:' frontiers ‘ Frontiers in Remote Sensing

ORIGINAL RESEARCH
published: 22 July 2022
doi: 10.3389/frsen.2022.880768

OPEN ACCESS

Edited by:

Oleg Dubovik,

UMR8518 Laboratoire d’optique
Atmospherique (LOA), France

Reviewed by:

Weizhen Hou,

Aerospace Information Research
Institute (CAS), China

Chao Liu,

Nanjing University of Information
Science and Technology, China

*Correspondence:
Knut Stamnes
kstamnes@stevens.edu

Specialty section:

This article was submitted to
Satellite Missions,

a section of the journal
Frontiers in Remote Sensing

Received: 21 February 2022
Accepted: 07 June 2022
Published: 22 July 2022

Citation:

Lin Z, Stamnes S, Li W, Hu Y, Laszlo |,
Tsay S-C, Berk A, van den Bosch J
and Stamnes K (2022) Polarized
Radiiative Transfer Simulations: A
Tutorial Review and Upgrades of the
Vector Discrete Ordinate Radiative
Transfer Computational Tool.

Front. Remote Sens. 3:880768.

doi: 10.3389/frsen.2022.880768

®

Check for
updates

Polarized Radiative Transfer
Simulations: A Tutorial Review and
Upgrades of the Vector Discrete
Ordinate Radiative Transfer
Computational Tool

Zhenyi Lin, Snorre Stamnes?, Wei Li", Yongxiang Hu?, Istvan Laszlo®, Si-Chee Tsay*,
Alexander Berk?®, Jeannette van den Bosch® and Knut Stamnes '*

"Department of Physics, Stevens Institute of Technology, Hoboken, NJ, United States, NASA Langley Research Center,
Hampton, VA, United States, SNOAA, Center for Satellite Applications and Research, College Park, MD, United States, INASA
Goddard Space Flight Center, Greenbelt, MD, United States, °Spectral Sciences, Burlington, MA, United States, ®Air Force
Research Laboratory, Albuquerque, NM, United States

We present an overview and several important upgrades to the Vector Discrete Ordinate
Radiative Transfer (VDISORT) code. VDISORT is a polarized (vector) radiative transfer code
that can be applied to a wide range of research problems including the Earth’s atmosphere
and ocean system. First, a solution is developed to the complex algebraic eigenvalue
problem resulting when the b, component of the Stokes scattering matrix is non-zero. This
solution is needed to compute the VV component of the Stokes vector I = [/},/,, U, V1.
Second, a significant improvement in computational efficiency is obtained by reducing the
dimension of the algebraic eigenvalue by a factor of 2 resulting in a speed increase of about
28 = 8. Third, an important upgrade of the VDISORT code is obtained by developing and
implementing a method to enable output at arbitrary polar angles by the integration of the
source function (ISF) method for partially reflecting Lambertian as well as general non-
Lambertian surfaces. Fourth, a pseudo-spherical treatment has been implemented to
provide important corrections for Earth curvature effects at near horizontal solar zenith and
observation (viewing) polar angles. Fifth, a post-processing single-scattering correction
procedure has been developed to enhance the accuracy and speed for strongly forward-
peaked scattering. With these significant improvements the results from the upgraded
version of the VDISORT code match published benchmark results for Rayleigh scattering,
Mie scattering, and scattering by non-spherical cirrus particles. The performance of
VDISORT for a polarized incident beam source is equally satisfactory. The VDISORT
vector radiative transfer code is made public and freely available for use by the growing
polarimetric research community including the space-borne polarimeters on the future
NASA PACE and AOS missions.

Keywords: radiative transfer, multiple scattering, polarization, passive remote sensing, ellipsometry and
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1 INTRODUCTION

This paper documents a state-of-the-art numerical code called
VDISORT for monochromatic polarized radiative transfer in
non-isothermal, vertically inhomogeneous, but horizontally
homogeneous media. The physical processes included are
Planckian thermal emission, scattering with a general phase
matrix, absorption, and surface reflection. The system may be
driven by parallel or isotropic unpolarized or polarized radiation
incident at the boundaries, as well as by internal thermal sources
and thermal emission from the boundaries. The Stokes vector is
returned at user-specified angles and levels. The azimuthally-
averaged Stokes components are also available. Irradiances and
mean radiances can be generated from the azimuthally-averaged
radiance, i.e., the first component of the Stokes vector [1,Q,U,V] T

VDISORT is based on articles published in the open literature,
but its theoretical background and algorithmic developments
have not been systematically described in one single
document. This paper provides an up-to-date complete
description of VDISORT including a self-contained account of
its theoretical basis and a discussion of the numerical
implementation of the theory.

Like DISORT, the scalar version, VDISORT has been designed
to be a good scientific software package and a numerical code of
general utility. The VDISORT package takes advantage of robust
existing software tools to make it numerically well-conditioned,
and user-friendly. A set of test cases have been adopted to verify
the numerical code against published results.

1.1 Outline of Paper

This paper is organized as follows. Section 1 provides the
motivation for and a brief history of VDISORT, while Section
2 provides theoretical background, introduces the radiative
transfer equation for unpolarized and polarized radiation, and
discusses the inherent optical properties including the phase
matrix. The solution of the vector radiative transfer equation
(VRTE) is discussed in Section 3 including the discrete ordinate
method, important upgrades of the vector discrete ordinate code
(VDISORT), the ISF method, and treatment of polarized
reflectance from the lower boundary. Section 4 discusses the
merits of the 4 x 4 solution versus the 3 x 3 approximation, while
Section 5 is devoted to the single-scattering approximation,
which is used in a post-processing step to enhance the
accuracy of the computed results for a given number of
discrete ordinate streams. Test results are presented in Section
6 including comparisons with published benchmarks. Finally, in
Section 7 a brief summary and concluding remarks are provided.

1.2 Brief History

The discrete ordinate radiative transfer algorithm (DISORT) has
proven to be an accurate, versatile and reliable method for the
solution of the scalar radiative transfer problem in plane-parallel,
vertically inhomogeneous media (Stamnes et al., 1988; Lin et al.,
2015; Laszlo et al., 2016; Stamnes K. et al., 2017). An extension of
the scalar discrete ordinate theory to solve for the complete Stokes
vector I = [L,Q,U,V]” was reported by Weng (1992), who adopted
an approach to the solution of the vector problem completely
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analogous to the scalar case. Hence, the computer code for the
vector problem, VDISORT, could rely on the same well-tested
routine to obtain the eigenvalues and eigenvectors as the one used
in the scalar version (DISORT). Also, the same scaling
transformation (Stamnes and Conklin, 1984) could be applied
to circumvent the notorious ill-conditioning that occurs when
applying boundary and layer interface continuity conditions.

The first version of the FORTRAN code developed by Weng
(1992) had a few shortcomings related to the fact that it had been
applied exclusively in the microwave region, and thus had not
been tested for beam source applications. In addition, the
procedure employed to compute the Fourier components of
the phase matrix turned out to be both inaccurate and
inefficient. To correct these shortcomings an improved version
of the code was developed by Schulz et al. (1999). In this new
version of the code 1) errors in the numerical implementation
were corrected, 2) the procedure used to compute the Fourier
components of the phase matrix was replaced by a more accurate
and efficient method, 3) the basic performance of the code was
tested against benchmark results. However, although the code
seemed to have the potential to become an accurate and reliable
tool for a variety of applications, no attempt was made to test it in
a systematic and comprehensive manner. Also, no attempt was
made to document the code thoroughly and extensively, and it
was assumed that the homogeneous solution involved only real
eigenvalues/eigenvectors, which are sufficient to solve for the I, Q,
and U Stokes parameters, but the V component requires complex
arithmetic.

The original code provided solutions for the I, Q, and U Stokes
parameters at the discrete ordinates (i.e. at the quadrature polar
angles). Since the computing time required for the discrete ordinate
method increases cubically with the number of quadrature angles, it
becomes cost-effective to obtain the solution at a limited number of
quadrature angles and then generate the solution at additional angles
by using an efficient interpolation scheme. To this end analytic
expressions were developed that were shown to be accurate for
the I, Q, and U components, but not for the V component, at
arbitrary angles and optical depths (Schulz and Stamnes, 2000) in
much the same way they were developed for the scalar version
(Stamnes, 1982). These analytic expressions obtained by the ISF
method (Stamnes, 1982) satisfy not only the radiative transfer
equation, but also the boundary and layer-interface continuity
conditions at arbitrary polar angles, and they have proven to be
superior to standard interpolation schemes such as cubic splines
(Stamnes, 1982; Schulz and Stamnes, 2000). To complete this
development, an extension of this ISF method to include accurate
computation of the V Stokes parameter, which requires complex
arithmetic, is described Section 3.5.

2 THEORETICAL BASIS
2.1 Unpolarized Radiation

We consider an inhomogeneous horizontal slab of scattering/
absorbing material with inherent optical properties that vary only
in the vertical direction z, where z increases upward. The
corresponding vertical optical depth is defined by
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FIGURE 1 | Coordinate system for scattering by a volume element at O. The points C, A and B are located on the unit sphere. The incident light beam with Stokes
vector I2° is in direction OA (', ¢') with unit vector €)', the scattered beam with Stokes vector I is in direction OB(8, ¢) with unit vector Q (Hovenier et al., 2004).

>y

7(2) = f [a(2) + B(2))dz’ 1)

where « and f are the absorption and scattering coefficients in
units of reciprocal length, respectively, and the vertical optical
depth is defined to increase downward from 7(z = o) = 0 at the
top of the slab. The slab is assumed to be in local thermodynamic
equilibrium so that it emits radiation according to the local
temperature T (7(z)). The diffuse radiance distribution I (1, u,

¢) can be described by the scalar radiative transfer
equation (RTE)

dI > Uy

u%zl(nu,qﬁ)—\?(r,uxﬁ) @)

where the source function is given by
S(t,u,¢) =S (t,u, ¢) + [1 -

@ (1) (>
S ), @0
Here u is the cosine of the polar angle 6, ¢ is the azimuth angle,
(1) = B(D)/[al7) + B(7)] is the single-scattering albedo, p (7, /,
¢'; u, ¢) is the scattering phase function, and B(z) is the thermal

radiation field given by the Planck function. The single-scattering
source term is given by

@ ()]B(7)
3)

[ st s o

)

S (1., ¢) = —— p (T, g B3 1 §)Spe o 4

where S, is the incident (solar) irradiance and gy is the cosine
of the solar zenith angle. The differential vertical optical depth is
[see Eq. 1]

dr(z) = —[a(7) + B(7)]dz (5)

where the minus sign indicates that 7 increases in the
downward direction, whereas z increases in the upward
direction, as noted above. The scattering angle ©® and the
polar and azimuth angles are related by (see Figure 1)

Q- Q=cos® = cosf cos 0’ +sin @' sinf cos(¢' — ).

Here Q' is the unit vector of the incident beam direction and Q
is the unit vector of the scattered direction. By definition, 6 = 180°
is directed toward nadir (straight down) and 6 = 0° toward zenith
(straight up). Thus, u = cos 0 varies in the range [ — 1, 1] (from
nadir to zenith). For oblique illumination of the slab, ¢, = 180° is
defined to be the azimuth angle of the incident light.

2.2 Polarized Radiation

To generalize Eq. 2 to apply to polarized radiation, the scalar
source function must be replaced by the appropriate vector
ver51on Hence, the multiple-scattering term S™(7,u,¢) =
Q(T)IO d¢’' _[ du'p(r,u',¢';u, §)I (1,1, ¢') in Eq. 3 must be
replaced by

2 1
S™ (1, u,¢) = %Jdgb'jdu’P (. u',¢"su, )I(z,u',¢")  (6)

0 -1
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where I (1, t/, ¢') is the Stokes vector, and P (7, u', ¢'; u, ¢) is
the scattering phase matrix. The first element of the vector $™(r,
u, ¢) represents the energy per unit solid angle, per unit frequency
interval, and per unit time that is scattered by a unit volume in the
direction (u = cos 6, ¢). Hence, in a plane-parallel (slab) geometry,
the integro-differential vector radiative transfer equation (VRTE)
for polarized radiation is expressed in terms of a Stokes vector I

(1, u, ¢) as

udl(r,u,qﬁ)

I =I(r,u,¢) - S(7,u, ) (7)

where the vector source function is

S(t,u,¢) =S™(r,u, ¢) + Q(7, u, §). (8)

Here $™(7, u, ¢) is given by Eq. 6 and the source term Q (7, u,
¢), due to beam and thermal sources, is given by:

Q(r,u,¢) = o P (7, -y ¢y; ts (/))S;,e’f/"“ + [1-@(1)]S: (7).

4
)

The first term on the right hand side of Eq. 9 describes the
incident beam S,, in direction (-, ¢o), which is attenuated at
depth 7 by a factor e ™# and undergoes single scattering into the
direction (u, ¢). For an unpolarized incident beam S, has the form

Sy = [Io/2,15/2,0,0]" or [I,,0,0,0]" (10)

where the superscript © denotes the transpose, and where the
first or second expression corresponds to the choice of Stokes
vector representation, [Iy,I,,U, V1T or [L,Q,U,V]T. The second
term on the right hand side of Eq. 9 is due to thermal emission,
which is unpolarized, and S,(7) is given by

S, (1) = [B(T(1))/2,B(T(1))/2,0,0]" or [B(T(1)),0,0,0]"
(11)

where B is the Planck function, and where the first or second
expression corresponds to the choice of Stokes vector
representation. We have set yo =|ug|=| cos 6|, where 6, is the
polar angle of the incident light beam.

2.3 Effects of Earth Curvature-The

Pseudo-Spherical Approximation
For many applications plane-parallel geometry is adequate. For
large solar zenith angles (6, > 70° and for near horizontal polar
viewing angles ), however, the plane-parallel approximation
(PPA) provides inaccurate results. Then the Earth curvature
must be considered. Large solar zenith angles occur around
the times of sunrise and sunset at any location on a planet.
Such large solar zenith angles are present, for example, in
observations made by instruments onboard geostationary
satellites that observe a large part of Earth’s disk throughout
the day. Sensors deployed on polar-orbiting satellite platforms
also observe at large solar zenith angles at high latitudes.

As discussed by several investigators (see He et al. (2018) and
references therein), the so-called pseudo-spherical approximation

VDISORT Computational Tool

(PSA) (Dahlback and Stamnes, 1991) represents a very useful
correction to the plane-parallel approximation. In the PSA the
direct beam single-scattering term, also called the solar pseudo-
source term, is treated in spherical geometry while the multiple-
scattering term is treated using the PPA. Hence, in the PSA the
exponential attenuation in Egs. 4 and 9 is replaced by the
Chapman function, that is, exp (-7/gg) — exp (—7Ch(y)),
where the Chapman function Ch(y) takes Earth curvature into
account, but ignores refraction. As shown by He et al. (2018) the
influence of Earth curvature increases rapidly with solar zenith
angle, being up to 1, 3, and 12% for solar zenith angles of 75°, 80",
and 85, respectively.

2.4 Scattering Phase Matrix

The development of vector radiative transfer theory may start
with the Stokes vector representation I = [I},I,,U, V]'. In terms
of the complex transverse electric field components of the
radiation field Ej = |Ejle™ and E, = |E,|e™:, these Stokes
vector components are given by:

Iy = E\E;
I.=EE
U = 2|E,][E.| cos (12)

V= 2|E‘|||El| sin §

where the phase difference 6 is §; — 6,. The connection
between the I=[I},I,,U, VT Stokes vector representation
and the more commonly used Is = [LQ,U,V]” representation,
where I = Iy + I, and Q = Iy — I, is given by:

I; = DI (13)
where

1

0
0

—
—_

D'=-

0
0
1 5 (14)
0

_ o0 O O
S O = =
|
—_
S N O O
N O O O

1
1
0
0

[ R

The degree of polarization is defined as
p=[Q+U*+V?]"” /1 (15)

so that 0 < p < 1, where p = 1 corresponds to completely
polarized light and p = 0 to natural (unpolarized) light. The
degree of circular polarization is defined as

p.=V/I, (16)

the degree of linear polarization as

pi=[Q+UY"/L (17)
and alternatively, when U = 0 as
Q_I. -]
= = —— = . 1
p(U=0) 1T, (18)

The transverse electric field vector [E|, E 17 of the scattered
field can be obtained in terms of the transverse field vector
[Ejo, E o]T of the incident field by a linear transformation:
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Ej\_ . E
EAE) e

where A is a 2 x 2 matrix, referred to as the amplitude
scattering matrix. The corresponding linear transformation
connecting the Stokes vectors of the incident and scattered
fields in the scattering plane is called the Mueller matrix (in
the case of a single scattering event). For scattering by a small
volume containing an ensemble of particles, the ensemble-
averaged Mueller matrix is referred to as the Stokes scattering
matrix F. Finally, when transforming from the scattering plane to
a fixed laboratory frame, the corresponding matrix is referred to
as the scattering phase matrix P.

2.4.1 Stokes Vector Representation Is = [1,Q,U,V]”
The scattering geometry is illustrated in Figure 1. The plane
AOB, defined as the scattering plane, is spanned by the directions
of propagation of the incident parallel beam with Stokes vector
II™ and the scattered parallel beam with Stokes vector I, Here
the subscript S pertains to the Stokes vector representation Ig =
[L,Q,U,V]T. The scattered radiation, represented by the Stokes
vector I, is related to the incident radiation, represented by the
Stokes vector I, by a 4 x 4 scattering matrix [see Egs. 20 and 21
below].

If in a small volume of particles any of the following conditions
are met (Hovenier and van der Mee, 1983) 1) each particle in the
volume element has a plane of symmetry, and the particles are
randomly oriented, 2) each volume element contains an equal
number of particles and their mirror particles in random
orientation, 3) the particles are much smaller than the
wavelength of the incident light, then the Stokes scattering
matrix in the Is = [LQ,U,V]T representation has the following
form

a, (@) b (®) 0 0
_|b:(®) ax®) 0 0
Fs(0©) = 0 0 a;(0) b, (©) | 20

0 0 -b(0) a,(®)

Each of the six independent matrix elements in Eq. 20 depends
on the scattering angle ©, and will in general also depend on the
position in the medium. For spherical particles, the matrix in Eq.
20 simplifies, since a; = a, and a; = a4, so that only four
independent elements remain.

Two rotations are required to connect the Stokes vector of the
scattered radiation to that of the incident radiation. As illustrated
in Figure 1, the first rotation is from the meridian plane OAC,
associated with the Stokes vector I™, into the scattering plane
OAB, whereas the second rotation is from the scattering plane
OAB into the meridian plane OBC, associated with the Stokes
vector IF*. Hence, the Stokes vector for the scattered radiation is
given by (Chandrasekhar, 1960)

I = R (71— i) Fs (O)Rs (=i [ = Ps (@)Y, (21)

Here i; and i, are the angles between the meridian planes of
the incident and the scattered radiation, respectively, and the
scattering plane (Figure 1).The Stokes rotation matrix Rg
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represents a rotation in the clockwise direction with respect to
an observer looking into the direction of propagation
(Chandrasekhar, 1960). For rotation by an arbitrary angle of w
(0 £ w < 2m) it can be written as

1 0 0 0
0 cos(2w) —sin(2w) 0
0 sin(2w) cos(2w) 0|
0 0 0 1

Rs ((l)) = (22)

Hence, according to Eq. 21, the scattering phase matrix, which
connects the Stokes vector of the scattered radiation to that of the
incident radiation, is obtained from the Stokes scattering matrix
F¢(®) in Eq. 20 by

Ps(0',¢';0,¢) = Rs (7 — i2)Fs (O)Rs (~i1)
= Ry (—12)Fs (©)Rs (—i1) (23)

where Rg (m — i,) = Rg (—i,) since the rotation matrix is
periodic with a period 7.

According to Eq. 21 (see also Figure 1), the Stokes vector I'™
of the incident parallel beam must be multiplied by the rotation
matrix Rg (—i;) before it is multiplied by the Stokes scattering
matrix Fg(®), whereafter it must be multiplied by the rotation
matrix Rg (7 — i,). In some radiative transfer (RT) models
including Monte Carlo simulations these  matrix
multiplications are carried out explicitly. In other types of RT
models such as the adding-doubling method (De Haan et al,
1987) and the discrete ordinate method (Siewert, 2000;
Sommersten et al., 2010; Cohen et al., 2013) they are taken
care of implicitly through the expansion of the scattering
phase matrix in generalized spherical functions (Siewert, 1981,
1982) as discussed in Section 2.4.3.

Carrying out the matrix multiplications in Eq. 23 one finds:

a; bC, -b,S, 0
P (©) = bC, Ca,Cy - S:a581 —Cha,S: - S:a:C1 -b,S,
s - b152 Szazcl + C2a3$1 —Szazsl + C2a3C1 —b2C2
0 —bzsl —bzcl a4
(24)
where a; = a;(0),j=1,...,4, bj = b(0),j =1, 2,and
C, = cos 2i;, C, = cos 2i, (25)
S] = sin 2i1, Sz = sin 212 (26)

A comparison of Egs. 20 and 24 shows that only the corner
elements of Fg(®) remain unchanged by the rotations of the
reference planes. The (1.1)-element of both the scattering phase
matrix Pg(®) and the Stokes scattering matrix Fg(®) is the
scattering phase function. Also, since the (4.4)-element of the
scattering phase matrix remains unchanged by the rotations, the
state of circular polarization of the incident light does not affect
the intensity of the scattered radiation after one scattering event.

To compute Pg(6', ¢'; 6, ¢) given by Eq. 23 we must relate the
angles 6, ¢', 6, and ¢ on the left side with the angles i, i,, and ©
on the right side. Using spherical geometry, we may apply the
cosine rule for ©, 6, and ' successively, in Figure 1, to obtain (u =
cos B, u' = cos @) (Hovenier et al., 2004)
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cos® = uu' + (1 - uz)m(l - u/z)m cos(¢' —¢)  (27)
~u+u' cos®

(1- 1/2)1/2 (1 - cos?@®)?
-u' +ucos®

(1-u)"?(1 - cos2@)"*

cosi; = (28)

cosi, = (29)

The trigonometric functions for the double angles can be
obtained by using

cos2i=2cos’i—1 (30)
and
sin2i = 2sinicosi (1)
or
2 N\1/2 . . ,
sin2i = 2(1_C05 1) cosi if 0<¢'-¢<n
—2(1—coszi)1/2cosi if m<¢'-

(32)

where i is i} or i,.

Equations 25-32 describe the conventional way to determine
the variables C;, S;, C,, and S,.

A better approach to compute the variables Cy, S, C,, and S,
appearing in Pg(6', ¢'; 6, ¢) given by Eq. 24 is described in a
recent publication (Berk, 2022). This new approach can be
described as follows. Defining

AG=6 -0 and Ad=¢' — ¢, (33)
we have
sin’® = sin®Af + 4 cos Afsin Osin 6’ sin” (A¢/2)
— 4sin* Osin®0’ sin* (A¢/2), (34)

and it can be shown that the variables C,, S;, C,, and S, are
given by

1 if sin®@=0
Ci=19 [2sinBcos O sin’ (84/2) +sin M) —sin’ fsin’Ag
sin“®@
(35)
0 if sin®=0
S1 =19 [-2sinOsin Ap[2 sin@lcozs 0 sin” (A¢/2) + sin AG] othertwise
sin“®
(36)
1 if sin®@=0
C; = 1 [2sin 6’ cos Osin® (A¢/2) - sin AB)” - sin*@’ sin’A¢ otherwise
sin“®
(37)
0 if sin®@=0
S2=19 [-2sin 0 sin A¢[2sin 0’ cos Osin’ (Ag/2) - sin A
[-2sin 6’ sin A¢[2sin .c;)s sin® (A¢/2) — sin A6] otherwise.
sin“®
(38)

The advantage of using Eqs. 33-38 instead of Eqs. 25-32 is
that they eliminate numerical instability issues and the need to
treat positive and negative relative azimuth angles as separate
cases (Berk, 2022).

VDISORT Computational Tool

We now have all the information needed to compute the
scattering phase matrix [see Eq. 24] as a function of the three
variables u = cos 6, u' = cos€', and A = ¢' — ¢. If there is no
difference in azimuth (i.e. ¢’ — ¢ = 0), then the meridian planes of
the incident and scattered beams in Fig. 1 coincide with the
scattering plane. Hence, there is no need to rotate the reference
planes (R( - i,) and R( — ;) both reduce to the identity matrix), so
that

Ps(v',u,0) = Ps(u',u, ) = F5(O). (39)

It follows from the cosine law of spherical geometry

1/.

? cos(¢' — ¢) (40)

cos® =uu' + (1- u2)1/21 - u/z)

that the phase matrix is invariant to three basic changes in the
polar angles u’ and u and azimuthal angles ¢’ and ¢ which leave
the scattering angle unaltered: 1) changing the signs of u and '
simultaneously: Pg(-u', — u, ¢' — ¢) = Pg(u', u, ¢' — ¢), 2)
interchange of u and u': Ps(t/, u, ¢' — ¢) = Ps(u, v/, ¢' — ¢) 3)
interchange of ¢ and ¢': Ps(u/', u, ¢’ — ¢) = Ps(u', u, ¢ — ¢'). Also,
if the b,-element in Eq. 24 is zero, then the Stokes parameter V' is
scattered independently of the others, according to the phase
function a4(®), and the remaining part of the scattering phase
matrix referring to I, Q, and U becomes a 3 x 3 matrix:

a; b1C1 —b181
b1C2 Czazcl - Sza381 —Czazsl - Sza3C1 . (41)
blsz Szazcl + C2a331 —Szazsl + C2a3C1

Ps(®) =

Finally, in a plane-parallel or slab geometry, there is no
azimuth-dependence for light beams traveling in directions
perpendicular to the slab (either up or down). Thus, if either
the incident or the scattered beam travels in a perpendicular
direction, we may use the meridian plane of the other beam as a
reference plane for both beams. Since this plane coincides with
the scattering plane, Eq. 39 applies in this situation too.

For Rayleigh scattering with parameter f = }%ﬁ, where p is the
depolarization factor defined in Eq. 53, the Stokes scattering
matrix in the Stokes vector representation Is = [,Q,U,V] T'is given
by (Chandrasekhar, 1960; Sommersten et al., 2010)

1+ fcos’® —fsin’® 0 0
3 —fsin’® f(1+cos’®) 0 0
Fs(0) = 377
+f 0 0 2f cos® 0
0 0 0 (3f —=1)cos®

(42)

For the first scattering event of the scalar RTE, only the (1.1)-
element of Eq. 42 matters, and leads to the scattering phase
function given by

3
3+ f

Pray (©) = (1+ fcos’®). (43)

2.4.2 Stokes Vector Representation | = [I},I,,U, v’
The Stokes vector I = [I},1,,U, VT is related to Is = [[,Q, U,V]Tby

Is = DI (44)
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where D is given by Eq. 14, so that =1+ I,,and Q=1 - I,.
Denoting the Stokes vector obtained after a rotation by

I = Ry (w)Is (45)
we find
I' =D'I{ = D'Rg(w)Is = D'Rg(w)DI = R(w)I. (46)

Hence, the rotation matrix for the Stokes vector in the
representation I = [I},1,,U, V1" becomes:

- 1 -
cos’w  sin*w —Esin(Zw) 0
.2 2 1 .
R(w) =D 'Rg(w)D = | Sin"w  cos”w Esm(Zw) 0f
sin(2w) —sin(2w) cos(2w) O
L 0 0 0 1]
(47)

The scattering phase matrix P(®) in the Stokes vector
representation 1= [I},1,,U,V]" is related to the scattering
phase matrix Pg(®) in the Stokes vector representation Ig =

[LQU,V]" by
P(®) = D“PS (®)D. (48)

Similarly, the Stokes scattering matrix F(®) associated with the
Stokes vector representation I = [I},1,,U, V1T is related to the
Stokes scattering matrix Fg(®) in Eq. 20 by

F(®) = D"'F(®)D

1 1
E (al +a, + 2171) E (al - llz) 0 0

1 1
= 5 (a1 —ay) 5 (ai+ay;-2b;) 0 0 | (49)
0 0 as b,
0 0 —b2 ay

In the Stokes vector representation I = [I},I,,U, V1T, the
Stokes scattering matrix for Rayleigh scattering becomes (using
Egs. 42 and 49 (Chandrasekhar, 1960)):

cos’® + (sin’® { 0 0

3 ¢ 1 0 0

F(®)‘2(1+2() 0 0 (1-{)cos® 0

0 0 0 (1-3{)cos®
(50)
where { =p/(2-p) = 11;31;.

From Eq. 50 we see that for an incident beam of natural
unpolarized light given by
e = [1ire, Iine, Uine, vine)T = [11in, 110, 0,0]",  the scattered

intensities in the plane parallel and perpendicular to the
scattering plane are obtained by carrying out the
multiplication I** = F(O)I'"™:

sca

3 2 inc
I“ OCm[ZC‘F(l—{)COS @]I (51)
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[(1+ O] (52)

sca
I' o

3
4(1+20)

Thus, for unpolarized incident light, the scattered light at right
angles (@ = 90°) to the direction of incidence defines the
depolarization ratio:

ISCa 2
p= <Sca> = 7( (53)
I ) oo 1+¢

whereas the degree of linear polarization becomes [Eq. 18]:

L= (1-0)(1-cos’®) 1-¢ 1-p
I_IL+III_1+3C+(1—C)COSZ® 1+3(—1+P
=f as ©® — 90°. (54)

2.4.3 Generalized Spherical Functions-The Greek
Constants

For the scalar RTE, only the a,(®) element of the Stokes
scattering matrix Eq. 20 is relevant, and this element is the
scattering phase function given by Eq. 69 in general, and by
Eq. 43 for Rayleigh scattering. The scattering phase function can
be expanded in Legendre polynomials [see Eq. 69], which enables
expression as a Fourier cosine series.

In a similar manner, the scattering phase matrix can be
expanded in generalized spherical functions. In the Stokes
vector representation Is = [LQ,U,V] T the scattering phase
matrix is Pg(®) = Pg(u', u; ¢’ — ¢) with u = cos 6, 6 being the
polar angle after scattering, and u’ = cos @', 6’ being the polar
angle prior to scattering. Similarly, ¢ and ¢' are the azimuth
angles after and prior to scattering, respectively. To expand in
generalized spherical functions, the scattering phase matrix is first
expanded in a (M + 1)-term Fourier series in the azimuth angle
difference (A¢' = ¢’ — ¢):

Mz

Ps(u',u;Ad) = ) {P7 (v, u)cos m(Ad') + P (u',u)sin m(Ad)}

0

3
il

(55)

where P (u',u) and P (u', u) are the coefficient matrices of
the cosine and sine terms, respectively, of the Fourier series.

We use an addition theorem for the generalized spherical
functions to express the Fourier expansion coefficient matrices
directly in terms of the expansion coefficients of the Stokes
scattering matrix Fg(®) [see Eq. 20] as follows (Siewert, 1981;
Siewert, 1982; Mishchenko, 1991):

P7(u'u) = A" (U, u) + A A™ (', 1) As 4 (56)
P;n (u', Li) =A" (u’, U)A3!4 - A3,4Am (u’, u) (57)

where As4 = diag (1, 1, -1, 1). The matrix A™ («/, u) is
given by:

A" (' u) =) PP (u)AP] (u). (58)

™M=

The matrix P}’ (u) is given by:
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TABLE 1 | Expansion coefficients for Rayleigh scattering.

¢ aq,e aze age Qa,e B1,e Pz,e
0 1 0 0 0 0 0
1 0 0 0 3d/2 0 0
2 c/2 3c 0 0 V3/2¢c 0
w0 0 0
0 P (u) PP (u) 0
P (u) = ¢ ‘ (59)
e () 0 PP (u) P (u) 0
0 0 0 PM(uw
where
+ 1 11, — 7,
Py (u) = 3 [P} (u) £ PP (u)] (60)

and the functions P;"’O(u) and P;"’ﬁ (u) are the generalized
spherical functions (Hovenier et al., 2004). The matrix A, in Eq. 58 is

[25W] lgl,t’ 0 0
ﬁu e 0 0

Ae=1"0" 0 ase Py (61
0 0 _ﬂz,e Ky p
and
M
a; (@) = Z a1, PY° (cos ©) (62)
=0
M
a,(0®) +a;(0) = Z (a2 + a30)P}* (cos ®) (63)
=2
M
3,(0) - a3(0) = ) (@re — a30)Py* (cos®)  (64)
=2
a, (@) = Z a4,gP2’° (cos®) (65)
£=0
M
b1 () = ) B, Py’ (cos ©) (66)
=2
M
b,(©) = ) B, P}? (cos ©). (67)
=2

Here the Greek constants a;, and fj, are expansion
coefficients, and a;(®) and b;(®) are the elements of the Stokes
scattering matrix Fg(®) in Eq. 20. An example of Greek constants
for Rayleigh scattering is provided in Table 1 (see Mishchenko
and Travis (1997)) where

2(1-p)

_2(1-2p)
1) (68)

- 2+p

and p is the depolarization ratio given by Eq. 53.

We note that in the scalar (unpolarized) case all components
of the Stokes scattering matrix Fs(©) [see Eq. 20] are zero except
for a,(®), and:
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M M

a; (@) = Z ocl,g(T)Pg'O(cos ®) = p(1, cos®) = Z(2€+ Dy, ()P (cos ©®)
£=0 =0

(69)

since P%O (cos®) = Pp(cos®), where Py(cos®) is the

Legendre polynomial of order ¢, and a; (1) = (2¢€ + 1)y.(7).
Here the coefficients y,(7) are the moments of the phase function
expanded in Legendre polynomials. Note also that the expansion
coefficients given above [Eq. 61] are for the scattering phase
matrix Pg(®), which relates the incident and scattered Stokes
vectors in the representation Is = [LQ,U,V] T

3 SOLUTION OF THE VECTOR RADIATIVE
TRANSFER EQUATION

3.1 Isolation of Azimuth Dependence
We start from the scattering phase matrix expanded in a Fourier
series (see Eq. 55) (A¢' = ¢' — ¢):
M
P(u',u;A¢") = ) (P (u',u)cosmA¢’ + P (u',u)sinmAg'}.
m=0

(70)

To isolate the azimuth dependence of the radiation field we
expand the Stokes vector I (7, u, ¢) in the VRTE [Eq. 7] and
the source term Q (7, u, ¢) in Eq. 9 in a Fourier series in a manner
similar to the expansion of the scattering phase matrix in Eq. 70

(A¢0 = ¢0 - ¢)1

M
(t,u,¢) = z I (t,u)cosmA¢, + I (t,u)sinmAg,}  (71)

m=0

M=

Q(tu,¢) = ) {Q" (r,u)cosmA¢, + Q" (1, u)sinmA¢,}

0

3
I

(72)

where the subscript s or ¢ denotes sine or cosine mode. Using
these expansions, we obtain the following equations for the
Fourier components of the VRTE (see Stamnes and Stamnes
(2015) for details)

u dlf‘i(;,u) = IZ"(T,u)—M du P (v, u!,u) I (7,u") (1 + Som)
—P;”(T,u’,u)ls( u ) - Q' (t,u)
(73)
uw— I (1,u) - ? J du' {P7 (7,u’,u) 1" (,u')
+P (7, u',u) I (T, M -Q (7, u).
(74)

For scattering by randomly oriented particles, the Fourier
coefficient matrix P” (u,u') has two (2 x 2) zero submatrices,
one in the upper right corner and one in the lower left corner, and
the matrix P! (u, u') has a (2 x 2) zero submatrix in the upper left
corner and one in the lower right corner (Hovenier and van der
Mee, 1983). Hence

Frontiers in Remote Sensing | www.frontiersin.org

July 2022 | Volume 3 | Article 880768


https://www.frontiersin.org/journals/remote-sensing
www.frontiersin.org
https://www.frontiersin.org/journals/remote-sensing#articles

Lin et al.

cnch 00
chyC, 0 0
P" (u,u') = a2
=) 55 o e
0 0 Cj Cy
0 0 S S
- n_| 0 0 858,
Ps (u’u)_ Sg"; Sgﬂz 0 0 (75)
Sy S, 00
where we have defined P! (u,u');;=C"(uu');; and

PY (u,u');; = 8" (u,u');; to simplify the notation. Therefore,
the homogeneous VRTE [Q = 0 in Egs. 73 and 74] may be

rewritten as (m € [0, 1, 2, ..., 2N])
udli”d(:, W _ I" (7,u)
-2 r [ (1)U (1,1) = (1 = Bom)S" (1t )T (714" !
-1
(76)
ar'(r,u) _, o(r
WD -2 1,
1
J [C" (w, u I (7, u") + 8™ (u, u )1 (7, 1) |dud’. (77)
-1

3.1.1 Vector Radiative Transfer Equation for the
Combined Mode

We note that the I (7,u4) and I (,u) components in Egs. 76 and
77 are still coupled. To produce a pair of independent differential
equations, we define combined cosine and sine modes as

I (7, u) I (T, u)

“m _| I (7,u) “m _ | I(ru)

IC (T, Ll) = U:n (T) u) I5 (T, Ll) = Uzn (T) u) (78)
V7 (1, u) V7 (1,u)

After substantial manipulations, one can show that the mth
term of the homogeneous VRTE of the combined modes can now

be written as (m € [0, 1, 2, ..., 2N]):
im N ~m ! ~m ~m
uwz I (t,u) - MJ P, (uw,u")I, (z,u')du’ (79)
dr 2 —1
- .
uM =1 (r,u) - MJ PV (u,u)I” (r,u')du’  (80)
dr 2 )

where the combined scattering phase matrices are defined as:

P, (uu') =

-

:”(u,u’) = . (81)
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For the special m = 0 case, we have

c), C), 00 00 0 0
0, o | CLCL 00| 50, N[00 0 O
P (u,u') = 7 T 0o P (uu') = 00C,
0 000 00 C; Cl

(82)

Equations 79 and 80 are two independent differential
equations to be solved.

3.2 The Discrete Ordinate Method

The discrete ordinate method consists of replacing the integration
over ' in Egs. 79 and 80 by a discrete sum by introducing the
Gaussian quadrature points u; (the discrete ordinates) and
corresponding weights w;. For each Fourier component one

obtains (i = +1, +2, ..., +2N):
il (r,u;)  =m 1) & am m
M,‘T = Ic (T,ui) - 2 Z w]Pc (M,',Mj)lc (T,M]')
j=-N
#0
(83)
dU' (t,u)  m o) X . .
u,—T = Is (T,u,') - 2 z C()]PS (14,', u])IS (T,Uj)
j=-N
j#0
(84)

The convention for the indices of the quadrature points is such
that u; < 0 for j < 0, and u; > 0 for j > 0. These points are
distributed symmetrically about zero, ie., u_; = —u; and the
corresponding weights are equal, i.e. w_; = w;.

The solution of the discrete ordinate approximation to the
VRTE Egs. 83 and 84 is analogous to that of the scalar RTE.
Detailed derivations, including the removal of the notorious ill-
conditioning problem, can be found elsewhere (Schulz et al,
1999; Siewert, 2000; Stamnes and Stamnes, 2015), and will not be
repeated here.

3.3 Discrete Ordinate Radiative Transfer
Upgrades

Below we describe some new important upgrades of VDISORT:

e First, a new algorithm to handle the complex eigenvalue/
eigenvector problem is developed and implemented in
VDISORT to give an accurate computation of the V
component of the Stokes vector.

e Second, a reduction of the dimension of the complex
eigenvalue problem is developed to reduce the
computational burden, and the boundary condition for
the complex eigenvalue/vector case is discussed.

e Third, to obtain solutions at arbitrary polar angles, we have
developed and implemented an accurate ISF approach that
works for both real and complex eigensolutions and an arbitrary
bidirectional reflectance distribution matrix is added to
compute the polarized reflectance at the lower boundary.
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e Fourth, a pseudo-spherical treatment has been
implemented to provide important corrections for Earth
curvature effects at large (near horizontal) solar zenith and
observation polar angles.

e Finally, a single-scattering solution is developed and used to
enhance the accuracy and speed for strongly forward-
peaked scattering, such as by large water droplets or ice
particles.

3.3.1 Complex Eigenvalues/Eigenvectors

The appearance of complex eigenvalues/eigenvectors in the
vector radiative transfer problem stems from the
asymmetric structure of the Stokes scattering matrix [ +
b,(0) in Eq. 20], or equivalently, from the Greek constant
matrix [ £+ 8, in Eq. 61]. In the scalar DISORT model, this 4
x 4 scattering matrix degenerates into the scalar scattering
phase function Eq. 69 and the complex eigenvalue problem
does not occur.

3.3.2 The Complex Homogeneous Solution

By seeking exponential solutions to the homogeneous VRTE’s,
Eqs. 83 and 84, one obtains a standard algebraic eigenvalue
problem. Writing the VRTE separately for the upward (u > 0) and
downward (u < 0) hemispheres, and defining pt = |u| and a = ¢, s,
the homogeneous version of the Fourier components of the

VRTE becomes (i = 1, 2, ..., 2N):
dr (r,+u) = AT) & =m
+P‘i% =L, (7 +y) - ) szPa (ﬂ"i’ I’l])la (T» //‘J)
=
(D(T) N ~m
- 2 ;wfpa (+Mi’ +[’[])sz (T’ +1u])
(85)
ar, (r,-;)  wm M) X m
g e (0 _T;“’fpa( o=t )L (72, -
N
0D B () (1)

Seeking solutions to Eqs. 85 and 86 of the form
i:‘(r, +u;) = g(u;) exp (—kt), we obtain an algebraic eigenvalue
problem: Ag = kg, where the 8N x 8N eigenmatrix A can be
written as (here the ifalic I is the identity matrix):

@B o) T 0@ () —o(@w P” (i, -p) —0@uwyP” (i, —pty)
26, “ 2%, 2%, 2%,
@ (o) 0@ (o) T -0@w P (k) —@(@wyP” (. —py)
2uy 2uy Hy 2uy 2uy
“o@w B (po) o c@@wnB” (ppy)  —@@w B () | T —@(@wyP" (-, —pty)
~2u, —2u —2u “t “2u
—@@wi P (<o) —@@wnP” (< py) —@(@Ow P (<) | —@(DuwyP” Gt ttn) , 1

“2uy “2uy “2uy “2uy ~Hy

(87)

In the scalar DISORT case real eigenvalues + k; and eigenvectors

&+j (xu)) are obtained, so that the homogeneous solution can be
written as a linear combination of the eigensolutions:

VDISORT Computational Tool

—kjr.

zcﬁg j

+ZCJ£71 .“)

j=1

I homogenous

(88)

For the 4 x 4 VDISORT problem the g.; (+u;) eigenvector in
the scalar case must be replaced by a 4 x 1 eigenvector g.; (+;) for
[I},I.,U, V]". Since we have 2N quadrature angles + y;, i, . . .,
+un, the dimension of the full eigenvector g.;is 8N x 1. A matrix
with real elements has eigenvalue/eigenvector solutions that
either are real or occur in complex conjugate pairs. Therefore,
defining k,, k! as a complex conjugate pair of eigenvalues, g, g* as
a complex conjugate pair of eigenvectors, and C , ;, C  , as
arbitrary coefficients, we may, in analogy with the scalar case with
only real solutions, write the complex solution to the

homogeneous VRTE as:
N,
Z Cig;(xu)e™™ +Y Cig ;(+ )"

j=1
IrgaL

Ihomo T, £ ‘U

N; .
Seus e u)e]

+Z[C—u g (£ )€™+ Coyj g7 (£ 11,)e"]

j=1

)T+ Cyy g (¢

IcompLEX

(89)

where N, is the number of real solutions, Nj; is the number of
complex conjugate pair solutions, and N = N, + 2N; is the number
of streams in each hemisphere.

The homogeneous solution in Eq. 89 contains complex
numbers that must be converted into real values before
solving for the coefficients. Since linear combinations of
g, and g* e*c7 are also a solution of Eqs. 85 and 86,
we can separate the real and imaginary parts. As shown in
Section 8 (Supplementary Appendix Al) the complex

homogeneous solutions may be converted into the
following real solutionS'
Ihomo (T,i‘l/ll) ZCJgJ T +ZC*]g (+
j=1
IreaL
+Z[C11 g1] 7 +/"z)+c21 gz; ] et
] 1
+ Z[C-U g—1] )+ Coyj g-z;( ‘ui)] e,
IcompLex
(90)

The new eigenvalue/vector pairs are real numbers, and the
coefficients C . 1j, C 1 »; will be determined by the top/lower
boundary as well as the layer continuity conditions. The beauty of
Eq. 90 is that (after the conversion) it has the same form as that of
the scalar homogeneous solution, with all of the differences
incorporated in the new (4 x 1) eigenvectors g, (7,+ p,) and
8., (Tt ).
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3.3.3 Reduction of the Dimension of the Algebraic
Eigenvalue Problem

A reduction of the dimension of the eigenmatrix by a factor of
2 saves a significant amount of computing time. In the scalar
DISORT code, this reduction is based on the symmetry p™ (y;,

;) = p™ (—t;» — ;) of the phase function as explained in detail
elsewhere (Stamnes K. et al., 2017).
However, in the vector case, the phase matrix

Py (4 ptj) # Py (——4;), implying that the reduction of
dimension can not be applied directly, and that a
transformation must be done first as follows:

P (~u,—p') = DP (+u, +4')D 1)

where the matrix D = diag (1, 1, -1, -1).

This result just tells us that we need to introduce a new phase
matrix DPF (u;,p;)D in the VRTE to restore the special
symmetry structure of the eigenmatrix. For the downward
VRTE in Eq. 86, we multiply it by D on both sides, and then
add D ‘D = I on the RHS, so that Eq. 86 becomes:

e B
) i) -0 0B (4,10 DI ()
‘D(T)Z DB~ +1,)D - DI, (7, +4,)
j=1
.
= oIl (5. ,) - 27 D ACTRT ()

.
O S B (a1, ) (1, 44, ).
j=1

(92)

In Eq. 85, we simply just multiply by D -D = I 'in front of the
term I:l (1,—u j) on the RHS, so that it becomes

ar’ (t,+4)  wm 3 -
+."‘i% =1, (1, +1) - ot ;iju (ﬂ‘i’ _.“j)D - DI, (T> _.“j)
N
S L) WL ORI CVAY
j=1

(93)

Now we may rewrite the VRTE with the proper symmetry
structure, which is suitable for the reduction of dimension.

di;n T, ;) wm (1) ¥

+#i% =1, (t,+y;) - > Z

T

4 wJISZL("'.’”v _I/‘j)D : Di:l(T’ _.“j)

N

D S B (o 0 (10,

(94)
dDi;n b H 1" (1) < =m ~m
_Mi%=ma (t.-u;) - 2T ;wjp (+#, +1, )DL, (1, -4,

. Z Wij(+Mi, —[@)Di?(‘f, +yj).

(95)

Equations 94 and 95 are identical with Eqs. 85 and 86 if we
make the following connections:
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[ (r,+y,) > 1, (‘r, +p;) (unchanged)
HEEHE [ «(rw)]
;xn(ﬂl,, ‘W,) (+;41, +yj)(unchanged)
a(ﬂ/l,, tu]) [ a(ﬂ"z"_ﬂj)D]-

To accomplish the reduction of dimension, we define
eigenvectors

gu,+1 Dga,—l

(unchanged) 8. =

8o+ = Bus = :
Dgzx,fN

ga,+N

as well as two 4N x 4N matrices as we did in the scalar case
(Lin et al., 2015):

QWP (o) I @@yl (4, 1)
2u, W, 2u
E, =
@ (T)w P (tns phy) Q(T)wwﬁr(#w#w)_i
2y 2uy Un
(0w, P (uy,—p4,)D @ (D)wnP; (), —y)D
24, 2u,
F, =
@ (1) w, P, (uy, —14,)D @ (1)wy Py (> ~ty)D
2Uy 2uy
to obtain

(Eq+F,) (By —F,) = K3(8,, + &, ) (96)

Equation 96 is similar to the one obtained in the scalar case, so
we may proceed exactly as in that case (Lin et al,, 2015).

3.4 Discrete-Ordinate Approximation of the

Vector Source Function

In VDISORT, the source function is a 4 x 1 vector, and the
discrete-ordinate approximation of the mth Fourier component
of the vector source function may be written as

. O m m
Sa (T,i [l) = E Z wiPa (_."‘pi ."‘)Ia (T’ _A"li)

@5 (97)
+ 5 2 0P (o x )1 (7, +41)
+ X7 (& p)e o
X0 (2 u) = (2= Som) —P. (—pgs £ )Sp. (98)

In Eq. 97, the Stokes vector I7(7,—u,) is given at the
quadrature angles where i = 1, 2, ... , 2N. For the complex
eigenvalue/vector case, according to Eq. 168, the general solution
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can be written as (ignoring the thermal source, which can be
treated in a similar manner):

N, N
L (nt ) =2 Cgy (£ p)e™™ + 3 Coigj (2 p)e" +Zo (s gy )e /o
=t i1 IpARTICULAR

IReAL

Ni
+ Z[CU 8 (1. %4) +Cy 8 (r.% Aui):l et

i

Ni
+ Z[Cflj g—lj (1.2 4) +Coy) g—z;‘ (7% Pi)] e
i

TcompLEx

(99)

where the first two summation terms on the right hand side are
the homogeneous solution for real eigenvalues/vectors, the
following term is the particular solution, and the last two
summation terms are the homogeneous solution for complex
conjugate eigenvalues/vectors. The real vectors g;; (7, + ;) and
8,; (1, = ;) are defined in Egs. 163-167.

Substituting Eq. 99 into the vector source function given by
Eq. 97, we may write the vector source function [Eq. 97] in a
compact form similar to the general solutions [Eq. 99]:

N, N, ~
SI(rntu) =) Cig;(xw)e™ + ) C g (+ u)e™ + Zo (+ w)e /o

i i

Ni
+ Z[CU gl]‘ (1. £ 1) +Cy; gzj (7,2 /4)] o kni

=i
N;

+ Z[C—lj g, (ntu)+Cyg,(nt P‘)] ek,
=t

(100)
In Eq. 100 the following expressions.
oM
g (xp)=> ;{MPL’“ (% )8 () + 0P (o= ). (+,) |
(101)

Ni

. ® . ) . )
8y (mx ) =5 D {07 (it £ W8 (1) + 0P (1 £ 0By (110

i=1

(102)
~ RS s ;
8i2j (rtp) = 3 Z{“’ipgl (—pp £ H)gﬂj (7 —) + WPy (u £ H)gﬂj (v ["i)}
i=1
(103)
- o X
Zy(x ) = 5 Y (0P (<t = )20 (-11)
i=1
+0, Py (u, £ W) Zo () + Xo (2 p)} (104)

are simply convenient analytic interpolation formulas of g, §,,
8,, and Z,. They clearly reveal the interpolatory nature of Eq. 100
for the vector source function. The fact that they are derived from
the basic VRTE to which we seek solutions indicates that these
expressions, like the analogous expressions in the scalar case, will
be superior to any other interpolation scheme (Stamnes et al.,
1988; Schulz and Stamnes, 2000; Lin et al., 2015; Stamnes K. et al.,
2017).
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3.5 Integration of the Source Function
Method-Solutions at User-Desired Polar
Angles

The discrete ordinate solutions for the Stokes vector are
computed at the quadrature angles as discussed in the
previous section. To obtain values at arbitrary angles as
desired by the user, an interpolation algorithm has to be
implemented. In previous versions of VDISORT, a standard
spline interpolation scheme, shown to work well for Rayleigh
scattering (Schulz et al,, 1999), was used to obtain output at
arbitrary polar angles. However, the spline interpolation generally
requires a large number of quadrature angles (number of
streams), and it may fail when the particles have sharp
forward scattering peaks, such as for large cloud droplets or
ice crystals, when the Stokes components may change rapidly
with polar angle.

A better approach to interpolation is to use the discrete-
ordinate solution to derive explicit expressions for the source
function that can be integrated analytically. This ISF method
is implemented in DISORT (Stamnes et al., 1988; Lin et al,,
2015; Stamnes K. et al., 2017) and also in a previous version of
VDISORT (Schulz and Stamnes, 2000), but that solution is not
valid for the V component of the Stokes vector because the
eigenvalues/vectors were assumed to be real. Therefore, the
solution must be extended to apply to the general case for
which some of the eigenvalues/eigenvectors may be complex.
By doing so, we obtain results at arbitrary polar angles for any
given number of streams, and we may save computing time by
getting accurate results at arbitrary polar angles for a relatively
small number of streams. Below we will use the ISF method to
derive a new interpolation algorithm that works well also for
the complex eigensolutions.

3.5.1 Single-Layer (Homogeneous) Medium
For a slab of thickness 7*, we may solve Eqs. 83 and 84 to obtain.
" o —(1*—1)/ v dt m —(t-1)/}
I (r,+u) =1, (7", +p)e tr | =S (t +u)e #
L
(105)
~m ~m _T/ Tdt m —(T—t)/
I (t,-p) =1, (0,—p)e™* + ;Sa (t,—u)e “  (106)
0
Using Eq. 100 in Eqgs. 105 and 106, we find that for a slab of
thickness 7*, the Stokes vectors become

N -
1 T(+* - - g(+/4) —k;T —|kjr+ (-1
L(r,+p) = I(t%+p)e 7 + z lej+km{e kit _ g [k )/"]}
j=-Nr
j#0
Ni
) {Gi(T> +u)e ™ T — G (7, +H)e’["*ﬂ**“””/"]}
j=—Ni
j#0
L Zo(+) fetn ol sl
L+ pfpy
(107)
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Jj=—N;
j#0
Ni
+ Y G (1, -uw)e ™" - G; (0,-p)e ¥} (108)
j==Ni
j#0
20 (_n“) /g _ -1/
S e ety
where
1
Gi(r,xu)=
j (T ‘”) (#kij)z N (1 N ‘Mkyj)z

x {(1 t /”krj) [Cijglj (r2u)+ C~2]§2j (r.% #)]
+ ki [Ci8y; (7% 1) - iy (o )] -
(109)

Here we assumed k_; = ~ki; and thus
kfcj = _kcj = _k‘rj - iky

In Eqs. 107 and 108, the first term on the RHS is due to
beam attenuation of the Stokes vector. The first of the
following summation terms stems from the integration of
the homogeneous solution with real eigensolutions in the
vector source function [Eq. 100], whereas the second
summation is a new term needed for the complex
eigensolutions in the vector source function [Eq. 100].
Because élj('r, +u) and §2j(r, +u) are functions of glj(r, +4)
and gzj (7, +p) that depend on cos (k;7) and sin (k;7), we used
the following equations to handle the integration of the
complex eigenvector/vectors:

—kj, k—rj = _krj and k—z] =

1
J cosax ¥ dx = e (asinax + b cos ax) (110)
a*+b?
1
: bx bx :
sinax e”dx = e’ (bsinax — a cos ax). 111
j Rl ). (11

3.5.2 Multi-Layer (Inhomogenous) Medium

The single-layer case can be extended into a multi-layer medium,
for which we need to evaluate the integral by integrating layer-by-
layer as follows.

" i —(TL-T dt m —(t-7
I (r,+4) = I, (11, +p)e "/ + L ;SM, (t, +p)e =V
S (6 e

& (™odt
2l

n=p+1
(112)
=m ~m T t
I, (r.-u) =1, (0, —y)e-f/# + J -8 (t, _y)e—a-zw
" (113)
+ z J fsm t,—u)e O
Using Eq. 100 for S}, (t, —u) in the nth layer, Eqs. 112 and 113
become:
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L (rp) = T,z tw)e

L N
+ Z Z g]n (+.u) {e*kﬂxfnfl*’(fnfl*‘f)/}‘ —e [k],,r,,+(1,,—r)/y] }
- "1+ K
n=p =N
Jj#0
+ Z i { T + )e —kr r,,71+(r,,71—r)/l4 -G, (T + )e—[k,nr,,+(rn—‘r)/,4]}
jn \Tn-1> jn (Tns Tl
40
L &
+ Z M {e’[Tnfl/l‘o*(Tufl’T)/}l] _ e*[m/poér(r,,—r)/p]}
L+ p/py

n=p
(114)

with 7,,_; replaced by 7 for n = p, and

I (np)= I (0, #)E’l

Z Z Cjng]n( #) { [kt =) 1] _
n=1 . f
%

]n

e*[k/n'fn—l +(T*Tn—1)/l4] }

P N
$ § ottt ol

n=1 .
j=-N
J#0

+i IZOn(

{ = [en/po+(=)/1] _e [ —1/muu+(f—1n71)/ﬂ]}
n=1 ."{ AMO

(115)

with 1, replaced by 7 for n = p, and where
1
(ykijn)z + (1 * yk,jn)z
x {(1 * .“krjn) [Cljnéljn (ntp)+ C2jn§2jn (r.+ P)]
+ pkijn [Clj”§2jn (ntu) - Cljngljn (r.% /")] }
(116)

Gju(r, £ p) =

It can be verified that for a single layer 7,,_, = 7, 7, = 7, = ¥ in
Eq. 114; 7, = 7, 7,,_; = 0 in Eq. 115, they are reduced to Eqgs. 107
and 108, as they should.

3.5.3 Numerical Example

Many practical problems including remote sensing applications
require Stokes vector components at sensor observing angles.
Even though one could envision generating results at sensor
observing angles by interpolating or extrapolating the quadrature
values to such angles, accurate interpolation of these values is
difficult, particularly for optical depths close to zero (upper
boundary) and for extrapolation to angles close to ¢ = 0 and u
= 1.0. For example, Figure 2 shows an example of inaccurate
spline interpolation for a benchmark case (Garcia and Siewert,
1989) that has been reproduced by VDISORT.We note that the
spline interpolation produces large oscillations, whereas the ISF
method, see Egs. 105 and 106 yields accurate analytic results that
agree with the benchmark values at the quadrature angles.

We emphasize that the ISF method allows one to compute
analytically the radiation field at arbitrary angles and optical
depths from the discrete ordinate solutions, both for the scalar
radiative transfer problem (Lin et al., 2015; Stamnes K. et al,
2017) and, as shown here, for the vector problem including the
complete Stokes vector Is = [I, Q, U, V] T This capability is one of
the unique advantages of the discrete ordinate method. Also, the
ISF solutions satisfy the boundary and continuity conditions not
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FIGURE 2 | Comparison of output for (i) quadrature angles (u = cos 6,
where 0 is the polar angle); (i) spline interpolation; and (jii) analytic results at
arbitrary output angles.

only at the discrete set of quadrature angles, but at arbitrary
angles p. In fact, we have found that the ISF method improves the
accuracy of the discrete ordinate solution (Schulz and Stamnes,
2000).

3.6 Polarized Reflectance at the Lower
Boundary

In Eq. 99 the homogeneous solution contains unknown constants
Csj, C 4 1jand C . 5, which are to be determined by the boundary
conditions at the top and bottom of the medium and continuity
conditions at layer interfaces.

3.6.1 Top Boundary

In VDISORT, we assume that the light at the top of the
atmosphere is a direct beam such that the diffuse light
contribution is zero:

17 (0,-p) = [0,0,0,0]" (117)

form=0,...,2N - 1.

3.6.2 Layer Interfaces

At layer interfaces the Stokes vector must satisfy continuity
conditions, because by assumption there is no change in the
refractive index between layers. Assuming that 7, potrom 1S the
optical depth at the bottom of the nth layer, and that 7,,,1 1, is the
optical depth at the top of the (n + 1) layer, we have.

(118)

Tn,bottom = Tp+1 Jtop
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=m =m
o

I(x (Tn,bottom) + ,u) =1 (Tn+1,top) + ,u) (119)

where the Stokes vector I, (7, + y) is given by the sum of
homogeneous and particular solutions in Eq. 99.The continuity
conditions are applied layer by layer forn = 1,..., L — 1. One
important difference from the scalar DISORT model is that the
new real eigenvectors associated with the complex solutions
depend on the optical depth 7 in each layer [Eq. 90].
Therefore, for jth eigenvector in the nth layer, we have.

(120)
(121)

glj (Tn,top) + Ml) # gl] (Tn,bott0m> t ‘ul)
gzj (Tn,top> + /’lz) # gzj (Tn,bottom> * ‘ul)

3.6.3 Lower Boundary

For the RTE, the lower boundary is determined by the
bidirectional reflectance distribution function/matrix (BRDF).
We introduce the matrix or polarized BRDF as the 4 x 4
reflection matrix R by writing:

L ¢,71) = Lndqﬁ’ L du'R (= p, 0 = ¢ (=p', 9", 71)

+R (~ps s § = o) Spe /0.
(122)

The reflection matrix R (-4, g, ¢ — ¢') is then expanded in a
Fourier series:

L
R(—pp¢—¢') = Y R (—u',u)cosm (¢ —¢)
m (123)
+ ) RY (< w)sinm (¢ = ¢).
m=1

The Fourier mode i;" (71, p) of the Stokes vector at the polar
angle y just above the lower boundary can then be expressed
in terms of R(u,u') by (detailed derivation omitted for

brevity):

i;" (TL’ Au) = 1.’{:cn,beam (—[40, H)sbein/”o

N
+r Y @R (<)L (70 -uy) (124)
i

where.

Rc,beam (_AMO’ Au) = R™ (125)

=m 0

0
Rs,beam (_#0’#) = 00 R" m (126)
0

Ag R Ag, Rz =4y, Ras —Ag, Ray
AngCZI AngCZZ _AamR523 _AamR$24
Ag Rz Ay, Ress

A, Ra1 Ay, R
Ay R Ay, R Ay, Rz Ay, R

R (—pjp) = (127)
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where Aj, =1 £ S

In VDISORT, the implementation of the polarized BRDF has
been tested by assuming a vacuum layer above a rough ocean
surface (Tsang et al., 1985) and by matching the values of the
Stokes vector just above the surface (in the upward direction)
with analytic values of the BRDF computed without the Fourier
expansion. Figure 3 shows an example of a comparison between
VDISORT upward reflected Stokes parameters and analytic Cox-
Munk BRDF results for a 1-D Gaussian surface with a wind speed
of 5 m/s. The V component vanishes because the reflection from
an unpolarized direct beam does not produce circular
polarization. The results show that VDISORT reproduced the
analytic results except for backscattering (¢ = 180°) of the U
component where the value of zero is given as numerical noise
(~ 10719) by VDISORT.

4 THE 4 x 4 SOLUTION VERSUS THE 3 x 3
APPROXIMATION

In the discrete ordinate method of radiative transfer, we need to
determine homogenous and particular solutions to arrive at the
general solution. The particular solution is formulated as a set of
linear equations Ax = b that can quickly be solved using standard
techniques of linear algebra, for example Gaussian elimination.
The most time-consuming step is solving the homogenous
problem, which is formulated as a standard algebraic
eigenvalue problem (A- A)x = 0. In the case of the 4 x 4
solution, this eigenvalue problem involves matrices of size
4N x 4N, where N is the number of quadrature points or
“streams” in the upper and lower hemispheres, since a
reduction of dimension step (Section 3.3.3) is used to reduce
the matrix dimension from 8N x 8N-4N x 4N. This step is
completely analogous to that used in DISORT (Stamnes et al.,
1988) to reduce a matrix of dimension 2N x 2N to N x N. Since
the presence of the sign on b, in Eq. 20 leads to a matrix A in the
algebraic eigenvalue problem that cannot be made symmetric, the
eigenvalues and corresponding eigenvectors in the 4 x 4
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representation occur in complex conjugate pairs. In the 3 x 3
approximation, the 4th row and column in Eq. 20 are simply
omitted, and the resulting impact on the scattering phase matrix
is obtained by setting b, = 0 in Eq. 24 which results in Eq. 41.
Then the matrix A is symmetric implying that the resulting
eigenvalues and eigenvectors are real. Note that setting b, = 0
in the 4 X 4 representation leads to I, Q, and U parameters
identical to those obtained in the 3 x 3 approximation.

Since setting b, = 0 decouples the V component from I, Q, and
U, the eigenvalue problem required to solve the homogeneous
system in N discrete ordinates is reduced from solving a 4N x 4N
system to solving a 3N x 3N system. The computational burden of
solving an eigenvalue problem scales like #n° where n is the
dimension of the matrix. Therefore, the 3 x 3 approximation
reduces the computational burden by a theoretical factor of 4?/3’
=~ 2.37. Since the resulting eigenvectors and eigenvalues for the
3N x 3N system are real, significant further computational
savings are obtained by wusing an eigensolver, such as
ASYMTX available in the DISORT package (Stamnes et al,
1988) that avoids unnecessary complex arithmetic. In the 4 x
4 case some of the eigenvectors and eigenvalues occur in complex
conjugate pairs implying that complex arithmetic must be
considered to obtain accurate solutions when b, # 0.

A comparison of results produced by VDISORT and by a
doubling-adding method (VLBLE) is provided in Figure 4
(Stamnes S. et al., 2017), where the reflected components are
plotted against the polar angle Oz, where 6z = 0° is the zenith

direction, and g = 90° is the horizon. The transmitted components
are plotted against the polar angle 6, where 6 = 0° is the nadir
direction, and 61 = 90° is the horizon. We note that the results for I
and Q produced by the 3 x 3 approximation are essentially
identical to the more computationally demanding 4 x 4 results.
The results shown in Figure 4 pertain to a cirrus cloud consisting
of non-spherical ice crystals. The adequacy of the 3 x 3
approximation was investigated for spherical particles by Hansen
(1971) who concluded that it is usually adequate to work with 3 x 3
matrices to compute multiple-scattering polarization properties.
Hansen (1971) investigated errors only of the reflected radiance
and the degree of polarization; errors for the individual Stokes
components Q and U, and transmittances were not considered.
The results shown in Figure 4 suggest that the 3 x 3
approximation holds not only for water clouds, but also for non-
spherical ice crystals, and that it applies not just to the reflected
radiation, but also to the transmitted radiation and to the Stokes
parameters Q and U (not shown) (Stamnes S. et al.,, 2017).

5 SINGLE-SCATTERING SOLUTION

Introducing the half-range Stokes vectors (the * signs denote the
upper (") and the lower (°) hemispheres, respectively).

I'(7,6,¢) =1"(1,0<7/2,¢) = 1" (7,4, §) (129)
I'(7,6,¢) =1 (1,0>7/2,¢) =1 (1,14, 9) (130)
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and similar definitions for $*(z, U, $), Eq. 7 may be re-written
as (4 =|u|).

WOLD _prpg)-s'(mmg) 13D
7,%:1' () =S (r.u9). (132)

5.1 Single-Layer (Homogeneous) Medium
For a homogeneous slab, we adopt the following notation:

1) 1y is the optical depth at the upper boundary (top of the slab);
2) 7 is the optical depth at the lower boundary (bottom of the slab).

Integrating Eq. 131 from 7, to 7 and Eq. 132 from 7, to 7 (7 <
7 < 13), and solving for I*(z, 4, ¢) we obtain.

™ dt v
I (1,,¢) = I (1, p)e” @/ + J st (L g)e T (133)
T U

U (1,0¢) =T (to,u, $)e T/ + J %S’ (b g)e 7. (134)
70
Equations 133 and 134 show that if the source functions S*(¢,
> ¢) are known, we can obtain a solution to the radiative transfer
problem by integration (numerically or analytically).
In the single-scattering approximation, we omit the multiple-
scattering term in Eq. 8, so that the source function $¥(7, g, ¢) in
Eq. 9 simply becomes:

o)

47 P (T’ —Hg> Po; Us ¢)sbe*7/l‘o

+ [1-@(D)]S (7).

S ()= Q (1,4 ¢) =

(135)

The first term on the RHS of Eq. 135 is proportional to the
incident beam S, which for an unpolarized incident beam is given
by Eq. 10, while the second term is due to thermal emission,
which is unpolarized, and S,(r) and is given by Eq. 11.

5.2 Multi-Layer (Inhomogeneous) Medium
The vertical variation of the inherent optical properties (IOPs) in
a slab may be dealt with by dividing it into a number of adjacent,
horizontal layers in which the IOPs are taken to be constant
within each layer, but allowed to vary from layer to layer. The
number of layers should be large enough to resolve the vertical
variation in the IOPs. In such a multi-layered medium, consisting
of a total of L layers, we may evaluate the integrals in Eqs. 133 and
134 by integrating layer by layer as follows (z,_; < 7< 7, and y >
0, 7, = T, To = 0) ignoring the boundary terms (setting I'* (4, g4, ¢)
=0 and I' (7o, 4, ¢) = 0):

+ dt + —(t-7 S
P TR

n=p+1

o dt
J —S' (t,u, (p)e’(t”)/“ (136)

Tn-1 H
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FIGURE 8 | The Stokes parameter U (r, 1, ¢) (left) and V (z, 1, ¢) (right) for the aerosol scattering case for reflected (top) and transmitted (bottom) light. The U and V
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We can evaluate the integrals in Eqs. 136 and 137 either
numerically or analytically if the source function S (¢, 4, ¢) in a
layer denoted by subscript i = #, or p is known. Explicit solutions
obtained in the single-scattering approximation are provided in
Section 9 (Supplementary Appendix A2).

(137)

5.3 Alternative Single Scattering Solution

Another way to understand the one-layer single-scattering solution
is to consider the output I*(7, @, §) as coming from two sources: 1)
the attenuated incident radiation from the layer boundary and in
the same direction (4", ¢), and 2) the source term contribution
from the direct beam scattering. As seen in Section 5.1 [Eqgs. 133
and 134], the attenuated boundary contribution is the first term on
the right, while the source term is the second term on the right.

Next, we consider the single-scattering solution at layer
boundaries 7, with n € [0, 1, 2, ---L] for a multi-layer
medium. Since there is no diffuse radiation at the following
two boundaries: 1) TOA (Top-Of-Atmosphere) downward 7o;
2) BOA (Bottom-Of-Atmosphere) upward 77, we havel:

(138)
(139)

I (to,4,4) =0
I (71, 4,¢) = 0.

Once we have specified the boundary conditions, the one-layer
solution can be called consecutively to create the layer boundary
radiation of the next layer. Hence, for n = 1, 2, ..., L, we may
recursively compute the downward radiation as:

Tn dt Tt

I (tmtnd) =T (rpg)e @004 [* s () .
(140)
Similarly, forn =1L, ..., 2, 1, we may recursively compute the

upward radiation as:
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1 dt )
—S (L g)e .
“

(141)

I (Tn_l,‘u, @) =T (1, tts ¢)ef(rn—rn-1)//4 + J

n

Having obtained all layer boundary contributions in this
manner, we may simply apply the single-layer solution again
to get the I*(z, y, ¢) at arbitrary optical depth 7.

5.4 Single Scattering Correction

The single-scattering correction is a post-processing step that
further improves the accuracy of radiance output by correcting
the single-scattering term. It was developed by Nakajima and
Tanaka Nakajima and Tanaka (1988) and can be used together
with several phase matrix truncation methods (Wiscombe, 1977;
Hu et al.,, 2000; Lin et al., 2018).
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In many radiative transfer models, the phase function/matrix
is expanded in generalized spherical functions (see Section 2.4.3).
However, for strongly forward-peaked scattering a large number
of phase element expansion coefficients are needed for accurate
representation of the phase function/matrix. Due to the
computational burden incurred by use of such a large number
expansion coefficients, a truncation method is commonly applied
so that only the first 2N elements are used, where 2N is set to be
equal to the number of streams. This method greatly improves the
computational efficiency, but also introduces radiance errors due
to the approximate phase matrix representation. Since the
truncation reduces the scattering cross-section and thereby
enhances the direct beam contribution, the differential optical
depth dr and the single-scattering albedo @ are both being scaled
as follows.

dr=(1- fo)dr
(1-fe

T-fo

(142)
»= (143)

where the factor f depends on the particular truncation
method used (Wiscombe, 1977; Hu et al., 2000; Lin et al., 2018).

The single-scattering correction method (Nakajima and
Tanaka, 1988) was designed to decrease the error incurred by
the truncation. To this end we replace the approximate single-
scattering solution obtained by use of the truncated phase matrix
by the correct single-scattering solution obtained from the
accurate phase matrix as described in Section 5.3. Denoting P
and P* as the original and truncated phase matrix, and I* as the
singly-scattered radiance, we may write the single-scattering
correction algorithm as follows (Nakajima and Tanaka, 1988):

Leorrected (7, @, P*) = I(7, @, P*) - I* (7, @, P¥)

+ I*(f, @/ (1- f@),P).

On the right hand side of Eq. 144, the first term I (7, @, P*) is the
uncorrected radiance computed with the truncated phase matrix P*,
the scaled optical depth 7 and the scaled single-scattering albedo @.
The second (subtracted) term I* (%, @, P*) is the uncorrected singly-
scattered radiance obtained by use of the truncated phase matrix P,
the scaled single-scattering albedo @ and the scaled optical depth 7 (as
in the first term). The (added) third term I" (7, ®/ (1 — f®), P) is the
accurate singly-scattered radiance obtained by use of the accurate

(144)
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FIGURE 11 | TOA polarization components of sunlight reflected from a molecular atmosphere overlying a wind-roughened water surface for three different wind
speeds.

phase matrix P, the scaled 7, and another scaled single-scattering
albedo @/(1 - f®).

6 DISCRETE ORDINATE RADIATIVE
TRANSFER TEST RESULTS

Schulz et al. (1999) tested a previous of VDISORT against
benchmark results provided by Garcia and Siewert (1989). The
result of the first three Stokes components were reproduced,
but the V component was not considered. In our new version,
this issue is fixed by implementing the complex eigensolutions
as already discussed. The current version of VDISORT has
been tested against benchmark results provided by (Garcia and
Siewert, 1989) and Siewert (2000), and excellent agreement
was found (Lin, 2016). Here we provide comparisons with
benchmark results provided Kokhanovsky et al. (2010) for
more challenging phase matrices that require more than 100
terms in the phase matrix expansion.

6.1 Comparison With Benchmark Results
The Kokhanovsky et al. (2010) benchmark results were provided
for the Stokes parameters of both reflected and transmitted light

in the case of molecular, aerosol, and cloudy multiple-scattering
media at the wavelength A = 412 nm. A black underlying surface
for three values of the relative azimuth angles ¢ — ¢, = 0, 90, 180°
were considered and the solar zenith angle was set to 60°. The
optical thickness was set to 0.3262 for all three single layer cases.
Since the Rayleigh test is simple and has been well tested in
previous versions of VDISORT, we will focus on the more
challenging aerosol and cloud cases.

The phase matrix elements for all three cases are shown in
Figure 5. Because aerosol and cloud particles are much larger
than molecules, their phase matrices were calculated using Mie
theory (Kokhanovsky et al., 2010). In contrast to Rayleigh
scattering, aerosol and cloud particles both have a strong
forward-scattering peak. There are also two peaks around 137°
in scattering angle that correspond to the primary and secondary
rainbows.

The sharp forward-peaked scattering of aerosol and cloud
particles shown in Figure 5 implies that a large number of terms
in the Fourier expansion is required for accurate representation of
the phase matrix. In fact, Kokhanovsky et al. (2010) provide about
1,000 terms of Greek constants, and below we use the first 148
terms for both the aerosol and cloud cases in VDISORT in an
attempt to match the benchmark results.
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6.1.1 Aerosol Case

The normalized log-normal density distribution of aerosol particles
considered in the benchmark computations of Kokhanovsky et al.
(2010) had mode radius 7, = 0.3 um corresponding to a mode size
parameter of ~ 2.3 at 412 nm, and a standard deviation g, = 0.92. The
size distribution was integrated from r; = 0.005 ym to r, = 30 ym. The
refractive index of the aerosol particles was set to m = 1.385, which
yields a single-scattering albedo of 1.0, and an asymmetry factor g =
0.79275. Figure 6 shows reflected (top) and transmitted (bottom)
results for the Stokes parameter I (7, y4, ¢) for solar beam incidence at
60" solar zenith angle on a homogeneous slab of optical thickness
0.3262 overlying a black surface. Similar results for the Stokes
parameter Q (1, y, ¢) are shown in Figure 7 and for the Stokes
parameters U (7, ¢4, ¢) and V (1, y, ¢) in Figure 8.

6.1.2 Cloud Case

Benchmark results for a homogeneous slab of optical thickness 5
consisting of a log-normal distribution of cloud particles with r, =
5 um (mode size parameter of ~ 38 at 412 nm), and o, = 0.4 were
also provided by Kokhanovsky et al. (2010). The smallest and largest
particle radii were selected to be r; = 0.005 ym and r, = 100 ym, and
the refractive index was set to m = 1.339. These choices yield a single-
scattering albedo of 1.0, and an asymmetry factor g = 0.86114 for this

ensemble of cloud particles. Figures 9, 10 show that VDISORT
simulations with NSTR = 148 yield good agreement with the
benchmark results for all four Stokes parameters.

6.2 The Bidirectional Polarized Reflectance
Distribution Function (BP,DF)

The BP,DF is the vector equivalent that corresponds to the
Bidirectional Reflectance Distribution Function (BRDF) in
scalar radiative problems for which only the first component
of the Stokes vector, the radiance I, is considered. In this version
of VDISORT, BP,DFs for two surface types were implemented: a
Lambertian surface and a rough surface with a Gaussian
distribution of surface slopes, which is frequently used to
model scattering from wind-roughened water surfaces.

In general, both the diffuse light and the direct beam are
reflected by BP,DF shown as below:

(7o) = [ ' |70 WRG 9= 9 ()

0
nu D —7*
Ryt § = 9)Sie o
(145)
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where y and y' are cosines of the polar angles 6 and 6 and ¢’
and ¢ are the corresponding azimuth angles. The downward
Stokes vector at the surface is denoted Iy, (7%, y', ¢'), and S =
[14/2,14/2,0,0]7 is the TOA direct beam illumination assumed to
consist of unpolarized light of irradiance I,. The 4 x 4 reflection
matrix R depends on the surface properties. It is expanded into a
Fourier series to isolate the azimuth dependence and that
expansion is consistent with the expansion of the phase matrix.

A Lambertian surface is a special surface that, regardless of the
state of polarization of the incident radiation, gives rise to
reflected radiation that is uniform, ie. isotropic over the
upward hemisphere, and unpolarized. Therefore, only the first
(m = 0) term in the Fourier expansion contributes. The reflection
matrix is given by

05 05 0 0
0 05 050 0
=Pl o 0 00 (146)
0 000

where py is the surface albedo.
For a wind-roughened water surface, an explicit expression for
the reflectance matrix R is given by

i 1
RWC%¢_¢3=%7;PZPWJ-CLWCW¢C@-SWC%0)

(147)

In Eq. 147, the matrix C; is determined by the relative
refractive index m and is derived from the Fresnel
reflectance, with details described in Supplementary
Appendix A3 of Stamnes and Stamnes (2015). p (u,) is
the rough surface slope probability approximated by a
one-dimensional Gaussian distribution (Cox and Munk,
1954).

1 1—u?
pu,) = ﬁeXP(— o ) (148)
pry
= 149
Hn V2 (1 - cos®) (149)
cos @ = —u'p + 1 — u?J1 — 2 cos (¢' — ¢) (150)
0% = 0.003 + 0.00512 - w. (151)

o” is the mean square surface slope determined by the water
surface wind speed w in ms™". S (4, ¢, 0) is the shadow term
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without SSC.

that is only important for the conditions of large wind speeds
and large viewing zenith angles (Tsang et al, 1985). To
demonstrate how the surface reflectance is applied, a simple
example of an atmospheric simulation is considered with a
layer of non-absorbing molecules of scattering optical
thickness 0.32 and a depolarization factor of 0.04 at 412 nm
(Bodhaine et al., 1999) overlying wind-roughened water
surfaces with different wind speeds (2, 5, 10 m sY). The
solar zenith angle is set to 30°. Figure 11 shows the upward
I, Q, and U components at the top of atmosphere. A glint
pattern is clearly evident in the principal plane (A¢ = (¢’ — ¢) =
0°) for all wind speeds.

6.3 The Single-Scattering Correction

To demonstrate the efficiency and accuracy gained by use of
the single-scattering correction (SSC), we provide some
examples in this Section. For strongly forward-peaked
scattering occurring for particles that are large compared
to the light wavelength, use of the delta-M scaling
transformation is very useful. Also, use of the ISF method
discussed in Section 3.5 helps producing accurate results at
polar angles other than the quadrature angles. Figure 12

shows that accurate results for the total polarized radiance
(the I Stokes parameter) can be obtained with as little as 16
streams when the SSC is applied in addition to the delta-M
and ISF methods. Similar results for the Q and U Stokes
parameters are shown in Figures 13, 14.

6.4 Polarized Beam Incidence

So far we have assumed that the incident beam consisted of
natural (unpolarized) light (like sunlight). For some applications,
like laser (lidar) or lunar beam illumination, the source would be a
polarized beam. VDISORT is capable of handling also the general
case of an arbitrarily polarized incident beam source. To test the
performance of VDISORT for polarized beam incidence, a
polarized beam source term I, [LQ.U,V]T = 7{1.0,~0.4.0.2.0.05]
T (corresponding to Ijn. = [I",IL,U,V]T = 7[0.3,0.7,0.2,0.05]7)
was chosen as input for the so-called L = 13 case reported by Garcia
and Siewert (1989). In this test case the optical thickness of the slab
was assumed to be 1.0, the single-scattering albedo was taken to be
0.99, and the surface was assumed to be a Lambertian reflector with
albedo 0.1. We calculated the Stokes parameters I, Q, and U and the
degree of polarization (DOP) for this test case and reproduced
Figure 5 of Schulz et al. (1999) as shown in Figure 15. Schulz
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etal. (1999) verified their results by comparing with output produced
by the accurate General Adding Program (GAP) described by De
Haan et al. (1987).

7 CONCLUDING REMARKS

A review is provided of the vector discrete ordinate (VDISORT)
method of solution to the radiative transfer equation pertinent for
polarized transfer of radiation in a vertically stratified medium.
Several new features are described and discussed including how to
1) deal with the complex solutions required to compute the V'
component of the Stokes vector I = [ Q U V] T 2) obtain
accurate radiances at any desired polar observation angles by use
of the ISF method, 3) deal with polarized beam incidence at the top of
the atmosphere as well as polarized reflectance by the lower
boundary, 4) use a pseudo-spherical treatment to correct for Earth
curvature effects, and 5) use the single-scattering correction to
enhance the efficiency of the method without sacrificing accuracy.
Comparisons with benchmark results are provided to demonstrate
the versatility of the VDISORT computer code to provide reliable
solutions for aerosol and cloud cases including non-spherical ice
cloud phase matrices. In particular, it has been shown that as few as
2N = 16 discrete-ordinate streams are sufficient to compute accurate

polarized radiances for phase matrices appropriate for ensembles of
aerosol particles. We encourage future users to help us improve this
freely available tool by 1) reporting on bugs found and how they were
fixed, 2) making suggestions for how this tool can be improved, and
3) help make it known to friends and co-workers in need of such a
resource that this tool is available.
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