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Abstract: In this study, we present parameterization schemes of dust single-scattering properties
(SSPs) in order to establish a fast and accurate way to obtain the SSPs for dust shortwave radiative
flux calculation. Based on the assumption that dust particles are spheroids, we represent a single
nonspherical particle with a collection of monodisperse spheres that contain the same total surface
area and volume as the original particle to convert the spheroid to a sphere. The SSPs of dust particles
were parameterized in terms of the effective radius (R,) and imaginary part of the refractive index
(M;). The averaged relative errors of the parameterized to the “exact” single-scattering properties,
which refer to the results from the Mie theory program, are below 1.5%. To further quantify the
impact of parametrization on the radiative flux simulation, we computed the radiative fluxes at both
the top of the atmosphere (TOA) and the surface by using SSPs from the parameterization and the
“exact”, respectively. The maximum relative errors were below 1% at both the TOA and the surface,
proving that the SSPs of dust calculated by our parameterization schemes are well suited for radiative
flux calculations. This parameterization differs from previous works by being formulated not only
with R, but also with M;. We also investigated the sensitivity of dust-aerosol forcing to R,, M;, optical
depth (1), and solar zenith angle (SZA). The results show that the value of shortwave (SW) radiative
forcing (RF) at the TOA changes from negative to positive as the M; is increasing, which means that,
as the absorption of dust particles becomes stronger, more energy is kept in the atmosphere to heat
the earth-atmosphere system. The SW RF gradually becomes less negative at the TOA and more
negative at the surface with increasing R,, due to the decreases of reflection and transmission along
with the single-scattering albedo decreasing. As the optical depth increases, the values of the SW
RF decrease because of the strong attenuation for heavy loading. When SZA increases, the SW RF
becomes more negative at both the TOA and the surface due to the long optical path at a large SZA.
The errors induced from the parameterized SSPs of dust in the SW RF calculation are very small,
which are less than 2.1%, demonstrating the accuracy of the parameterization and its reliability for
climate model applications.
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1. Introduction

Dust is one of the main species of atmospheric aerosol and plays an important role in the climate
system. It has been estimated that as much as 10 to 20 billion tons of dust aerosols enter the atmosphere
each year globally, accounting for almost half the total aerosols in the troposphere [1-3]. Dust aerosols
can reduce the amount of incoming energy that reaches the lower atmosphere and ground by scattering
and absorbing solar radiation and can heat the atmosphere by absorbing infrared radiation, which
is called the “direct effect” [4-7]. The direct radiative effects of dust aerosols significantly alter the
energy balance at the top of atmosphere (TOA) and the surface, which has been an important factor for
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modeling climate and climate change. Therefore, understanding and quantifying the direct radiation
effect of dust is critically important in climate research.

Many studies of dust direct radiative forcing (DRF) have been derived based on observations,
remote sensing retrievals, and radiative transfer model simulations [8-13]. However, there are still
large uncertainties in dust aerosol DRF due to the great spatial and temporal variabilities of optical
properties, and large differences in the composition and size distribution of dust aerosols. IPCC
(The Intergovernmental Panel on Climate Change) reported that the global mean of dust direct
radiative forcing ranges from —0.3 to 1.0 Wm™2, which shows a large uncertainty (IPCC, 2013). Single
scattering properties (SSPs), such as the extinction efficiency (Q,), single-scattering albedo (@), and
asymmetry factor (g), which present the extinction, absorption, and forward scattering abilities of
particle, respectively, are the key parameters for determining DRE. Dubovik et al. [14] showed that an
uncertainty of +0.03 in the single-scattering albedo can lead to a 12% uncertainty in the SW TOA forcing.
However, effectively and accurately representing the SSPs of dust particles in climate models is still a
problem. It is well known that the shapes of dust aerosols are exclusively nonspherical [15-17]. Many
in situ and laboratory measurements [18,19], as well as remote sensing results [20,21], showed that the
scattering properties, especially the phase function, were quite different for dust particles compared
to those of homogeneous spheres [22]. Numerous efforts have been made to account for particle
nonsphericity in aerosol retrieval algorithms and radiative forcing calculations [21,23-27]. However,
limited work has been done to calculate the SSPs for nonspherical particles. The development of such
a model appears to be difficult both methodologically and technically.

It is a common practice to use the Lorenz-Mie theory to compute the SSPs of dust aerosols
in radiative flux calculations [28-31]. Mishchenko et al. [32] showed that the differences of the
dust aerosol extinction coefficient, single scattering albedo, and asymmetry factor values between
nonspherical and projected-area-equivalent spherical particles are relatively small (less than 10%). The
size parameter and refractive index are the main parameters for calculating the SSPs using Mie’s theory.
However, due to the complexity and high time consumption requirements of the Mie calculation, it is
time-consuming to repeat the Mie calculation in a climate model to calculate SSPs of dust aerosols for
different particle size distributions and wavelength-dependent refractive indexes. In climate models,
the wavelength-dependent aerosol single scattering properties are typically listed in tables, which are
calculated as a function of the particle size at certain intervals [33-35]. Therefore, it is worthwhile to
develop a parameterization to obtain the SSPs for different dust aerosols in radiative transfer models.

In this study; firstly, we represented a single nonspherical particle with a collection of monodisperse
spheres that contain the same total surface area and volume as the original one [36]. The SSPs of these
particles were calculated by using the Mie theory code for a wide range of particle sizes and refractive
index values in the shortwave. Then, based on the bulk SSPs of dust particle collections under different
particle distributions, the SSPs of dust aerosols were parameterized in terms of the effective radius
(Re) and the imaginary part of the refractive index (M;). The proposed parameterization was also
tested relative to Mie calculations. In order to further evaluate the impact of the parameterization of
dust single scattering properties, we input the SSPs calculated by Mie’s theory and the parameterized
result into a radiative transfer model to compute the radiative flux and its errors associated with
the parameterization. The sensitivity of dust-aerosol forcing to various dust properties were also
provided to further understand how the changes in dust properties modulate the solar radiation in
climate system.

The remainder of this paper is organized as follows. In Section 2, we introduce the method. The
parameterization of properties based on physical principles and the parameterization assessment are
provided in Section 3. Section 4 presents the dependence of dust aerosol radiative forcing on the
particle size and refractive index. Finally, a summary and conclusions are given in Section 5.
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2. Methods

2.1. Single Scattering Properties

Previous studies showed that although dust particles are highly non-spherical, their single
scattering properties can be adequately modeled by using the distributions of prolate and oblate
spheroidal grains with wide aspect ratios [32,34]. Thus, we firstly assume that dust particles are
spheroids. Mishchenko and Travis [37] showed that a ‘broad’ shape distribution of prolate and oblate
spheroids with an aspect ratio ranging from 1.1 to 2.2 was reasonably well represented by the results
for spheroids with the aspect ratio set at the single value of 1.7. Nakajima et al. [38] also found that
employing morphological analysis of scanning electron microscope images of dust particle from yellow
sand events showed a distribution of particle aspect ratios about a mode of ~1.7. Therefore, in our
study, we assumed that the dust particles are spheroids with an aspect ratio (i.e., /b, where a and b are
the rotational symmetry and equatorial semiaxes, respectively) of 1.7 [39,40]. One thousand size bins
were selected, with a(b) ranging from 0.071 (0.042) to 21.37 (12.57) um with a resolution, A Ina, of 0.0057.
Then, we converted the spheroid particles into volume and projected area-equivalent spheres (equal
-V/P spheres), which preserve both the projected area (P) and volume (V) of nonspherical particles. The
area-equivalent or volume-equivalent spheres were used to approximate the non-sphere dust aerosol
particles for which scattering and absorption properties have been shown to be inadequate [41,42].
If using a sphere with only an area-equivalent radius, the extinction cross section of a non-spherical
particle will be accurate, but the absorption cross section will be overestimated. If using a sphere with
only a volume-equivalent radius, the extinction cross section will be underestimated. Both extinction
and absorption cross sections of a nonspherical particle are well represented by the use of spheres with
area- and volume-equivalent radii (ryp). The volume of one spheroid is given by V = 4/3mab?. The
surface area (S) of a prolate spheroid (i.e., a/b > 1.0) is given by S = 2rtb? + 2mabsin™! ¢/, where ¢ is
the eccentricity of the spheroid and ¢ = Va? — b2 /a. The projected area (P) of a randomly oriented
convex particle is S/4 [43]. We obtained ry, = 3V /4P by letting P = nir?n and V = (4/3)mtr’n, where n
is an adjusted number of spheres that preserves both P and V for a nonspherical particle (note that n is
not necessarily an integer). The size parameter was defined as 27ry,/A. In this study, the wavelength,
A, ranged from 0.25 to 4 um with an interval of 0.025 um. The V/P- equivalent radius, 7y, ranged from
0.02 to 7.16 um, with a A Inry, interval of 0.0057 um. Fu et al. [40] simulated the SSPs of dust aerosols
with both spheroidal (with an aspect ratio of 1.7) and spherical shapes defined by equal-V/P spheres at
0.55 um and showed that the relative errors of the spheres in approximating the spheroids were less
than 1% for the extinction efficiency and single scattering albedo and less than 2% for the asymmetry
factor. Neshyba et al. [44] showed that the use of V/P-equivalent spheres works quite well to capture
the effects of nonsphericity on scattering and absorption cross sections, but the performance of this
method for the asymmetry parameter is dependent on the particle shape. So, it should be noticed that
the relative error of the asymmetry factor (g) might change when the particle shape has a different
aspect ratio [45-47]. The real part of the refractive index (M;) of the dust particles was fixed to 1.53
according to previous work results [30,48-50], while the imaginary part (M;) ranged widely from 0.0003
to 0.03 due to the significant spectral dependence of M; of dust particles in the shortwave [45,51-53].
The single scattering properties were calculated by Mie theory code (Mie calculation), which were also
considered as the “exact” result.

Then, based on the pre-defined distribution, we calculated the bulk SSPs of the collection of dust
particles for different particle distributions. Here, we represented the dust aerosol size distribution
in terms of the radius of the volume-equivalent spheres (r, = (3V/ 471)1/ %), which is consistent with
ground-based remote sensing algorithms that retrieve particle volume distributions [34,54]. The
lognormal distribution following Levoni et al. [30] was employed in this study:
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where 1, and ¢ are the mode radius and standard deviation, respectively; Ny is the number
concentration of dust aerosols; and o was set to 0.4. This lognormal distribution is the same as the
accumulation mode of dust aerosol adopted in the multiangle imaging spectro radiometer (MISR)
aerosol retrieval algorithm [39]. The value of r, ranged from 0.05 to 15 um, corresponding to a (b)
ranging from 0.071 (0.042) to 21.37 (12.57) um, with a resolution Alnr; of 0.0057 [39,40]. In total, 28
lognormal size distributions for different mode radii were employed in this study.

The radiative impact of the size distribution of spherical particles can be largely represented by an
effective radius, as defined by Hansen and Travis [55]. For nonspherical dust aerosols, we can define
the effective radius using V/P-equivalent spheres in the form:

ft’v,max rgp 7’1N (TU ) d]’v 3 j:’v,max VN( 1o ) drv

Tv,min v,min
Re=— =<1 2)
) om2 N (rp)dr, 4 [ PN(ro)dry
Ty, min P Tv,min

where, for a given r,, n is the number of spheres with a radius, 4, corresponding to a spheroid that
has a volume, V, and a projected area, P. The values of R, ranged from 0.3 to 3.0 pm, with a resolution
AR, of 0.1 um, corresponding to ry;; values through Equations (1) and (2).

For a given size distribution, the bulk SSPs of the dust aerosols, including the extinction efficiency
(Qe), single scattering albedo (w), and asymmetry factor (g), can be written as follows:

[ QuPN (ro)dry

Q= —— , @)
frr’ PN (ry)dry

v, min

L™ QUPN(ro)dry
w = 7-v max ~, ’ (4)
[ QUPN (ry)dr,

v,min

Jrime g QUPN(ro)dre
’rv,max 7 4 (5)
I QPN (o )dr

g:

where Q;, Q;, and g’ are the extinction efficiency, scattering efficiency, and asymmetry factor for an
individual particle, respectively, which were computed from Mie’s theory for the V/P-equivalent sphere.

2.2. Radiative Transfer Model

The Santa Barbara DISORT Atmospheric Radiative Transfer model (SBDART, version 2.4, Institute
for Computational Earth System Science (ICESS), University of California, Santa Barbara, USA) model
with a 4-stream method was used for calculations of the plane-parallel radiative transfer in our study.
This model is widely used for cloud and aerosol retrievals from satellite remote sensing and atmospheric
energy budget research [56]. In this study, we input the extinction efficiency, single scattering albedo,
and asymmetry factor of dust aerosols into the model to simulate the dust radiative fluxes and calculate
the radiative forcing.

3. Parameterization of the Single Scattering Properties of Dust Aerosols

3.1. Description of Parameterization

According to anomalous diffraction theory, for a given dust aerosol distribution, the extinction
efficiency was derived by [57]:

Qg———2—§sinp+pi(l—cosp),p—Zx(m—l), (6)
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where o, is the extinction cross section for a single dust particle, x is a size parameter (x = 2nr/A), p is

the phase shift parameter, r is the particle radius, and m is the refractive index. From this equation, it is

reasonable to estimate the extinction efficiency by using the effective radius and the refractive index.
The scattering efficiency can be written using Equation (7) according to the Lorenz Mie theory:

Qs = 0—52 = ot (14 e +oaxt 4+, @)
T
where o5 is the scattering cross section, and c is a function of the refractive index (m). From
Equations (4), (6), and (7), we know that the single scattering albedo depends on the effective radius
and refractive index.

Figure 1 shows the band-averaged values of Q,, @, and g from the Mie calculation versus the
effective radius and imaginary part of the refractive index in the spectral intervals 0.25-0.70 pm (left
panel), 1.30-1.80 um (middle panel), and 2.50-3.50 um (right panel). These three intervals correspond
to the visible band, the near-IR moderate absorption band, and the near-IR strong absorption band,
respectively. The SSPs in Figure 1 were calculated by Mie code, and integrated by the size distribution
based on Equations (3)—(5). From Figure 1, we can see that the SSPs are highly dependent on the
effective radius and the imaginary part of the refractive index. The extinction efficiency, Q,, fluctuates
with R,; however, Q. has a weak relationship with M;. The @ decreases and g increases rapidly as
the value of M; increases, especially for large particles. As R, increases, @ gradually decreases and g
increases, which indicates that there is more forward-scattering for large particles.
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Figure 1. The extinction efficiency (a—c), the single scattering albedo (d—f), and the asymmetry factor
(g—i) values versus the effective radius and the imaginary part of the refractive index in the spectral
intervals 0.25-0.70 um, 1.30-1.80 um, and 2.50-3.50 pm.
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Based on the above analysis, we see that the SSPs not only depend on the effective radius but also
on the imaginary part of the refractive index. Thus, the extinction efficiency, single scattering albedo,
and asymmetry factor for each shortwave band were parameterized as follows:

N
Qe= X An/R},
n=0

M ®)
A?‘l = Z aan;ﬂ(n = 0/ 1/ /N)/
m=0
N
w = 2 BH(REM)HI
iy )
Byi= Y, bu(M’*) " (n=0,1,--- ,N),
m=0
N
g§= ¥ Cu(RY?),
™ (10)
C}"l: Z Cnm(M/ ) (n 0/1/“ /N)/

where Ay, aum, Bu, bum, Cn, and cuy, are coefficients determined by numerical fitting to exact Mie
calculation results; and N and M represent the numbers of terms required to achieve the given accuracy.
When N =4 and M = 1, the average relative error of the extinction efficiency is less than 1.5%. At
the same time, N = 2 and M = 2 are sufficient for the single scattering albedo and asymmetry factor
expression to achieve an accuracy within 1.5%.

The coefficients in Equations (8)-(10) determined by numerical fitting using the “exact” results are
listed in Tables 1-3. Aerosol optical properties as functions of the wavelength are much smoother than
gaseous optical properties. Therefore, even in a correlated k-distribution model, the aerosol optical
properties are treated based on the band-averaged results. The solar spectrum was divided into 24 and
6 bands in this parameterization, which are also shown in Tables 1-3. For the SW radiation, the band
average was obtained by weighting the results for each wavelength by the incoming SW spectrum at
the TOA.

The average values of the single scattering parameters in each spectral band were determined in
the following ways [58]:

_ [y QuSadA
A
Q= T s (11)
fA/\,- SrdA
— ~wpPaSrdA
@ = —fMl , (12)
Jax BaSdA
_ fMi g wABrS1dA
3= (13)

fAA,- a)AﬁAS/\dA ’

where S, is the solar irradiance, and the values were integrated over each spectral band, and , is the
extinction coefficient (8 = fr "o (1 112N (1 )dr,). The fraction of the solar irradiance at the TOA in

each spectral band is given in Table 1.
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Table 1. Values of the coefficients in Equation (8) for the parameterization of the extinction efficiency
(the unit for R, is um).

Ag Ag Az Az Ayg

: B'and a0 a1 a0 a1 azg az1 a3 a3 aq aq1 Fraction
Limit (um) (><10°) (><10‘2) (><10‘2) (><10‘1) (><10—1) (><10—3) (><10—2) (X10_3) (X10_4) (><10‘3) of Sa
0.25-0.3 2.001 5.605 54.63 —-2.060 -1.405 —495.0 1.150 184.5 -1.652 -17.70  0.0034
0.3-0.35 1.993 17.42 69.94 -5.724 —2.468 -352.4 3.204 180.1 -15.73  -19.06  0.0215
0.35-0.375 1.983 24.31 79.84 —8.669 -3.251 -183.5 4.925 152.0 -28.83 -1755 0.0216
0.375-0.4 1.976 31.84 87.36 -11.48 —-3.892 -1.087 6.435 1139 -40.87 -14.82 0.0188
0.4-0.425 1.970 35.51 94.65 -14.19 —4.553 195.9 8.057 69.16 -5419 -11.38  0.0301
0.425-0.475 1.963 44.66 105.2 -17.76 -5.576 458.6 10.69 8.730 -76.39 -6.718  0.0701
0.475-0.5 1.958 52.84 114.5 —22.62 —6.552 851.3 13.30 -93.00 -99.03 1.984 0.0375
0.5-0.575 1.958 60.90 1252 —-26.79 -7.801 1214 16.81 -188.6 -130.3 10.15 0.1059
0.575-0.625 1.965 68.42 136.2 -32.08 -9.256 1711 21.10 -327.4 -169.4 22.52 0.0662
0.625-0.7 1.980 73.83 143.7 -37.06 -10.51 2217 25.04 —476.2 -206.4 36.24 0.0868
0.7-0.75 2.003 74.50 148.2 —-40.70 —-11.58 2641 28.58 —-607.5 —-240.7 48.66 0.0506
0.75-0.8 2.027 74.86 149.5 —42.93 -12.26 2926 31.01 -698.9 —264.8 57.48 0.0451
0.8-0.875 2.062 72.46 148.4 -44.80 -12.91 3215 33.51 -796.6 -290.5 67.12 0.0587
0.875-1 2.128 64.34 141.7 —46.50 -13.52 3586 36.42 -931.4 -322.2 80.89 0.0778
1-1.1 2217 48.19 127.6 —45.93 -13.68 3813 38.34 -1032 -346.1 91.94 0.0505
1.1-1.2 2.301 29.66 110.6 —43.73 -13.39 3868 38.78 -1081 —-355.7 98.02 0.0413
1.2-1.3 2.389 11.89 90.34 —40.69 -12.76 3827 38.23 -1099 —356.3 101.2 0.0347
1.3-1.55 2.538 —24.49 51.53 —-33.04 -11.12 3518 35.43 -1058 -339.1 99.80 0.0646
1.55-1.65 2.697 —66.61 5.358 -23.00 -8.814 2999 30.74 -955.5 -304.4 92.60 0.0187
1.65-2.15 2901 -121.8 —62.08 -7.506 -4.899 2033 21.68 -726.2 -230.4 73.73 0.0548
2.15-2.425 3.177 -196.9 —-165.2 16.29 1.661 395.5 5.481 -307.1 -92.11 37.39 0.0136
2.425-2.925 3.347 —244.2 —242.9 33.46 7.082 -911.0 -8.691 49.76 33.21 5.116 0.0146
2.925-3.425 3.498 -289.0 -330.6 53.56 13.61 —2541 —26.36 511.2 192.8 -37.53  0.0077
3.425-4 3.567 -308.9 -399.2 67.14 19.10 -3763 —41.78 874.5 334.8 -72.00  0.0054
0.25-0.7 1.970 55.45 119.2 -25.15 -7.424 1142 16.12 -182.1 -125.9 10.32 0.4879
0.7-1.3 2.163 54.27 131.8 -44.15 -13.02 3469 35.46 -910.0 -315.5 79.56 0.3408
1.3-1.8 2.643 —-52.30 20.39 -26.21 -9.520 3152 32.10 -982.7 -313.9 94.28 0.1010
1.8-2.5 3.066 -166.8 -122.7 6.446 -1.085 1085 12.33 —485.4 -150.9 52.96 0.0465
2.5-3.5 3.432 -269.1 -291.8 44.62 10.71 -1814 -18.52 305.1 121.8 -18.46  0.0195
3.5-4.0 3.571 -310.7 —405.6 68.45 19.63 —3885 —43.29 911.1 348.8 -75.50  0.0043

Table 2. Values of the coefficients in Equation (9) for the parameterization of the single scattering
albedo (the unit for R, is pm).

Band By B; B,

Limit (um) boo (X1071) bor (Xl()*z) boz(XlOo) b10(><1074) b1 (><1071) b1 (X1072) by (Xl()*s) h21(><10’2) bzz(XlO’l)
0.25-0.3 10.01 91.27 -35.22 181.7 -120.0 10200 -1127 204.4 -103.7
0.3-0.35 10.00 78.23 -30.72 177.4 -103.1 8069 -932.8 146.9 —41.53

0.35-0.375 9.998 66.86 -28.14 170.1 -93.76 6977 -824.9 117.2 -12.29
0.375-0.4 9.997 57.32 —26.34 163.1 -87.30 6259 -748.4 97.56 5.807
0.4-0.425 9.997 47.63 —24.69 155.9 —81.40 5628 —682.2 80.35 20.67

0.425-0.475 9.997 32.74 —22.44 145.8 -73.26 4798 -591.8 57.42 38.97
0.475-0.5 9.998 19.31 —-20.59 134.4 —66.38 4130 -510.7 38.88 52.51
0.5-0.575 10.00 1.886 —18.48 121.9 —58.37 3404 —425.6 18.74 65.06

0.575-0.625 10.00 -17.56 -16.36 107.8 —49.88 2687 -337.5 -1.253 75.23
0.625-0.7 10.01 -35.09 -14.72 93.92 —42.85 2146 -262.5 -16.46 80.77
0.7-0.75 10.01 -50.73 -13.44 82.08 —36.88 1726 -202.9 —28.29 83.15
0.75-0.8 10.01 -61.90 -12.64 7391 -32.83 1466 -164.3 -35.61 83.37
0.8-0.875 10.01 -74.20 -11.88 65.86 —-28.57 1220 -126.5 —42.65 82.14
0.875-1 10.02 -91.49 -11.00 53.78 -22.92 932.8 -75.40 —50.95 78.54

1-1.1 10.02 —-108.9 -10.36 42.36 -17.59 710.4 -31.99 -57.59 72.78
1.1-1.2 10.02 -122.4 -10.02 33.79 -13.78 585.0 —2.662 -61.59 67.19
1.2-1.3 10.02 -134.6 -9.846 27.19 —-10.59 506.7 20.05 —64.50 61.54
1.3-1.55 10.03 -152.7 -9.738 17.58 —6.260 435.3 47.68 —67.73 52.59

1.55-1.65 10.03 -172.0 -9.575 8.219 -2.074 393.8 71.92 -71.08 43.88
1.65-2.15 10.04 -196.2 -9.910 -1.750 2.486 388.5 95.07 —74.40 33.79

2.15-2.425 10.05 —238.5 —10.09 -16.98 9.642 376.1 130.8 —83.22 2247

2.425-2.925 10.05 -275.8 -10.03 —28.86 15.27 347.4 157.5 -92.14 16.78

2.925-3.425 10.07 -333.6 -9.417 —45.70 23.50 232.8 198.7 -108.8 14.30
3.425-4 10.08 —402.0 —7.957 -64.57 32.87 -4.109 247.7 -131.0 17.72
0.25-0.7 10.00 3.893 -19.54 127.2 -62.92 3937 —485.8 32.85 51.78
0.7-1.3 10.02 -90.53 -11.20 55.66 -24.16 1043 —-89.09 —46.75 75.92
1.3-1.8 10.03 -161.8 -9.754 13.20 —4.347 4229 58.42 —68.55 47.80
1.8-2.5 10.04 -216.3 -10.03 -9.221 5.944 389.5 111.9 -77.79 27.26
2.5-3.5 10.06 -300.1 -9.862 -36.01 18.71 314.6 173.9 -98.24 14.67

3.5-4.0 10.08 —-408.4 -7.783 —66.29 33.75 -31.61 252.4 -133.2 18.31
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Table 3. Values of the coefficients in Equation (10) for the parameterization of the asymmetry factor
(the unit for R, is um).

Band Co Ci G
Limit (um) coo <1072y cgr X107y cgp (X107 egp (X107Y)  cgg (X107 cp (X10°) e (X1072) o1 (X1073)  cpp (X1072)
0.25-0.3 48.27 —2.478 -13.47 3.234 —3.580 6.749 -11.56 93.71 -476.6
0.3-0.35 5835 5.591 -27.10 1.597 -18.26 8.272 —4.240 136.3 -462.8
0.35-0.375 58.83 5.872 -27.04 1.432 -18.38 8.026 -3.345 131.9 —436.2
0.375-0.4 59.13 5.948 -26.65 1323 -18.19 7.782 -2.760 127.6 —4145
0.4-0.425 59.46 5.873 -25.94 1214 -17.71 7.487 2212 122.3 -391.9
0.425-0.475 59.58 5.875 -25.11 1.140 -17.28 7.116 -1.818 116.0 -362.5
0.475-0.5 59.80 5,573 -23.76 1.047 ~16.24 6.661 ~1.364 107.6 -331.6
0.5-0.575 59.51 5.412 -2252 1.057 ~15.46 6210 ~1.407 99.85 -299.6
0.575-0.625 58.95 5.081 -20.87 1116 -14.29 5.661 -1.707 90.14 —263.0
0.625-0.7 58.15 4.696 -19.26 1.227 -13.07 5.154 -2.253 80.99 -230.8
0.7-0.75 57.09 4.368 -17.90 1.396 ~12.04 4.727 ~3.080 73.35 -204.1
0.75-0.8 56.09 4.164 -17.02 1.561 -11.37 4444 -3.867 68.21 -186.3
0.8-0.875 54.78 3.929 ~16.04 1.784 -10.62 4134 -4919 62.61 -167.3
0.875-1 52.62 3.564 ~14.66 2151 -9.510 3.704 ~6.639 54.77 -141.8
1-1.1 49.93 3.245 -1343 2,613 -8515 3.316 -8.766 47.71 -119.0
1.1-1.2 47.58 3.004 -1255 3.013 -7.778 3.036 -10.58 42.63 -103.1
1.2-1.3 4525 2814 ~11.84 3.406 -7.176 2.806 -12.33 3839 -90.01
1.3-1.55 41.66 2552 ~10.89 4.005 -6.362 2.500 ~14.96 32.85 -73.35
1.55-1.65 37.69 2.338 -10.11 4.657 —5.676 2.239 -17.76 28.20 ~59.40
1.65-2.15 33.12 2,098 -9.267 5.383 -4.927 1.965 -20.77 23.28 —45.59
2.15-2.425 25.79 1.829 -8.328 6.512 -4.051 1.638 -25.31 17.54 -29.51
2.425-2.925 20.73 1.627 ~7.677 7.254 —3.465 1.431 -28.15 14.02 -20.30
2.925-3.425 14.35 1.480 -7.114 8.155 —2.943 1.230 —31.47 10.76 —11.64
3.425-4 8.668 1.328 -6.576 8.917 2477 1.057 -34.15 8.070 —4.767
0.25-0.7 59.65 5.260 -21.99 1.071 -15.32 6217 -1.513 101.1 -306.5
0.7-1.3 53.28 3.461 -14.28 2.039 -9.331 3.667 -6.139 54.29 ~141.9
1.3-1.8 39.97 2421 -10.42 4281 ~5.969 2.358 ~16.14 30.29 —66.06
1.8-2.5 29.61 1.944 -8.733 5923 —4.440 1.787 -2295 20.12 -36.96
2.5-3.5 18.13 1.529 -7.351 7.612 -3.169 1.329 —29.45 12.26 -16.08
3.5-4.0 8.180 1316 -6.535 8.983 —2.442 1.043 -34.38 7.867 —4.240

3.2. Evaluation of the Present Parameterization

The parameterization of the bulk SSPs of dust aerosols was evaluated by examining the relative
error between the parameterization and the “exact” calculation results.

We found that the parameterized bulk SSPs derived from the functions of the effective radius and
imaginary part of the refractive index match well with the results from the “exact” calculations. The
averaged relative error between the parameterization and the “exact” calculation for the extinction
efficiency is below 1.5%. For the asymmetry factor, the averaged errors and maximum errors in the
parameterization are within 0.75% and 2%, respectively. The linear relationship between @ and R, and
M; based on geometric optics is a good approximation. The maximum differences in SSPs between the
parameterized and “exact” calculations are less than 6%.

Figure 2 shows the absolute values of the relative errors of the parameterized and “exact”
calculations for Q,, @, and g in the spectral intervals 0.25-0.70 pm (left panel), 1.30-1.80 pm (middle
panel), and 2.50-3.50 um (right panel). The figure shows that the averaged relative errors of
parameterization in Q,, @, and g are less than 1.34%, 0.25%, and 0.70%, respectively. It should be
noticed that the errors are not only due to the numerical fitting but also include errors produced by the
band divisions along with the averaging technique for single scattering properties.
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Figure 2. Relative errors between parameterized and “exact” calculations for Q,, @, and g in the spectral
intervals 0.25-0.70 um, 1.30-1.80 um, and 2.50-3.50 pum.

4. Physics of Dust Aerosol Radiative Forcing

To quantify the impact of SSPs parameterization on radiative fluxes, we calculated the total
upward fluxes (TUFs) at the TOA and total downward fluxes (TDFs) at the surface by inputting the
parameterized and “exact” SSPs into the SBDART radiative transfer model. The solar zenith angle was
set to 53°, which represents the global mean daily average value [59]. So, the TUF and TDF calculated
at the SZA of 53° is approximately equal to the daily mean value of radiative flux at the TOA and
surface. The surface albedo was set to 0.15. Figure 3 shows the relative error of the TUF at the TOA
and TDF at the surface for 6 bands, 24 bands, and 151 bands for computations using the parameterized
and “exact” SSPs results, with an effective radius varying from 0.3 to 3.0 um and the imaginary part of
the refractive index was fixed s 0.003. The maximum relative error is below 1% for TUF at the TOA
and 0.5% for TDF at the surface for different band divisions. These small errors in radiative fluxes
indicate that the parameterization schemes, in terms of the effective radius and imaginary part of the
refractive index, can be reasonably applied to the dust aerosol radiative forcing calculation.

To study the radiative impact of dust aerosols, we calculated the SW RF of dust at the TOA
and surface. Forcing was defined as the difference in the net radiative fluxes (downward fluxes
minusupward fluxes) from two simulations: One simulation with aerosols and the other simulation
without aerosols. We used the SBDART transfer model to investigate the responses of radiative forcing
to the variation of R,, M;, optical depth, and solar zenith angle. Figure 4 shows the dust-aerosol SW RF
versus the optical depth, effective radius, and imaginary part of the refractive index at the TOA and
the surface, respectively. The values of R, and M; vary widely from 0.3 to 3.0 um and 0.0003 to 0.03,
respectively, which is the same as the range of parameterization. The optical depth varies from 0.1 to
1.0 [60] in Figure 4. In the upper panel of Figure 4, the values of dust SW RF are negative and vary with
the effective radius and optical depth at both the TOA and the surface, when the M; was fixed at 0.003.
For a given optical depth, the SW RF becomes gradually less negative at the TOA and more negative
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at the surface with an increasing effective radius because of the decreased single scattering albedo,
which resulted in increased absorption and decreased transmission. As the optical depth increases,
the values of the SW RF become more negative at both the TOA and the surface under dust heavy
loading. The largest negative SW RF values are —91.95 and —177.642 Wm™2 at the TOA and at the
surface, respectively. The lower panel of Figure 4 shows the response of the SW RF to variations of the
imaginary part of the refractive index. We can see that the variation in M; has a strong impact on SW
REF. For a given optical depth, with an increasing of M;, the value of SW RF at the TOA can change from
negative to positive. The positive SW RF at the TOA for a large value of M; indicates that more energy
is maintained in the earth-atmosphere system to heat the atmosphere for dust particles with strong
absorption. At the surface, the values of SW RF are negative for all ranges of optical depth and M;. As
the M; and optical depth increase, the SW RF becomes more negative because strong absorption and
heavy dust loading reduce the energy reaching the surface.

5 TUF (TOA) , TDF (Surface)

= = 6 bands
-------- 24 bands

=157 15} — 151 bands| |

)

S

i 1

()

=

©

& 0.5 0.5t

R (um)

Figure 3. Relative errors of the total upward fluxes (TUF) at the top of the atmosphere (TOA) and the
total downward fluxes (TDF) at the surface for 6 bands, 24 bands, and 151 bands between computations
using the “exact” and the parameterized single-scattering properties (SSPs).

Similarly, the upper and lower two panels of Figure 5 show the dust aerosol SW RF versus SZA,
R., and M; at both the TOA and the surface for T = 0.3, respectively. The SZA varies from 0 to 90° in
Figure 5. For a given SZA, the variation of SW RF with the R, and M, is similar with Figure 4. As the
SZA increases, the SW RF becomes more negative at both the TOA and the surface. This is because
the optical path will significantly increase when the solar beam arrives the dust layer at a large SZA,
which would consequently lead to more sunlight being reflected back to space and thus cause a larger
negative forcing. When SZA approaches about 90°, the SW RF value is close to zero since little solar
flux can get into the dust layer.
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To further evaluate the impact of SSPs parameterization on SW RF calculations, we obtained the
relative errors of SW RF resulting from the use of “exact” and parameterized SSPs. As Figures 6 and 7
show, the relative errors are very small for all ranges of R., M;, optical depth, and SZA at both the TOA
and the surface. The averaged relative errors of SW RF are almost all below 2.1% for different variables,
except when the R, increases to 3.0 pm. In this case, the maximum relative error of SW RF reaches
8.86% at the TOA. When the value of SZA is small and R, is large, the relative errors are largest because
of the strong scattering for strong solar flux and large particles. However, the radius of most particles
is not beyond the range that we used in this study [61,62]. Therefore, we can see that the error caused
by using the parameterized SSPs of dust in the SW RF calculation is very small. It is feasible to use the
parameterized values of dust SSPs instead of the “exact” Mie results in the radiative transfer model to
compute the SW RF. We should also note that, although the error in SW RF caused by using the SSPs
parameterization is small, there are other factors that could cause error, such as the approximation of
scattering by nonspherical dust by V/P-equivalent spheres, and the waveband division, as discussed in
Section 2.

0.1 0.4 0.7 1.0
Optical Depth

0.1 0.4 0.7 1.0
Optical Depth

TOA Surface SW RF Error (%)
30 (a) averaged error:1.91% 30 (b) averaged error:1.04% 3
£ 21 21 /
=2
@
o
6
1.2 1.2
1 5
0.3 0.3
0.1 04 0.7 1.0 0.1 0.4 0.7 1.0
4
0.03 () averaged error:0.85% 0.03 (d) averaged error:0.49%
43
0.003 0.003 2
2‘_ G W
1
0.0003 0.0003 o

Figure 6. Relative errors of SW RF between the calculation by using SSPs from parameterization and
Mie theory versus optical depth for SZA = 53°. For (a,b), M; = 0.003; for (c,d), Re = 1.0 pm.
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Figure 7. Relative errors of SW RF between the calculation by using SSPs from parameterization and
Mie theory versus SZA for T = 0.3. For (a,b), M; = 0.003; for (c,d), R, = 1.0 pm.

5. Summary and Conclusions

In this paper, we presented a parameterization of the single scattering properties for dust in order
to establish a fast and accurate scheme to calculate dust shortwave (SW) radiative forcing (RF). Due to
the difficulty of obtaining the SSPs of nonspherical dust, assuming that dust particles are spheroids
with an aspect ratio of 1.7, we converted the spheroid particle to sphere particles that contained the
same total surface area and total volume as the original particle and calculated the SSPs of dust particles
using Mie’s theory for a wide range of particle sizes and refractive indices in the shortwave. Based on
the bulk SSPs of dust particle collections under different particle distributions, the SSPs of dust aerosols
were parameterized in terms of the effective radius and the imaginary part of the refractive index.
The result showed that the parameterized SSPs presented as a function of the R, and M; matched the
results of the “exact” calculations well. The averaged relative error of the parameterization and the
“exact” calculation for the extinction efficiency, single scattering albedo, and asymmetry factor were
within 1.5%, 0.76%, and 0.75%, respectively, which proved the accuracy of the parameterization.

To further quantify the impact of parametrization on the radiative flux of dust aerosols, we
computed the radiative flux at the TOA and the surface by using the parameterization and the “exact”
SSPs in the radiative transfer model. The maximum relative errors were below 1% for TUF at the TOA
and 0.5% for TDF at the surface. Therefore, the SSPs of dust calculated by the parameterization in
terms of R, and M; are well suited for radiative flux calculations. We also calculated the SW RF of
dust aerosols at the TOA and surface to examine the response of dust radiative forcing to the particle
size, absorption capacity, aerosol loading of dust, and solar zenith angle. The results showed that
the imaginary part of the refractive index, which represents the dust absorption ability, has a strong
impact on SW RE. The value of SW RF at the TOA changed from negative to positive with an increasing
of M;, which means that, with increasing dust absorption strength, more energy will be kept in the
atmosphere to heat the earth-atmosphere system. Because of the decrease of the single scattering
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albedo, the SW RF became gradually less negative at the TOA and more negative at the surface with
increasing effective radius. As the optical depth increased, the values of the SW RF decreased both
at the TOA and the surface because of the strong attenuation for heavy loading. When the SZA
increased, the SW RF became more negative at both the TOA and the surface due to the long optical
path that reflects more sunlight back to space, and thus causes a larger negative forcing. We further
evaluated the impact of SSP parameterization on SW RF calculations by calculating the relative error
of SW RF between inputs of the “exact” and the parameterized SSPs. The error caused by using the
parameterized SSPs of dust in the SW RF calculation was very small at less than 2.1%. Although the
parameterization did a good job in reproducing the results obtained from Mie’s theory, we should
note that there are other factors that could cause error, such as the approximation of scattering by
nonspherical dust by V/P-equivalent spheres, and the waveband division.

This work offers an efficient approach for the parameterization of dust aerosols in shortwave
bands. The accuracy of this parameterization guarantees its reliability in climate model applications.
Note that the parameterization presented in this paper could be modified for other band structures.
The parameterization coefficients in Equations (8)—(10) for the 151 bands between 0.25 and 4.0 um are
available from the authors.
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