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Abstract:
while polarized radiative transfer models can provide more accurate insights into the radiation processes in the earth—atmosphere
system. PolRadtran/RT3 (Polarized Radiative Transfer, based on the adding-doubling method), SOSVRT (Vector Radiative
Transfer, based on successive order of scattering), and VDISORT (Vector DIScrete Ordinate Radiative Transfer, a polarized

Radiative transfer models are key tools in the remote sensing and parameterization of climate radiative forcing,

version of DISORT based on the inverse of matrix method), are three of the most common radiative transfer models, each with
polarization based on different physical principles. A comparison of their accuracy and efficiency reveals that SOSVRT is the
most efficient, with the time consumed remaining almost invariable with the increase of stream numbers, but increasing with the
optical depth of the layered atmosphere. For example, the time consumed for an optical depth of 1.0 was found to be two times
that for an optical depth of 0.5 for the Mie scattering atmosphere. The efficiencies of RT3 and VDISORT in modeling polariza-
tion with a large stream number were found to be low. For example, under the Rayleigh scattering atmosphere at 400nm and a
stream number of 40, the time consumed was 23 times and 7 times as much as that of SOSVRT, respectively. The computation
time for the two models was found not to be sensitive to the optical depth, but increased greatly with the increase in stream
number. All three models were found to be of the same order of accuracy, but VDISORT showed a fluctuating result for simula-
tions with large streams.
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1 INTRODUCTION

Measurements and simulation of the transfer processes of
radiation in the atmosphere are two of the most important as-
pects in remote sensing. Both the intensity of the radiation and
its state of polarization should be taken into account in radiative
transfer simulations. If polarization is neglected, one can expect
an error level of around 10% to be introduced (Chandrasekhar,
1950). A scalar radiative transfer model cannot completely de-
scribe the nature of the radiation processes and it is not exact
enough for studies where a high level of accuracy is needed.
Under clear sky conditions, scalar radiative transfer modeling
can produce 5%—10% error in intensity readings (Lacis et al.,
1998). Stam and Hovenier (2005) pointed out that error of 10%
or even more can be induced in the derivation of the gas mixing
ratio and the shape of aerosol due to neglecting polarization in
the simulation of radiative transfer.

A polarized signal can be used to separate the contributions
of the atmosphere and the surface (Deuzé et al., 1993; Duan &
Lu, 2007, 2008), as well as provide useful information on the
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shape of particles and cloud phase. More and more instruments
with the ability to monitor polarization are being deployed in
atmospheric and astronomical research, such as CIMEL,
POLDER/ADEOS and its successor PARASOL, and the
Aerosol Polarimetry Sensor (APS), which will be onboard the
GLORY satellite to be launched in 2010. However, if there is
no reliable vector radiative transfer model, polarization meas-
urements cannot be used to derive accurate information of the
Earth’s atmosphere and surface. The absolute magnitude of
polarization, especially the component V, which is in the order
of 107 to 1075, is relatively small, and so the vector radiative
transfer model with its high degree of accuracy is required. A
radiative transfer model with polarization can be used to inter-
pret radiative processes more accurately compared with a scalar
model, but the computing time is much longer, and a fast and
accurate polarized radiatve transfer model is required in the
inversion algorithm. PolRadtran/RT3 (Polarized Radiative
Transfer, RT3 for short, based on the adding-doubling method
(Evans, 1991), VDISORT, a vector version of DISORT (DIS-
crete Ordinate Radiative Transfer) developed by Schulz et al.
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(1999) and SOSVRT (Vector Radiative Transfer, based on suc-
cessive order of scattering) (Min & Duan, 2004; Duan et al.,
2010) are three of the most commonly used models.

2 VECTOR RADIATIVE TRANSFER EQUATION

The energy radiation and the state of the polarization can be
described by the Stokes vector I=[1,Q,U.V]", where | denotes
the intensity of the radiation; Q the type of the vector endpoint
trajectory of the radiation field; U the orientation of the ellipse
major axis; V the direction of rotation of the polarization vector
end (McLinden et al., 2002); and the superscript T denotes the
transpose symbol. The propagation and distribution of the
Stokes vector in a plain-parallel medium with scattering and
absorption can be expressed as:
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The scalar radiative transfer equation has an identical form by

replacing vector | with I. J(7,4,¢) in the above equation is the
source function, which can be expressed as:
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where C, and Sy, are the coefficients of the m
By inserting Eq. (6) and Eq. (7) into Eq. (1), we have the radia-
tive transfer equation for each Fourier mode (Duan et al.,
2010):
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In the following sections, based on different discretization of
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the above equation, different numerical models are obtained,
the three most commonly used models are introduced, and their
computation efficiencies and accuracies are compared.

2.1 Adding-doubling method

The adding-doubling method is a method based on an intui-
tive physical process, and is used in a plane-parallel, verti-
cally-inhomogeneous scattering atmosphere. The physical prin-
ciple is: if the reflection and transmission function of two layers
are known, the reflection and transmission function for the
combination of the two layers can be calculated simply by ad-
dition, and by taking the boundary as a single layer, the upward

where u is the cosine of the zenith angle, positive for down-
ward and negative for upward; ¢ is the azimuth angle; 7 is the
optical depth; @ is the single-scattering albedo; Fy=[F,0,0,0];
Fo is the extraterrestrial solar incident flux; z4 is the cosine of
the solar zenith angle; ¢ is the solar azimuth angle; and M is
the phase matrix (Mueller matrix) of scattering of 4x4 order.
The Mueller matrix, M, is obtained by rotational transform of
the single-scattering phase matrix, P (Min & Duan, 2004; Duan
etal., 2010):

M = L(m —iy)PL(-) ?3)
L(i) is:
1 0 0 0
L) = 0 cos2i. sin2i. 0 @)
0 —sin2i cos2i 0
0 0 0 1

If the particles are spherical or their surface are mir-
ror-symmetry distributed, P has the form:
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In order to have a simple and stable numerical algorithm, |
and M are usually expanded as the sum of Fourier serials:
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stokes vector at the top of atmosphere (TOA) and downward
vector at the surface can be easily derived.

In the adding-doubling method, a thick homogeneous layer
is often divided into 2" identical thin sub-layers, then the re-
flection and transmission function of the whole layer are given
by the doubling method, which greatly speeds up the computa-
tion. The doubling method applies for homogeneous layers, and
the adding method for inhomogeneous layers. In RT3’s code,
Fourier expansion is used for the azimuthal angle, and the
equations are resolved by direct discretization in the zenith
angle and optical depth for each Fourier mode. Two types of
surfaces were considered : Lambertian and Fresnel. For calcu-
lating the multiple-scattering of the atmosphere, the add-
ing-doubling method are stable and easy to understand (Evans
& Stephens, 1991).

2.2 Successive order of scattering method

The successive order of scattering method (SOS) is one of
the most straightforward approximation methods. In the SOS
method, the 1, 2, 3, ..., n" scattering is calculated and summed
up to derive the total scattering radiance (Min & Duan, 2004).

The computational accuracy of the SOS method is affected
by the number of vertical stratifications of the atmosphere and
the number of streams, and is also related to the level of scat-
tering. If the optical thickness of each layer is small, and the
number of streams large enough, the computational accuracy is
high, but at the expense of efficiency.
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In SOSVRT, a post-processing source function method
(PPSF) is introduced to calculate the Stokes vector at arbitrary
angles and optical thicknesses, and this method is much more
accurate than standard interpolation.

For the strong forward scattering media, the approximation
of phase function with low order polynomial serials is not ac-
curate, and can result in false fluctuation, but the computation
time may be a burden if a high order polynomial serial is used.
The &M method is introduced into the SOSVRT model to im-
prove the computation efficiency and to remove the false oscil-
lations. The 6~M method has been proven to be the most effi-
cient way in radiative transfer simulations of strong anisotropic
scattering media.

Compared with other methods, the scattering-absorbtion
process can be calculated easily and is physically clear. The
SOS method can trace the photons for each scattering event, the
inhomogeneous structure of the medium, as well as take into
account gaseous absorption processes. In other words, the SOS
method is applicable to the inhomogeneous atmosphere. Fur-
thermore, it is very helpful for radiation parameterization in
global climate modeling and to develop fast algorithms in re-
mote sensing. The disadvantage of the SOS method is the slow
convergence when the single scattering albedo approaches one
for large optical thicknesses. However, in most cases, such as
aerosol and thin cirrus sky conditions, where the polarization
calculation is required, the optical depth is small. In SOSVRT,
several techniques are used to improve the efficiency and the
computation time can be reduced greatly. The SOSVRT model
has many more advantages than the others in terms of
calculating atmospheric polarization.

2.3 Discrete ordinate method

The discrete ordinate method is the first to discretize the ra-
diative transfer Eq. (8) and Eq. (9), and a group of first-order
linear differential equations are formed (2n equations, 2n being
the number of discrete angles), and then the vector transfer
equation can be resolved through the eigenvectors and the
eigenvalues of the coefficient matrix; that is, it needs to calcu-
late the inversion of matrix. This is the popular two-stream
approximation when n=1 (Shi, 2007), for which there is only
one direction both in the upward and downward hemispheres.
The coefficient matrix will be sparse and with low convergence
if n is large enough, and also the solution is unstable, resulting
in false oscillation.

The discrete ordinate method can calculate the interior
variation of the reflection and the transmission function within
a layer, and therefore it is accurate and efficient in its calcula-
tion of intensity and flux of thick scattering media (Weng,
1992), such as aerosol and cloud.

Through this short introduction of the above three models,
we make a conclusion here that VDISORT is based on the di-
rect discretization of the radiative transfer equation, while RT3
and SOSVRT are based on the physical principles of photons

traveling in the absorbing and scattering media. The accuracy
and speed, the two key factors for model estimations in simula-
tions of polarization of aerosol and cirrus cloud, are greatly
affected by the optical depth and streams, which will be used in
the models.

3 COMPARISON OF RADIATIVE TRANSFER
MODELS

As discussed in the above sections, the scattering phase
function is expanded as the summation of a series of orthogonal
polynomials. In RT3, the phase function is expanded based on
Lengendre polynomials, and in VIDOSRT and SOSVRT it is
expanded based on general spherical harmonics polynomials;
see Hansen and Travis (1974) for further details. The precision
and efficiency of the three models are compared for Rayleigh
and Mie scattering sky conditions.

3.1 Comparison of computation precision

To calculate and compare the precision of the three models,
a homogeneous atmosphere with elliptical spheroids with an
aspect ratio of 1.999987, refractive index of 1.53—0.006i, a total
optical thickness of 1, and a single scattering albedo of
0.973527 are used; details can be found in model 2 of the lit-
erature (Wauben & Hovenier, 1992). The cosine of the solar
zenith angle is set to be 0.6 and 16 streams in the hemisphere
and a black surface are assumed. The results at three azimuth
angles (0°, 90°, and 180°) are compared.

Fig. 1- Fig. 3 show the differences between the three models;
the benchmark results are from Wauben and Hovenier (1992),
which have been proven accurate with seven digits of precision
by several models (Siewert, 2000; Duan & Min, 2004; Duan et
al., 2008). The horizontal axis is the cosine of the zenith angle,
negative for upward radiation at TOA and positive for down-
ward radiation at the surface. As illustrated in Fig. 1- Fig. 3, the
results of VDISORT and RT3 show bigger differences, more
than 20%, at the zenith(-1) and nadir(1), because spline inter-
polation is used to compute the radiations at angles other than
the Gausn grids in the two models. Bigger differences are also
shown in the forward scattering directions and less than 1% at
other angles. In SOSVRT, an analytical interpolation algorithm
by recalculating the source function is used, and therefore there
are only small differences, less than 1% for component |. Most
results of | components from VDISORT are close to the
benchmark, with differences of <1%, but there are large errors
in the anti-solar direction and about a 3% difference at the co-
sine of zenith angle 0.6. Except for the horizontal direction (the
plane parallel model is not applied to a zenith angle greater than
80°), results of (Q, U, V) from SOSVRT are close to the
benchmark, with differences less than 0.5%; however the re-
sults of RT3 and VDISORT oscillate with the zenith angle.
VDISORT shows large errors in the calculation V component,
sometimes with a difference of over 100%.
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3.2 Comparison of computing time

The computation time of the three models for different opti-
cal depths and streams are compared and tested on the follow-
ing platform: Windows XP, Qudra-cores CPU of 2.53GHz,
memory of 4G, and FORTRAN compiler of Compaq Visual
Fortran 6.6c.

3.2.1 Rayleigh scattering

The computation time for a Rayleigh scattering atmosphere
is tested under the following condition: cosine of solar zenith
angle of 0.6, single scattering albedo of 0.99999, and three
azimuth angles of 0°, 90° and 180°. Only one layer is assumed
for the whole atmosphere. The scattering phase matrix can be
described as (Hansen & Travis, 1974):

E(14—c0s205) —ésinza 0 0
4 4
—Esinza é(1+coszac) 0 0
P@=| * 4 \ (10)
0 0 Ecosa 0
0 0 0 %cosa

The total optical thickness of the Rayleigh scattering atmos-
phere can be given by (Tang et al., 2006):

(1) =0.008794+

The total Rayleigh optical thickness is 0.57 for a wavelength
of 360nm, and 0.37 for 400nm. Only three Legendre coeffi-
cients (Eq. (10)) are required for Rayleigh scattering, the
streams vary from 4 to 40 in step 4, and the computation time in
seconds is illustrated in Fig. 4.

As shown in Fig. 4, the computing time of SOSVRT is the
least of the three methods, and increases very slowly with the
increase in streams. The time of RT3 is the longest, and in-
creases rapidly with the streams. The computation time of
VDISORT also increases with the increasing of the streams, but
more weakly than that of RT3.

With fixed streams of 16, the computing time with optical
depth is also compared, as illustrated in Fig. 5.

The computing time of SOSVRT increases rapidly with the
increasing of the layered optical thickness, while the times of
RT3 and VDISORT vary less with optical depth. For fixed 16
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Fig. 5 Seconds vs optical depth. Stream number is set to be 16

streams and an optical depth of 1.0, RT3 spent much more time
than SOSVRT, while VDISORT used the least time, less than
that of SOSVRT with an optical thickness of 0.1.

3.2.2 Mie scattering conditions

It is assumed that only spheroid particles exist in the atmos-
phere, the phase function of model 2 in Wauben and Hovenier
(1992) is used, as well as a single scattering albedo of 0.973527,
and the computation conditions are the same as the case study
for Rayleigh scattering.

Variation in computation time with streams at optical depths
of 0.5 and 1.0 are shown in Fig. 6:

Similar to that of Rayleigh scattering, the computing time of
SOSVRT varies very little with the streams, while it increase
greatly with streams for RT3 and VDISORT, especially for
large stream numbers. For an optical thickness of 0.5 and 8
streams, the seconds consumed for TR3, VDISORT and
SOSVRT are 0.250, 0.312, and 0.125 respectively, while for an
optical thickness of 1.0 the values are 2.141, 1.469 and 0.453 s,
respectively.

The time-consumed for fixed streams (24 and 48) and dif-
ferent optical thicknesses are illustrated in Fig. 7.

As shown above, the computation time of VDISORT re-
mains almost constant with the increase in optical thickness,
and the time consumed for RT3 also increases very slowly with
an increase in optical thickness. SOSVRT requires a rapidly
increasing time as the optical thickness increases. VDISORT is
coded with the inverse of matrix solution, which is not related

h '
/ ‘
;o

w 3 ™

] S I

& fr 8

F'z ’1" 7 =

s

4 16 28 0 4 16 28 40
“ i
(a) (b)
——SOSVRT --- RT3 — — VDISORT

Fig. 6 Seconds vs streams for Mie scattering conditions
(a)=0.5; (b)= 1.0



844 Journal of Remote Sensing

#ERFIR 2010, 14(5)

u
()
— — - VDISORT

—— SOSVRT --- RT3

Fig. 7 Seconds vs optical depth for fixed streams
(a) 24 streams; (b) 48 streams

with the optical depth, and RT3 uses the doubling method for
homogeneous layers and only a little time is needed when the
optical thickness increases. SOSVRT needs the vertical integra-
tion with optical depth, of which the integration step must be
small enough to ensure the accuracy, and therefore the time
consumed by SOSVRT increases rapidly with an increase in
optical depth. Fortunately, the simulations of polarization often
apply for clear and thin cirrus sky conditions, of which the op-
tical depth is small. For optically-thick sky conditions, simula-
tion of polarization is not necessary due to the strong depolari-
zation of multiple scattering. Therefore, the SOSVRT code is
the most efficient tool in the simulation of polarization.

4 CONCLUSION

Both the accuracy and efficiency of the three polarized
models, SOSVRT code based on the SOS method, RT3 code
based on the adding-doubling method, and VDISORT code
based on the discrete ordinate method, have been compared
under Rayleigh and Mie scattering sky conditions. For compo-
nent |, the results for SOSVRT and RT3 were close to the
benchmark, and SOSVRT was also stable. Results for RT3
showed small oscillations with zenith angle. At some zenith
angles, the results for VDISORT showed large difference, e.g.
over 3% for some downward radiation, which may be related to
the matrix inversion method. For Q, U, and V, SOSVRT was
the most accurate, with the differences less than 0.5%, except in
the horizontal direction. The results for RT3 and VDISORT
showed oscillation with the zenith angle.

The efficiencies of the three models were compared and
tested. For fixed optical depths, the time consumed by RT3 and
VDISORT increased greatly, almost exponentially, with the
increase in stream number. However, RT3 was much lower than
VDISORT. SOSVRT was found to be highly efficient, and the
time for SOSVRT increased very slowly as the stream number
increased. For 16 streams and an optical thickness of 0.5 in
each layer, the seconds consumed for RT3, VDISORT and
SOSVRT were 2.141, 1.469 and 0.453s, respectively. For a
fixed stream, the time used by RT3 and VDISORT remained
almost constant as the optical thickness increased, while the
time consumed linearly increased with optical depth for
SOSVRT. This explains why the SOS method is less efficient in
radiative transfer modeling. However, for thin optical layers,

such as clear and thin cirrus skies, SOSVRT is also one of the
most efficient polarized radiative transfer models.
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transfer based on successive order of scattering)(Min
& Duan, 2004; Duan , 2010)
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(Min & Duan, 2004)
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3 (Q, U, V), SOSVRT ,
, ( 80° ,
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