
Contents lists available at ScienceDirect
Journal of Quantitative Spectroscopy &
Radiative Transfer

Journal of Quantitative Spectroscopy & Radiative Transfer 178 (2016) 77–92
http://d
0022-40
(http://c

n Corr
journal homepage: www.elsevier.com/locate/jqsrt
SPARTA – Solver for Polarized Atmospheric Radiative Transfer
Applications: Introduction and application to Saharan
dust fields

Vasileios Barlakas a,b,n, Andreas Macke b, Manfred Wendisch a

a Leipzig Institute for Meteorology, University of Leipzig, Stephanstr. 3, Leipzig, Germany
b Leibniz Institute for Tropospheric Research, Permoserstr. 15, Leipzig, Germany
a r t i c l e i n f o

Article history:
Received 6 October 2015
Received in revised form
12 February 2016
Accepted 12 February 2016
Available online 23 February 2016

Keywords:
Radiative transfer
Polarization
Dust fields
x.doi.org/10.1016/j.jqsrt.2016.02.019
73/& 2016 The Authors. Published by Elsevi
reativecommons.org/licenses/by/4.0/).

esponding author.
a b s t r a c t

Non-spherical particles in the atmosphere absorb and scatter solar radiation. They change
the polarization state of solar radiation depending on their shape, size, chemical com-
position and orientation. To quantify polarization effects, a new three-dimensional (3D)
vector radiative transfer model, SPARTA (Solver for Polarized Atmospheric Radiative
Transfer Applications) is introduced and validated against benchmark results. SPARTA
employs the statistical forward Monte Carlo technique for efficient column-response
pixel-based radiance calculations including polarization for 3D inhomogeneous cloudless
and cloudy atmospheres. A sensitivity study has been carried out and exemplarily results
are presented for two lidar-based mineral dust fields. The scattering and absorption
properties of the dust particles have been computed for spheroids and irregular shaped
particles. Polarized radiance fields in two-dimensional (2D) and one-dimensional (1D)
inhomogeneous Saharan dust fields have been calculated at 532 nm wavelength. The
domain-averaged results of the normalized reflected radiance are almost identical for the
1D and 2D modes. In the areas with large spatial gradient in optical thickness with
expected significant horizontal photon transport, the radiance fields of the 2D mode differ
by about 712% for the first Stokes component (radiance, I) and 78% for the second
Stokes component (linear polarization, Q) from the fields of the 1D mode.
& 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Non-spherical atmospheric mineral dust particles are
known to have a considerable impact on climate [37,33,29].
However, these particles yet have not been assigned a reli-
able assessment of their impact, partly owing to incomplete
understanding of their properties [29]. They scatter, absorb
and polarize solar radiation depending on their shape, size,
chemical composition and orientation. These processes are
rather complex, but their knowledge is important for the
er Ltd. This is an open acce
interpretation of remote-sensing measurements. Moreover,
the use of polarization measurements is sensitive to particle
microphysical properties and could ameliorate such pro-
blems (e.g. [25,44,6,36]). Nowadays, several remote sensing
instruments employ polarization. For example, the POLar-
ization and Directionality of the Earth's Reflectances
(POLDER) instrument included polarized information [19],
the Research Scanning Polarimeter (RPS) [11,10], the Multi-
angle SpectroPolarimetric Imager [21], and the CIMEL
polarized sun/sky-photometer developed by CIMEL Elec-
tronique (Paris, France) CE318-DP [35] were developed for
polarization measurements.
ss article under the CC BY license
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The investigation of ground-based and airborne passive
radiance and polarization measurements necessitates
radiative transfer models that accounts for multiple scat-
tering, absorption, and polarization. As a result, a growing
number of 1D and 3D vector models have been developed
[22]. In most cases, the 1D polarized radiative transfer
models are freely available. The 3D radiative transfer
simulations demand high computational power. Further-
more, during the last decades, there has been an incon-
clusive debate about whether the 1D approximation is
sufficient or the neglect of horizontal photon transport
causes significant errors in radiance simulations [20].

Although there has been only limited research on the
radiative effects due to horizontal photon transport for
dust fields [56], several studies have been carried out for
inhomogeneous liquid water, mixed phase and ice clouds
(e.g., [16,52,53,4,20,9]). However, in these studies the issue
under scrutiny is the radiative effects in the scalar radia-
tive transfer scheme. In this paper, the discussion centers
on polarization effects.

A new vector model based on the forward Monte Carlo
method is introduced. It simulates 3D radiative transfer pro-
cesses in arbitrary complex scattering and absorbing media.
Validations of SPARTA against benchmark results are also
presented. Polarization radiative effects for lidar-measured
inhomogeneous Saharan dust fields are discussed, perform-
ing 2D and 1D reflectance calculations using SPARTA.
2. Radiative transfer solver SPARTA

The Solver for Polarized Atmospheric Radiative Transfer
Applications (SPARTA) is a new 3D vector radiative transfer
model. A preliminary version of SPARTA was discussed in
Barlakas et al. [3]. The model employs the forward Monte
Carlo technique and computes column-response pixel-
based radiances for 3D inhomogeneous cloudless and
cloudy atmospheres. It is based on the scalar Monte Carlo
model of the UNIversity of Kiel (MC-UNIK, [40]), which
participated in the international Intercomparison of 3D
Radiation Codes (I3RC, [9]). MC-UNIK has been extended
to account for polarization effects due to multiple scat-
tering by non-spherical particles, i.e., coarse mode dust or
ice particles. The details of the implementation of polar-
ization in MC-UNIK are presented in this paper; the dif-
ferences between MC-UNIK and SPARTA are outlined.

The conventional approach to consider polarization
dates back to Stokes [54], who discovered that the polar-
ization behavior of the electromagnetic radiation could be
represented by real observables. This resulted in the Stokes
vector, defined by four components:

S
!¼

I

Q

U

V

0BBB@
1CCCA; ð1Þ

each of them carrying the units of irradiance (Wm�2) [54].
The Stokes vector is described by the components of a
transverse electromagnetic field [13,25,28,38,45,60]:
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where El and Er are the two orthogonal components of the
harmonic electromagnetic field vector parallel (subscript
“l”) and perpendicular (subscript “r”) to the direction of
propagation. ϵ is the electric permittivity, κ is the magnetic
permeability. The asterisk stands for the complex con-
jugate value, and i¼

ffiffiffiffiffiffiffiffi
�1

p
. The first Stokes vector element,

I, represents the total irradiance, Q and U describe the
linear and V the circular polarization. These parameters are
defined such that the local meridional plane represents
the plane of reference [13], defined by the photon (i.e.
incident or scattering) and vertical directions.

SPARTA considers a 3D Cartesian cuboidal domain, in
which individual photons are traced throughout their
propagation. In Monte Carlo theory, photons refer to
imaginary discrete “packets” or “units” of the incident
energy rather than the physical photons (quantum elec-
trodynamics) [43]. The 3D domain is split into grid-boxes,
defined by geometrical dimensions along x-, y-, and
z-directions, a total volumetric scattering βtot

sca and extinc-
tion coefficients βtot

ext, a total scattering phase matrix
Ptot(Θ) with the scattering angle Θ, and a total single
scattering albedo ωtot

0 . The superscript “tot” indicates the
combined optical properties of the different types of par-
ticles (e.g., molecules, aerosol particles, and cloud parti-
cles), which are contained in each grid-box. A 2D repre-
sentation of the model domain is illustrated in Fig. 1.

Photon propagation is defined by the azimuth and
zenith angles [12]. The azimuth angle φ is measured
clockwise when looking upwards and the zenith angle θ is
the angle with respect to the upward normal direction.
Accordingly, the initial incident direction (subscript “inc”)
is expressed in terms of the solar position with a direction
derived from the directional cosines:

bkinc;0 ¼
kx
inc;0

kyinc;0
kz
inc;0

0BB@
1CCA¼

sinθ0 � cosφ0

sinθ0 � sinφ0

� cosθ0

0B@
1CA; ð6Þ

where θ0 and φ0 are the solar zenith and azimuth angles,
respectively.

In the vector scheme, the incident quasi-monochromatic
electromagnetic wave is considered unpolarized and char-
acterized by a weight, the Stokes weight, whose value is set
originally to unity, S

!
inc ¼ 1 0 0 0ð ÞT (superscript “T” repre-

sents the transpose vector).
In the Monte Carlo technique the propagation of pho-

tons through a medium is traced. Following Marchuk et al.



Fig. 1. 2D representation of the scheme of the photon path within the 3D
domain of the Monte Carlo radiative transfer model: (�μ0, φ0) is the
initial incident photon direction defined by the cosine of the solar zenith
(μ0 ¼ cos θ0) and azimuth angles (φ0), β

tot
sca=ext stands for either the total

volumetric scattering (subscript “sca”) or extinction coefficients (sub-
script “ext”), Ptot for the total scattering phase matrix, and ωtot

0 is the total
single scattering albedo. The superscript “tot” indicates the combined
optical properties of the different types of particles, which are contained
in each grid-box.
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[41], the free path lengths of a photon are simulated by
random number processes with attenuation described by
the law of Bouguer–Beer. In the original MC-UNIK model,
the later procedure corresponds to the probability density
function:

pext ¼ exp �
Z l

0
βtot
ext dl

 !
: ð7Þ

βtot
ext is the total volumetric extinction coefficient and dl is

the path element of the photon path. Consequently, at
each scattering event, absorption is considered by redu-
cing the original scalar weight by multiplication with the
single scattering albedo. However, in SPARTA, the free path
length is determined by the total volumetric scattering
coefficient (βtot

sca) and the probability density function is
given by:

psca ¼ exp �
Z l

0
βtot
sca dl

 !
: ð8Þ

Absorption is taken into account by decreasing the
initial Stokes weight by the estimated total absorption
coefficient (βtot

abs), along the photon path, with the Bou-
guer–Beer law:

pabs ¼ exp �
Z l

0
βtot
abs dl

 !
: ð9Þ

A major difference between the scalar and the vector
approaches involves amendments in the scattering
description. In case of a scattering event, the new propa-
gation direction (scattering direction, subscript “sca”)
needs to be calculated bksca from the previous direction
(bkinc or bkinc;0 in case of the first scattering event) and the
scattering zenith and azimuth angles [41]. For scalar
radiative transfer theory, the scalar phase function P,
representing the relative angular distribution of the scat-
tered radiation [60], is adequate to describe the scattering
behavior. It depends only on the scattering angle with
respect to the incident direction, omitting any azimuthal
angular dependence. Polarization introduces an anisotropy
of the scattering direction depending on the frame of
reference. Consequently, the interaction between a photon
and a particle is described by a 4�4 matrix, the scattering
phase matrix P. Considering an ensemble of randomly
oriented particles that form a macroscopically isotropic
and mirror-symmetric scattering medium, the number of
scattering phase matrix elements is reduced to six [28]:

PðΘÞ ¼

P11ðΘÞ P12ðΘÞ 0 0
P12ðΘÞ P22ðΘÞ 0 0

0 0 P33ðΘÞ P34ðΘÞ
0 0 �P34ðΘÞ P44ðΘÞ

0BBBB@
1CCCCA: ð10Þ

The scattering phase matrix is defined with respect to the
scattering plane, defined by the incident and the scattering
directions. Furthermore, it relates the Stokes vector ele-
ments linked to the two directions, specified with respect
to their reference planes [45]. In order to derive the Stokes
vector of the scattered electromagnetic wave S

!
sca with

respect to its plane of reference (plane containing the
scattering and the vertical directions) the incident Stokes
vector has to be transformed to the scattering plane so that
the scattering phase matrix multiplication can be carried
out. The scattered Stokes vector is given by:

S
!

sca ¼ Rð�η2Þ � PðΘÞ � Rðπ�η1Þ�
S
!

inc ¼ Zðθinc;φinc;θsca;φscaÞ: ð11Þ

Here Z is the transformation phase matrix that describes
the scattering procedure, η1 and η2 are the rotation angles,
and RðηÞ is the rotation matrix (see Fig. 2):

RðηÞ ¼

1 0 0 0
0 cos 2η � sin 2η 0
0 sin 2η cos 2η 0
0 0 0 1

0BBB@
1CCCA: ð12Þ

The rotation angles are computed from bkinc and bksca using
spherical trigonometry [45]:

cosη1 ¼
cosθsca� cosθinc � cosΘ

sinθinc � sinΘ
; ð13Þ

cosη2 ¼
cosθinc� cosθsca � cosΘ

sinθsca � sinΘ
: ð14Þ

The following relations are additionally used:

cos 2η¼ 2 � cos 2η�1; ð15Þ

sin 2η¼ 72 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� cos 2ηÞ

q
� cosη; ð16Þ

where η represents both η1 or η2. The sign depends on the
difference (φsca�φinc). When 0rðφsca�φincÞrπ, one
should use the “þ” sign. When 0rðφinc�φscaÞrπ, the
“�” sign should be used. Furthermore, one should take
limits when the denominator of Eqs. (13) and (14)
vanishes.



Z 

Y 

X 

k̂inc

k̂sca

η1

η2

φinc
φsca

Fig. 2. The geometry of anisotropic scattering: incident bkinc and scat-
tering bksca directions. η1 and η2 are the rotation angles, and φinc and φsca

are the azimuth angles of the incident and scattering directions,
respectively.
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For polarization problems, the transformation phase
matrix and not just the scattering phase function describes
the scattering behavior. However, the phase function is
used to obtain the scattering angle Θ and a randomly
chosen angle (between 0 and 2π) is utilized to derive the
scattering azimuth angle. The following correction is
applied:

S
!

sca ¼ P�1
11 � Z � S!inc: ð17Þ

Whenever a scattering event takes place,Θ is sampled from
the phase function, replacing the transformation phase
matrix Z with the reduced matrix P�1

11 �Z. This approach is
called importance sampling method [14,41,23].

SPARTA considers either Lambertian (isotropic) or
ocean surface as outlined [44]. Lambertian reflection
represents a surface, which reflects isotropically and
completely depolarizes the incident radiation. The angular
distribution of the reflected radiation is uniform and
independent of the incident direction and state of polar-
ization. Considering a surface albedo of aL, the corre-
sponding reflection matrix is given by:

r¼

aL 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0

0BBB@
1CCCA: ð18Þ

To consider anisotropic and polarizing ocean reflec-
tion, the code by Mishchenko and Travis [44] has been
implemented into SPARTA. It calculates the reflection
matrix for rough water surfaces utilizing the Fresnel
formulas. Shadowing effects are also implemented into
the SPARTA code [57].

In order to efficiently obtain accurate radiance calcu-
lations, the Local Estimate Method (LEM) has been applied
[14,41,42]. It accounts for the probability, p, that the pho-
ton is scattered into the direction of the sensor at each
scattering process, always considering the attenuation τ
along the photon path. In the vector approach, it is given
by:

p¼ Z θinc;φinc;θdet;φdet

� � � exp �τð Þ
cos ðθdetÞ

; ð19Þ

where θdet and φdet are the zenith and azimuth angles of
the detector (viewing direction, subscript “det”) respec-
tively. Dividing by cos ðθdetÞ accounts for the slant area in
the radiance definition.
3. Validation

SPARTA has been tested by comparison to benchmark
results, involving randomly oriented prolate spheroids
[58], as well as Rayleigh atmospheres and aerosol layers
[34]) with a black non-scattering surface [3]. In addition,
SPARTA has been validated within the model inter-
comparison project that the polarization working group of
the International Radiation Commission (IRC) launched
[22]. The performance of SPARTA in this intercomparison
was excellent, considering the noise of the Monte Carlo
technique in radiance calculations. The results were
obtained by individual Monte Carlo simulations. Therefore,
in this study, the performance of SPARTA is additionally
tested against exact results from numerical solutions of
the vector radiative transfer equation [46] and the tabu-
lated values from de Haan et al. [24]. In this way, the
accuracy of the model was quantified. Furthermore, its
ability to correctly describe effects due to isotropic surface
reflection was checked.

For molecular scattering SPARTA was validated against
data from Natraj et al. [46]. This data has been computed
utilizing a more sufficient approach to the representation
of the X and Y functions introduced in Chandrasekhar [13]
and Coulson et al. [15]. The values of the Stokes vector
involve a set of different optical thicknesses (0.02–1),
surface albedos (0–0.8), solar zenith angles θ0 and viewing
zenith angles θdet (0–88.85°), and relative azimuth angles
(azimuth angle between sun direction and viewing direc-
tion), ϕ¼φdet�φ0 (0–180°). In this work, the solar azi-
muth angle is set to zero and, therefore, ϕ¼φdet.

Four test cases were defined with special emphasis on
surface reflection, starting from an optically thin atmo-
sphere (τ¼ 0:02) to thicker cases (τ¼ 1). A concise
description of the test cases is given in Table 1, where
μ0 ¼ cos θ0 is the cosine of the solar zenith angle,
μdet ¼ cos θdet is the cosine of the zenith angle of the
detector, ϕ is the relative azimuth angle, αL is the surface
albedo, and TOA and BOA refer to the output altitudes, top
of the atmosphere and bottom of the atmosphere,
respectively.

Simulations were conducted for homogeneous, plane-
parallel, Rayleigh layers; molecular absorption was not
considered. The Rayleigh scattering phase matrix is given
without the depolarization factor and is shown in Fig. 3.
The number of photons used for all test cases in the vali-
dation was 108.

In Fig. 4 results for Case 1 are presented, which is a test
for appropriate surface reflection. The three left panels
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correspond to the normalized Stokes vector for the diffuse
upward radiation at the TOA. The three right panels depict
the relative differences in percent of SPARTA results for the
Stokes vector as related to the benchmark results. Note
that the fourth Stokes parameter is zero for molecular
scattering, and it disappears at relative azimuth angles of
0° and 180°. The absolute value of the relative differences
is less than 0.045% for I, and up to 0.076% for Q and U. The
comparison for the Case 1 confirms that the Lambertian
surface has been implemented correctly.

The results for the test Cases 2–4 are illustrated in
Figs. 5–10. They compare the Stokes parameters for the
diffuse radiation for both the BOA and the TOA for two
solar zenithal angles (0° and 36.87°), and two RRA (0° and
90°) in the principle plane. The relative differences are less
Table 1
Test cases for comparison between SPARTA and the tabulated values by
Natraj et al. [46] for pure molecular scattering. Where τ is the optical
thickness, μ0 is the cosine of the solar zenith angle, μdet is the cosine of
the zenithal angle of the detector, ϕ is the relative azimuth angle, αL is the
surface albedo, and TOA and BOA refer to the output altitudes, top of the
atmosphere and bottom of the atmosphere, respectively.

Case τ μ0 μdet ϕ αL Altitude

1 0.02 0.92 0.4 Almucantar 0.00, 0.25, 0.80 TOA
2 0.10 0.80 Principle 90 0.00, 0.25, 0.80 TOA, BOA
3 0.50 0.80 Principle 90 0.00, 0.25, 0.80 TOA, BOA
4 1.00 1.00 Principle 0 0.00, 0.25, 0.80 TOA, BOA

Fig. 3. Scattering phase matrix elements for the aerosol and two different mole
ization factor was set to zero and for the second, the number 0.0279 was adop
than 70.15% for I and less than 70.18% and 70.05% for Q
and U for all test cases.

de Haan et al. [24] report benchmark results using the
adding and doubling approach, where a set of two scat-
tering problems has been investigated. The first scattering
case considers a homogeneous plane-parallel atmosphere
with a layer of water-haze droplets, optical thickness of 1,
above a black surface. They selected the haze droplets
introduced in Deirmendjian [18], whose scattering phase
matrix expansion coefficients have been provided by de
Rooij and van der Stap [17], also used by Brown and Xie
[7]. The second case includes an inhomogeneous atmo-
sphere with an optical thickness of 0.6, which is composed
of two homogeneous layers and a Lambertian surface
albedo of 0.1. The upper layer consists of only molecules
(no absorption) with an optical thickness of 0.1. The lower
one consists of a mixture of haze droplets and molecules
with an optical thickness of 0.4 and 0.1 respectively.

To consider Rayleigh scattering, the full scattering
phase matrix representation has been used, see Eq. (20)
and Hansen and Travis [25], Emde et al. [23], whereby a
depolarization factor (δ) of 0.0279 was selected, that cor-
responds to air molecules [13]. The scattering phase matrix
elements for both particles are shown in Fig. 3.

P Θ
� �¼ 3

3þΔ

1þΔ � cos 2 Θ �Δ � sin 2 Θ 0 0
�Δ � sin 2 Θ Δ � ð1þ cos 2 ΘÞ 0 0

0 0 2Δ � cos Θ 0
0 0 0 ð3Δ�1Þ � cos Θ

0BBBB@
1CCCCA;
cular scattering cases. For the first Rayleigh scattering case, the depolar-
ted, which represents air.



Fig. 4. Comparison between SPARTA and the tabulated values by Natraj et al. [46] for Case 1, test for surface reflection. Optically thin atmosphere (τ¼ 0:02),
μ0 ¼ 0:92, and ϕ¼ 901. Left: normalized Stokes vector at the TOA (line – Natraj, circles – SPARTA). Right: relative differences in percent of SPARTA as
correlated to the benchmark results.
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where

Δ¼ 1�δ
1þδ

: ð20Þ

The comparison between the tabulated values by de Haan
et al. [24] and those calculated by SPARTA are compiled in
Tables 2–5. They show the Stokes parameters for the
reflected diffuse radiation at the TOA. The errors corre-
spond to two standard deviations (2σ), resulting from 10
individual simulations.

The relative differences of SPARTA for all the components
of the Stokes vector as compared to the tabulated values
have been also computed. Values of the Stokes components
close to zero are left out as they can artificially lead to large
relative difference. For the homogeneous case, the absolute
relative differences are less than 0.096% for the first Stokes
element, less than 0.39% for Q, and up to 0.45% for U. The
absolute relative differences for the inhomogeneous scat-
tering case are less than 0.056% for the first Stokes element,
0.64% for the second Stokes element, and 0.008% for the
third element. For V, the absolute values of the relative
differences for both the homogeneous and inhomogeneous
scattering are 2.71% and 1.55% respectively (values below
0.00005 were ignored). This is due to the fact that in the
Monte Carlo method results are always subject to statistical
uncertainty. The smaller the value of the Stokes vector, the
larger the notable Monte Carlo noise. In order to ameliorate
such noise and precisely determine V, more than 1010 pho-
tons should be used for the simulations (increasing com-
putation time) or variance reduction techniques should be
implemented (truncation techniques, [51,8]). Variance



Fig. 5. Comparison between SPARTA and the tabulated values by Natraj et al. [46] for Case 2, for τ¼ 0:1, μ0 ¼ 0:8, and ϕ¼ 901. Left: normalized Stokes
vector at the TOA (line – Natraj, circles – SPARTA). Right: relative differences in percent of SPARTA as correlated to the benchmark results.

V. Barlakas et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 178 (2016) 77–92 83
reduction techniques may speed up simulations; however,
they are not based on physics.

The comparisons demonstrated that SPARTA can han-
dle multiple scattering and surface reflection with high
accuracy and is capable of calculating polarization
radiances for different atmospheric conditions.
4. Application of SPARTA

Solar radiative transfer simulations for lidar-measured
fields of optical properties of Saharan dust have been
performed in order to quantify the effects induced by
neglecting the inhomogeneity effect in radiance and
polarization simulations. Polarization radiance fields in 2D
and 1D inhomogeneous Saharan dust plumes have been
calculated at 532 nm wavelength.

4.1. Measurement cases

Two case studies have been investigated. Case 1 is
related to the measurements in the night from 3 to 4 June
2008, during the second phase of the SAharan Mineral
dUst experiMent (SAMUM) [2,55]. The SAMUM project
was divided into two sub-experiments, namely SAMUM-1
(Morocco, 2006) and SAMUM-2 (Cape Verde, 2008). The
aim of the SAMUM-1 was the investigation of the micro-
physical, chemical, optical, and radiative properties of the
mineral dust particles in the area close to the major
Saharan source region [26]. SAMUM-2 focused on the
characterization of Saharan dust after substantial long-



Fig. 6. Comparison between SPARTA and the tabulated values by Natraj et al. [46] for Case 2, but for the normalized Stokes vector at the BOA.
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range transport [2]. Case 2 considered the nighttime
measurements of 23 May 2013, from the 1-month (April–
May 2013) trans-Atlantic cruise (from the Caribbean to the
west coast of Africa) of the research vessel METEOR [32].
The focus of this field experiment is to determine the
Saharan Air Layer along its major transport route [49,32].

The lidar measurements of extinction coefficients at
532 nm wavelength for the two measurement cases are
illustrated in Figs. 11 and 12. They correspond to the
height-time lidar profile in terms of the 5 and 2.3 min
averaged extinction coefficient in inverse Megameters
(Mm�1). The observations on 3–4 June 2008 record two
distinct dust layers as outlined by Tesche et al. [55]. A thin
dust layer between 1 and 2 km and an elevated thicker
layer between 3 and 5 km separated by a transition layer
(close to clean air, but not particle-free). The lidar mea-
surements also indicate a pure Rayleigh atmosphere above
5 km and a marine boundary layer (MBL) that is lifted to
about 1 km height. On 23 May 2013 the measured data
indicate a well defined dust plume that stretched from
0.7 to 4.8 km height with maximum extinction coefficients
of 340 Mm�1. A MBL and a layer consisting of molecules
only are documented below and above the dust layer.
Further information about the later test case can be found
in Kanitz et al. [32].

4.2. Molecular and aerosol scattering properties

The 2D fields of extinction and scattering coefficients,
single scattering albedo and scattering phase matrix of the
inhomogeneous Saharan dust were constructed on the
basis of the lidar measurements sharing the geometrical
and optical properties of dust plumes. The height-time
lidar aerosol extinction profiles (including molecular
extinction) were converted into vertically integrated
optical thickness (see Fig. 13). The model domains were



Fig. 7. Comparison between SPARTA and the tabulated values by Natraj et al. [46] for Case 3, for τ¼ 0:5, μ0 ¼ 0:8, and ϕ¼ 901. Left: normalized Stokes
vector at the TOA (line – Natraj, circles – SPARTA). Right: relative differences in percent of SPARTA as correlated to the benchmark results.
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defined by 209�1�168 pixels with a size of 0.96 km
along the horizontal axis (overall �201.2 km), for the
SAMUM measurement case, and 70�1�1321 pixels with
a size of 2.06 km along the horizontal axis (overall
�144.6 km), for the METEOR measurement case. The
vertical length of the entire grid is about 10 km for both
scenarios, with a pixel size of 60 m and 7.5 m, respectively.

The Rayleigh scattering phase matrix was taken in the
analytical form (see Eq. (20)). The wavelength dependent
depolarization factor (δ¼ 0:0842 for λ¼532 nm) and the
scattering coefficients were computed using the formula-
tion given in Bodhaine et al. [5]. Molecular absorption was
parameterized with the LOWTRAN band model [48], as
adopted from the SBDART code [50]. For both scattering
and absorption coefficients a tropical model atmosphere
has been considered [1]. The aerosol microphysical
properties of the MBL correlate with water soluble parti-
cles for different relative humidity at 532 nm, according to
the sounding measurements (OPAC database, [27,23]).

For the dust scattering properties, the scattering phase
matrix data by Torge et al. [56] were used. This study draws
on research conducted on the measurements in the course
of the SAMUM project [31,47,30]. The optical properties of
dust particles have been calculated utilizing the MIESCHKA
code [59], which is a T-matrix code, for rather small spher-
oids with a size parameter of up to 40. For larger irregular
shaped particles (size parameter of up to 143), a ray-tracing
code [39] anchored in the geometric optics method has been
employed. Five particle sizes have been considered with an
effective radius ranging from 0.166 μm to 13.804 μm. A
detailed explanation of the methods used to model the



Fig. 8. Comparison between SPARTA and the tabulated values by Natraj et al. [46] for Case 3, but for the normalized Stokes vector at the BOA.
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scattering phase matrices of the mineral dust particles
(Fig. 14) is given in Torge et al. [56].

Fig. 14 illustrates the scattering phase matrix elements
for the five particle sizes and the mean scattering phase
matrix over all the sizes examined in this study.

The total scattering phase matrix Ptot(Θ) at each grid
box is derived by averaging the Rayleigh scattering phase
matrix, Pr(Θ), and the scattering phase matrix of dust
particles, Pd(Θ), weighted over their characteristic volu-
metric scattering coefficients (βr

sca and βd
sca for the indivi-

dual grid box):

Ptot Θ
� �¼ βr

sca � PrðΘÞþβd
sca � PdðΘÞ

βr
scaþβd

sca

; ð21Þ

Likewise, the total single scattering albedo is given by
the sum of the Rayleigh scattering coefficient and the
scattering coefficient of the aerosol particles divided by the
total volumetric extinction coefficient.

4.3. Monte Carlo simulations

Polarized radiative transfer simulations using SPARTA
were conducted for three different solar zenith angles (0°,
47°, and 70°), the same viewing directions, and a relative
azimuth angle of 0° above a Lambertian surface with
albedo αL ¼ 0:05, that corresponds to an ocean surface.
Besides, the number of photons was 109 so that the Monte
Carlo noise, resulting from the strongly peaked dust scat-
tering phase matrices (Fig. 14), is reduced.

The 2D normalized reflectance field was compared pixel
by pixel with the 1D to quantify the differences to the
domain average. Results for both case studies are presented
for the viewing zenith angle of 47°, where the observed



Fig. 9. Comparison between SPARTA and the tabulated values by Natraj et al. [46] for Case 4, for τ¼ 0:5, μ0 ¼ 1, and ϕ¼ 01. Left: normalized Stokes vector at
the TOA (line – Natraj, circles – SPARTA). Right: Relative differences in percent of SPARTA as correlated to the benchmark results.

Fig. 10. Comparison between SPARTA and the tabulated values by Natraj et al. [46] for Case 4, but for the normalized Stokes vector at the BOA.
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Table 2
Comparison between SPARTA and the benchmark results by de Haan et al. [24]. Stokes vector for a homogeneous layer of water-haze droplets in the
reflected diffuse radiation at the TOA. The cosine of the solar zenith angle is 0.5 and the cosines of the three viewing directions are μdet¼0.1, 0.5, 1.0. The
viewing zenith angles φdet are 0° and 30°. No ground reflection. The errors correspond to two standard deviations (2σ).

μ0¼0.5 μdet ¼ 0:1 μdet ¼ 0:5 μdet ¼ 1:0

de Haan SPARTA de Haan SPARTA de Haan SPARTA

φdet ¼ 01
I 1.10269 1.1033170.00070 0.31943 0.3195370.00010 0.03303 0.0330370.00003
Q 0.00460 0.0046170.00001 �0.00288 �0.0028870.00000 �0.00298 �0.0029870.00000
U 0.00000 0.0000070.00001 0.00000 0.0000070.00000 0.00000 0.0000070.00000
V 0.00000 0.0000070.00000 0.00000 0.0000070.00000 0.00000 0.0000070.00000

φdet ¼ 301
I 0.66414 0.6643870.00067 0.25209 0.2521570.00019 0.03303 0.0330470.00003
Q 0.00030 0.0003070.00001 �0.00144 �0.0014470.00000 �0.00149 �0.0014970.00000
U �0.00277 −0.0027670.00002 �0.00414 −0.0041470.00001 �0.00258 −0.0025870.00000
V 0.00004 0.0000470.00000 0.00002 0.0000270.00000 0.00000 0.0000070.00000

Table 3
As in Table 2 but the cosine of the solar zenith angle is 0.1.

μ0¼0.1 μdet ¼ 0:1 μdet ¼ 0:5 μdet ¼ 1:0

de Haan SPARTA de Haan SPARTA de Haan SPARTA

φdet ¼ 01
I 2.93214 2.9331470.00057 0.22054 0.2207570.00005 0.00929 0.0092970.00000
Q 0.00990 0.0098770.00000 0.00098 0.0009870.00000 �0.00082 �0.0008270.00000
U 0.00000 0.0000070.00000 0.00000 0.0000070.00000 0.00000 0.0000070.00000
V 0.00000 0.0000070.00000 0.00000 0.0000070.00000 0.00000 0.0000070.00000

φdet ¼ 301
I 0.76910 0.7696970.00015 0.13283 0.1329370.00003 0.00929 0.0092970.00001
Q �0.00376 �0.0037670.00001 0.00022 0.0002270.00000 �0.00041 �0.0004170.00000
U 0.00314 0.0031370.00000 �0.00053 −0.0005270.00000 �0.00071 −0.0007170.00000
V 0.00001 0.0000170.00000 0.00001 0.0000170.00000 0.00000 0.0000070.00000

Table 4
Comparison between SPARTA and the benchmark results by de Haan et al. [24]. Stokes vector for an inhomogeneous atmosphere of molecules and water-
haze droplets in the reflected diffuse radiation at the TOA above a Lambertian surface with an albedo of 0.1. The cosine of the solar zenith angle is 0.5 and
the cosines of the three viewing directions are μdet¼0.1, 0.5, 1.0. The viewing zenith angles φdet are 0 1 and 30 1. The errors correspond to two standard
deviations (2σ).

μ0¼0.5 μdet ¼ 0:1 μdet ¼ 0:5 μdet ¼ 1:0

de Haan SPARTA de Haan SPARTA de Haan SPARTA

φdet ¼ 01
I 0.53295 0.5332170.00017 0.20843 0.2085170.00006 0.09368 0.0937070.00003
Q �0.02834 �0.0283570.00004 �0.03630 �0.0363070.00002 �0.02416 �0.0241670.00001
U 0.00000 0.0000170.00004 0.00000 0.0000070.00001 0.00000 0.0000070.00000
V 0.00000 0.0000070.00000 0.00000 0.0000070.00000 0.00000 0.0000070.00000

φdet ¼ 301
I 0.41814 0.4182370.00016 0.18497 0.1850170.00007 0.09368 0.0936970.00002
Q �0.00006 �0.0000670.00004 �0.01965 �0.0196570.00002 �0.01208 �0.0120870.00001
U �0.07311 −0.0731170.00004 �0.04140 −0.0414070.00002 �0.02092 −0.0209270.00001
V 0.00011 0.0001170.00000 0.00004 0.0000470.00000 0.00000 0.0000070.00000
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effects are largest. Figs. 15 and 16 illustrate the relative dif-
ferences (RD) in percent between the 2D mode (horizontal
þ vertical photon transport) and the 1D mode (only vertical
photon transport), for the different sun positions as a func-
tion of the pixel number. The upper plots depict the first
Stokes component (I) and the lower plots the second com-
ponent (Q).
In Fig. 15, SAMUM case, the domain-averaged reflectivity
is almost identical for both the 1D and 2D calculations.
However, at the regions with large spatial gradient in optical
thickness, the radiance field of the 2Dmode differs by about
712.2% for I and 78.1% for Q from the field of the 1D
mode. Note that the use of periodic boundary conditions
employed in SPARTA may provide an artificial strong



Table 5
As in Table 4 but the cosine of the solar zenith angle is 0.1.

μ0¼0.1 μdet ¼ 0:1 μdet ¼ 0:5 μdet ¼ 1:0

de Haan SPARTA de Haan SPARTA de Haan SPARTA

φdet ¼ 01
I 0.52277 0.5229770.00007 0.10659 0.1066570.00002 0.02601 0.0260170.00000
Q 0.01151 0.0115070.00002 �0.00519 �0.0051970.00001 �0.01498 �0.0149870.00000
U 0.00000 0.0000070.00001 0.00000 0.0000070.00000 0.00000 0.0000070.00000
V 0.00000 0.0000070.00000 0.00000 0.0000070.00000 0.00000 0.0000070.00000

φdet ¼ 301
I 0.27630 0.2763970.00006 0.08363 0.0836670.00002 0.02601 0.0260170.00001
Q 0.03437 0.0343870.00002 0.00384 0.0038470.00001 �0.00749 �0.0074970.00000
U �0.01604 −0.0160570.00001 �0.01449 −0.0144970.00001 �0.01298 −0.0129870.00000
V 0.00003 0.0000370.00000 0.00002 0.0000270.00000 0.00000 0.0000070.00000

Fig. 11. Height–time display of lidar measurements during the SAMUM-2
field experiment in terms of the 2.3 min-averaged extinction coefficient.
Measurement example: Cape Verde, 3–4 June 2008.

Fig. 12. Height–time display of lidar measurements during the METEOR
cruise in terms of the 5 min-averaged extinction coefficient. Measure-
ment example: Cape Verde, 23 May 2013.

Fig. 13. Optical thickness at 532 nm for the SAMUM (red line) and
METEOR (black line) measurement cases. (For interpretation of the
references to color in this figure caption, the reader is referred to the web
version of this paper.)
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gradient, moving photons from the right region of the
domain to the left, leading to the largest differences
between the 1D and 2D. Increasing the solar zenith angle
the RD, as well as the range of RD are increasing because the
photon path length is increasing and, therefore, the number
of scattering events is increasing. The radiative effects are
more pronounced in I rather than in Q. In the same direction
are the findings for the METEOR case (see Fig. 16) for the
first Stokes component I, but the resulting RD are much
lower, less than 5.1%. For Q no increase of RD with an
increase of solar zenith angle was observed. RD range up to
3.1%. The smaller differences are explained by the lower
variability that is resolved by the larger horizontal pixel size,
and more importantly, by the lower gradient in optical
thickness (see Fig. 13).

The RD values and the locations of maxima and minima
follow the pattern of the optical thickness for both mea-
surement cases (Fig. 13).

These results are in line with those of Scheirer and
Macke [52], Benner and Evans [4], Di Giuseppe and
Tompkins [20], Cahalan et al. [9], and Torge et al. [56].
These authors concluded that the radiative effects due to
the neglect of the inhomogeneity effect are dominant in
areas with strong horizontal gradient in optical thickness.
5. Summary and conclusions

SPARTA (Solver for Polarized Atmospheric Radiative
Transfer Applications), a new 3D vector radiative transfer
model, has been introduced. SPARTA utilizes the statistical
forward Monte Carlo method for efficient column-
response pixel-based radiance calculation including



Fig. 14. Scattering phase matrix elements for the five different particle sizes and the mean scattering phase matrix elements over all the different sizes
considered for this study.

Fig. 15. SPARTA simulated reflectance field including polarization for the
SAMUM case at 532 nm: relative differences in percent between the 2D
mode (horizontal þ vertical photon transport) and the 1D mode (only
vertical photon transport) for three different solar zenith angles 0°, 47°,
and 70° at a viewing zenith angle of 47°. Upper: first Stokes element.
Lower: second Stokes element.

Fig. 16. The same as in Fig. 15 but for the METEOR case.
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polarization effects for 3D inhomogeneous cloudless and
cloudy atmospheres. SPARTA is going to be a freely avail-
able, user-friendly model. The importance sampling
method implemented in the model has proven to be an
efficient approach to calculate scattering directions. In
order to reduce the noise in radiance calculations for
strongly peaked scattering phase matrices the Local Esti-
mate Method has been applied.

SPARTA has been tested for black surfaces by compar-
ison to benchmark results for different atmospheric con-
ditions [3]. It took part in the International Radiation
Commission (IRC) polarized radiative transfer model
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intercomparison [22]. In this work, the accuracy of the
code was tested for Lambertian surface reflection. Valida-
tions of the model output have been carried out against
the tabulated values by Natraj et al. [46] and de Haan et al.
[24]. Overall, the comparisons demonstrated that the
performance of SPARTA is excellent. All deviations found
for the last component of the Stokes vector for the highly
asymmetric scattering phase matrices can be explained by
the noise of the Monte Carlo technique in radiance calcu-
lations. The noisiness of the signal is a function of the
number of photons. Increasing the selected number of
photons could diminish the noise.

By means of SPARTA a study has been carried out to
investigate the polarization radiative effects due to the
neglect of dust plume inhomogeneities in radiative trans-
fer simulations. Polarized radiance fields in 2D and 1D
inhomogeneous Saharan dust fields have been calculated
at 532 nm wavelength. The domain-averaged normalized
radiances of reflection are insignificant between the 1D
and 2D modes. However, local deviations are observed
since extinction is hinge on horizontal spatial variability. In
the areas with large spatial gradient in optical thickness,
the radiance fields of the 2D scenario differ about 712.2%
for I and 78.1% for Q from the fields of the 1D scenario.

In this paper, results are presented only for two lidar-
based measurement cases. Future work should aim at
developing correction schemes that account for observable
gradients of optical thickness in the dust fields. Moreover,
further research should be conducted in order to explore
the polarization radiative effects in 3D realistic mineral
cloud schemes.
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