent AOD is smaller than true AOD. Figs. 7 and 8 show
the relative error between the apparent AOD and true AOD
from the Monte Carlo simulations. Generally, the error
becomes smaller with the decrease of AOD and effective
radius. The errors of spheroids (right panel) are slightly
bigger than that of spheres (left panel). There are two areas
where the errors are relatively larger. One appears at low
solar zenith angle ( < ~20°) and the other occurs at high
(> ~60°) solar zenith angle with AOD greater than 1. The
former is caused by strong forward scattering effect but the
latter is clearly not caused by the same reason. Because,
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Fig. 8. Same as Fig. 7, but for the refractive index of 1.53+0.008i.
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from Figs. 5 and 6, we know that the forward scattering
intensity is much small at high SZA. The large errors, whose
absolute values are greater than 11% at high SZA ( > 70°)
with large AOD ( > 1), are due to too much attenuation of
direct light (i.e. I;) after passing through a thick optical
path. Thus, under these circumstances, the apparent AOD
must be corrected to get the true AOD. When effective
radius is less than 1 pm and AOD is less than 1, the relative
errors between the apparent AOD and true AOD are smaller
than —3%. Forward scattering effects can be negligible
under this situation.

6. Conclusion

The forward scattering effects on retrieval of dust aerosol
optical depth from the MFRSR are analyzed at 0.5 pm for two
refractive indices and four effective radii. The single-scatter-
ing albedos and scattering phase functions of both spheroids
and V/P-equivalent spheres are considered. For the single-
scattering albedos, the differences between spheres and
spheroids are small while the differences in the scattering
phase functions are significant. Since the PAQ is usually
parameterized to correct apparent AOD, we examine this
parameter first. For the CIMEL, the values of PAQ are all
smaller than 2.05% because of the very narrow FOV angle. For
the MFRSR’s FOV, the PAQ varies from 0.43% to 9.83%
depending on r, and the refractive indices.

The Monte Carlo simulation of photon transport is
used to estimate forward scattering effects on the MFRSR
AOD retrievals by considering multiple-scattering pro-
cesses. The intensity of forward scattered light into the
MFRSR’s FOV gradually increases with the SZAs when the
value of AOD is less than 0.5. However, when the value of
AOD is larger than 0.5, more light can be forward
scattered into the FOV at lower SZAs. The relative errors
between apparent AOD and true AOD increase with both
effective radius and AOD. When the effective radius and
AOD are less than 1, the errors are smaller than —3%. The
relatively larger errors occur at the SZA lower than 20°
and higher than 60° with AOD larger than 1. The former is
caused by strong forward scattering effect while the latter
is due to the strong attenuation of direct solar beam.
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