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INTRODUCTION

Remote sensing of atmospheric aerosol from space is a compara-
tively new technique emerged with the development of satellite
technology in the second half of the last century (Lee et al,
2009; Kokhanovsky, 2013). The atmospheric aerosol influences
air quality and relevant for climate change studies. It also serves as
an important source of iron for ocean. Therefore, it has an effect
on the ocean bio-productivity. It is believed that the increase in
the aerosol production due to human activities has reduced the
possible high rise in ground temperatures due to increase in the
concentration of greenhouse gasses. It also means that more effec-
tive and clean production chains and technologies will reduce the
aerosol vertical load thereby increasing the climate warming sig-
nal. The aerosol can also influence local weather modifying cloud
properties and rain probability.

Therefore, there is a great interest in understanding the global
atmospheric aerosol, its sources, transport, and deposition. The
global properties of aerosol can be understood only using satellite
observations.

Abbreviations: 3MI, Multi-viewing Multi-channel Multi-polarization Imager
(EUMETSAT mission); ACE, Aerosol-Cloud-Environment (Tier 2 NASA
Decadal Survey mission); ADEOS, ADvanced Earth Observing Satellite (JAXA
satellite series); AirMSPI, Airborne MSPI; DPC, Directional Polarimetric
Camera; EUMETSAT, European Meteorological Satellite (organization); GRASP,
Generalized Retrieval of Aerosol & Surface Properties; GCOM, Global Change
Observation Mission (JAXA satellite series); JAXA, Japanese space agency;
JPL, Jet Propulsion Laboratory (NASA Center); LOA, Laboratoire d’Optique
Atmosphérique (CNRS research unit at Université Lille 1); MSPI, Multiangle
SpectroPolarimetric Imager; NASA, National Aeronautics and Space Agency;
PARASOL, Polarization and Anisotropy of Reflectances for Atmospheric Science
coupled with Observations from a Lidar; POLDER, Polarization and Directionality
of Earth Reflectance; RSP, Research Scanning Polarimeter; S-GLI, Second
generation GLobal Imager; SRON, Netherlands Institute for Space Research.

In this paper the algorithms to retrieve atmospheric aerosol properties using spaceborne
observations are reviewed. The main focus is on the algorithms based on simultaneous
measurements of the intensity and degree of polarization of reflected solar light at the
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Lazarev et al. (1987) gave a comprehensive overview of the
first instrumental observations of the Earth (aerosols, clouds, etc.)
from manned spacecrafts. The first detection of aerosols from
an un-manned spacecraft was achieved by the Multi Spectral
Scanner (MSS) onboard the Earth Resources Technology Satellite
(ERTS-1) (Griggs, 1975; Fraser, 1976; Mekler et al., 1977) and
the first operational aerosol products were generated from the
TIROS-N satellite launched on 19 October 1978. In these first
investigations the intensity of backscattered solar light has been
used to assess the amount of atmospheric aerosol suspended in
atmosphere. Griggs (1975) was the first to derive the aerosol
optical thickness from satellite measurements. Initially, only spec-
tral measurements have been used. However, the subsequent
studies (Mishchenko and Travis, 1997; Mishchenko et al., 2007;
Kokhanovsky et al., 2010a) have shown the importance of
multi-angular spectral measurements of both intensity and
polarization characteristics of the reflected solar light. Several
groups (see Kokhanovsky and de Leeuw, 2009; Dubovik et al.,
2011; Hasekamp et al., 2011) have applied their algorithm to
the Polarization and Directionality of the Earth’s Reflectances
(POLDER) and Research Scanning Polarimeter (RSP) data. The
retrievals have shown that the quality of the aerosol products is
essentially improved, if not only intensity but also multi-angular
measurements of the backscattered solar light polarization are
analyzed. The task of this paper is to review current aerosol
retrieval techniques based both on intensity and polarization of
reflected light measurements.

AEROSOL MICROPHYSICAL AND OPTICAL PROPERTIES

Atmospheric aerosol is composed of liquid and solid particles
suspended in air (Hinds, 1999). They can be of different origin
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including solid or liquid particles wind-blown from the surface
(e.g., sea salt and road dust), the particles produced in atmosphere
due to aerosol nucleation bursts, particles emitted by industry,
or even particles of a cosmic origin (debris of meteorits, etc.).
The particles can be composed of organic and inorganic mat-
ter. Depending on the season and location, biological aerosols
(spores, fungi, etc.) can dominate the total aerosol mass concen-
tration. Usually aerosol particles are homogeneously mixed in
the atmospheric boundary layer. However, in some cases (dust
outbreaks, volcanic eruptions, fires, and industrial plumes) the
concentration of aerosol particles is at maximum at a certain
height (or heights) above the ground.
The aerosol properties of interest are:

- the vertical distribution of aerosol concentration Ny(z)(m=3),
where z is the vertical coordinate,

- the aerosol columnar concentration N =
57" No (2) dz (m™?), where zgox is the position of the
top-of-atmosphere (TOA),

- the aerosol chemical composition, type, and the aerosol refrac-
tive index,

- the aerosol size distribution, the shape and internal structure of
the particles.

The aerosol optical properties such as the aerosol extinction and
absorption coefficients, aerosol single scattering albedo (SSA),
and aerosol phase matrix (PM) are of interest as well.

The complete characterization of the atmospheric aerosol
requires the knowledge of the spatial distribution of the aerosol
concentration Ny (7), the aerosol size distribution f (4, 7), the par-
ticulate matter shape/internal structure distribution, and chemi-
cal composition (e.g., the spectral complex refractive index m(F)).
Here 7 is the vector signifying the position of the particle in the
atmosphere and 4 is the vector-parameter of geometrical dimen-
sions of particles (e.g., the semi-axis of the ellipsoids or the radius
for spheres). These parameters can be used to calculate the aerosol
optical properties. The aerosol optical thickness (AOT) 7 can be
found from the following relationship:

Z2TOA

j N(z) j Coxt(a, 2)f (a, 2)dadsz. (1)
0 0

T =

Here C, is the extinction cross section of the aerosol parti-
cle with the radius a. An important fact is that AOT can be
directly measured from the ground using sunphotometers. Many
satellite aerosol retrieval algorithms focus on the AOT deter-
mination using reflected solar light as detected on a satellite
(Kokhanovsky and de Leeuw, 2009). Clearly, the intensity of the
reflected solar light is influenced not only by AOT but also by
aerosol phase function (PF)/phase matrix, the single scattering
albedo, and underlying surface reflectance (USR). Therefore, the
retrieval algorithms are often based on the assumptions with
respect to the SSA, USR, and PF/PM. The ultimate goal is to
develop the algorithm, which retrieves not only AOT but also SSA,
PF/PM and underlying surface characteristics. This can be done
successfully only using multi-angular polarimetric measurements

(Kokhanovsky et al., 2010a; Knobelspiesse et al., 2012) performed
at several wavelengths (e.g., from the UV to NIR).

To simplify the solution of the inverse problem, it is usually
(but not always!) assumed that the atmospheric aerosol is homo-
geneously distributed in the boundary layer (say, 1 km depth) and
composed of two fractions (fine mode with the mode radius ag
around 0.1 pum and coarse mode with the mode radius around
1 wm). It is assumed that each mode is characterized by the spec-
tral complex refractive index m (my for the fine mode and m,
for the coarse mode). The particle size distribution for the both
modes is assumed to be lognormal:

1 e N
f(a)_x/ﬂase)(p< 2s? fn [aoD’ @

where s is the half-width parameter. The distribution is broader
for larger values of s. The effective radius a,r and the effective vari-
ance v, of particle size distribution are related to ap and s with the
following equations (Kokhanovsky, 2006): a,s = ap exp (2.55%),
Vef = €xXp (s2) — 1.

The parameters for the inverse problem solution are 4y, s, and
the column number density of particles N in both modes. One
needs to derive 6 parameters to characterize aerosol microstruc-
ture plus spectral complex refractive index m = n — ik for both
modes. This is already quite a complex problem even if all parti-
cles are assumed to be spherical. Simultaneously with the aerosol
state vector (ASV) ?(ao, s, N, n, k) (for both modes), the under-
lying surface spectral reflectance must be retrieved or eliminated
(e.g., the use of spectral ratios, etc.).

In the assumption that the aerosol is distributed in a single
homogeneous layer of a geometrical thickness L and has two
modes (fine, coarse), we derive from Equation (1):

T =N((1—¢) f Cext.c(a, 2)f.(a, 2)da
0

+¢r [ Cousla, 2)ff(a, 2)da) = e+ 7. (3)
0

Here ¢ = Ny/N is the fine mode fraction, Ny is the columnar
number density of particles in the fine mode, T¥ and 1, are AOTs
for the fine and coarse modes, respectively. Because the bound-
ary layer thickness is generally not known, only the total surface
aerosol concentration N = NyL can be retrieved. The value of
Np can be found only if the boundary layer height is known in
advance. The aerosol mass concentration can be derived from the
following relationship: M = N, where = pv is the average
mass of an aerosol particle and v is the average volume of particles,
p is the density of aerosol matter.

THE AEROSOL RETRIEVAL ALGORITHMS BASED ON THE
MEASUREMENTS OF THE STOKES VECTOR OF REFLECTED
SOLAR LIGHT

There are several retrieval algorithms based on the measurements
of the Stokes vector of reflected solar light §(I ,Q, U, V) at sev-
eral observation angles and spectral channels. They differ with
respect to the general methodology (the use of pre-calculated
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look-up-tables, on-the-fly radiative transfer calculations, the
selection of the inversion method (statistical roptimization, opti-
mal estimation, etc.), the selection of input and output data, a
priori assumptions, and the ways to deal with generally unknown
underlying surface reflectance. Usually the Normalized Stokes
Vector (NSV) 5(r, q, u, v) = ng(l, Q, U, V)/Eyuo is used in the
retrievals. It has the following components: r = wI/Eyg, q =
7w Q/Eoio, u = U/Eog, v=mV/Eouo. Here g is the cosine
of the solar zenith angle, Ej is the extraterrestrial solar flux on the
unit area perpendicular to the incident solar beam, Q = I; — I,
(I1, Ir are reflected intensity components parallel and perpendic-
ular to the meridional plane containing the normal to the layer
and viewing direction), U = +/I|I; cos 8, V = 4/T]I, sin §, § is the
phase difference between the electric vector components along
two perpendicular axes (Perrin, 1942). It should be pointed out
that the value of v = 7V /Eyuo is very small in the terrestrial
atmosphere (see Kokhanovsky et al., 2010b) and, therefore, is not
used in the retrievals. Sometimes the third Stokes vector com-
ponent is used in the aerosol retrievals (Dubovik et al., 2011),
sometimes—not (Knobelspiesse et al., 2011a). This is due to the
fact the value of u is usually a small number and can be actu-
ally expressed via g, if the measurements are transferred to the
scattering plane (Schutgens et al., 2004). Therefore, most of infor-
mation on the aerosol comes from the measurements of r and ¢
in the retrieval process. The value of r is positive by definition
and q is the signed quantity being negative for the case of oscilla-
tions of the electric vector perpendicular to the meridional plane
containing the normal to the scattering layer and the observation
direction. The value of g makes more effective use of the observed
neutral points as compared to the so-called polarized reflectance
defined as p = /q* + 2.

The satellite aerosol retrieval algorithms have been developed
specifically to process data from existing satellite and airborne
spectropolarimeters (see Table 1). The ground-based and ship-
based measurements of the Stokes vector of the transmitted light
are used to characterize atmospheric aerosol as well.

The summary of the algorithms is given in Table 2. The aerosol
products are presented in Table 3. The algorithms and respective
products are discussed in the next sections.

THE GRASP ALGORITHM

The GRASP algorithm has been developed at Lille University
(LOA) and published by Dubovik et al. (2011). The retrieval
of aerosol properties is based on the POLDER measurements
and rigorous statistical optimization. The algorithm fits the
complete set of POLDER/PARASOL observations (see Table 1)
in all spectral channels (except 763, 765, and 910 nm dominated
by gaseous absorption) for up to 16 observation geometries
including both measurements of total radiances and linear
polarization (degree of linear polarization and the orientation
of the plane of polarization with respect to the meridional
plane). The retrieval parameters are the aerosol volume size
distribution (in bins), the total volume concentration of aerosol,
the complex aerosol refractive index (assumed to be the same
for both modes), mean height of aerosol layer, and the fraction
of nonspherical scatterers. Then these retrieved parameters are
also used to calculate the total aerosol optical thickness, single

scattering albedo and aerosol phase matrix. In addition, the
surface reflectance parameters are also retrieved simultaneously
with aerosol properties. The retrieval is designed as a rather elab-
orated fit providing statistically optimized solution. A number
of a priori constrained are used including smoothness limitation
on variability of size distribution and on spectral variability of
all retrieved spectrally dependent parameters (complex refrac-
tive index and all spectrally dependent parameters of surface
reflectance models). In addition, a new multi-pixel retrieval
concept was realized in the algorithm: a simultaneous statistically
optimized fitting of a large group of pixels within one or several
images. Such, multi-pixel retrieval regime takes an advantage
from known limitations on spatial and temporal variability in
both aerosol and surfaces properties. Specifically the pixel-to-
pixel or day-to-day variations of the retrieved parameters are
enforced to be smooth by additional a priori constraints. This
new concept is expected to provide retrieval of higher consistency
for aerosol retrievals from satellites by enriching the retrieval
over each single scene by co-incident aerosol information from
neighboring pixels and also from the information about surface
reflectance (over land) obtained in preceding and consequent
observations over the same scenes. The algorithm is not based on
look-up-tables. Instead it relies upon the direct radiative transfer
(RT) calculations of various parameters and their derivatives.
It is assumed that the aerosol vertical distribution follows the
Gaussian law with the fixed half-width. The position of aerosol
layer is derived during the inversion as well.

THE SRON ALGORITHM
The SRON algorithm (Hasekamp et al., 2011) derives the fol-
lowing parameters: the effective radius, the effective variance, the
refractive index (assumed to be spectrally neutral) in both modes
and also AOTs for the fine and coarse modes. The algorithm
fits POLDER observations at selected wavelengths and observa-
tion geometries simultaneously. The algorithm is based on direct
radiative transfer calculations during the retrieval process. The
derivatives are calculated using the solution of the adjoint radia-
tive transfer equation. The Tikhonov regularization method is
used in the retrieval process.

In particular, the following equation is used in the retrieval
process:

Xni1 = AGb+ A%, + (1 — A)X,, (4)

where X, = Wx,,, X, = Wx,, x is the vector of unknowns to
be found, x, is the a priori vector of unknowns, W is the
diagonal weighting matrix with the elements Wj; = 1/x,;, b =
S, v 2(ymea5 — Ymod(Xn))> Ymes 1s the vector containing results of
measurements (e.g., Stokes vector of reflected light at several
wavelengths and observation directions), y,04 is the vector con-
taining the modeling results at a given value of the vector of
unknowns in the n-th iteration x,,, S; 12 is the diagonal measure-
ment error covariance matrix, which contains the measurement
error estimate, G = (K'K 4 yI)~'K7, I is the unity matrix, y
is the regularization parameter, A=GKK = S; V2w “LA=
(1+ ¢)~L. The filter parameter ¢ is equal to 15 on the first
iteration step. Then the update of the state vector is small (see
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Table 1| The characteristics of airborne and spaceborne polarimeters (the index “p” means that the measurements of I, Q, U are performed at

a given spectral channel).

The instrument Spectral range Spectral channels, nm Swath, km Comments References
POLDER/ 443-1020 nm 443, 2400 There were three slightly Deschamps et al., 1994
PARASOL 490p, different POLDER
(satellite), 565, instruments (also
CNES 670p, POLDER-1, POLDER-2

763, on ADEQOS-1, 2) with up

765, to 16 viewing zenith

865p, angles for the same

910, scene, spatial resolution:

1020 6*7 km
RSP 412-2250nm 412, - The numbers in brackets Cairns et al., 2010
(airborne), 469 (443), signify the respective
NASA 555, channels of APS (on

672, board of the failed

865, satellite mission GLORY),

1590(1610), 152 viewing directions

2250 with the interval of 0.8°
AirMSPI 355-935nm 355, - Diner et al., 2013
(airborne), 380,
JPL/NASA 445,

470p,

555,

660p,

865p, 935
MSPI(NASA ACE 365-2185nm 365, 7 observation angles, Diner et al., 2013
mission, one of 385, spatial resolution:
possible candidates), 445p, 0.125-2.2 km
JPL/NASA 540,

645p,

762.5,

865p,

1617p,

1875,

2185p
S-GLI(G-COM 380-2210nm 380 1150 3 observation angles, Nakajima et al., 2010
satellite, planned 10.8um, 12 um 412 spatial resolution:
(2016)), JAXA 443 0.25-1km

490

530

565

670p

763

865p

1050

1380

1630

2210

10.8pum, 12pum
DPClairborne), 490-865nm 490p - 6 observation angles Cheng et al., 2011
CAS 665p

865p

(Continued)
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Table 1| Continued

The instrument Spectral range Spectral channels, nm Swath, km Comments References
3MI(METOP satellite 410-2130 nm 410p 2200 Up to 14 observation
planned (2021)), 443p angles, spatial Marbach et al. (2013)
EUMETSAT 490p resolution:4 km (except the recent
555p substitution of channel
670p at 754 nm by that at
763 765 nm)
765
865p
910
1370p
1650p
2130p

Table 2 | The current aerosol retrieval algorithms based on the measurements of the intensity and polarization of backscattered light.

Method of the inverse
problem solution

Algorithm Instrument

References

Comments

LOA-GRASP POLDER Statistical optimization

Dubovik et al., 2011

The method works both over land and ocean. It can be
used to retrieve the aerosol volume size distribution. It is
assumed that the refractive index is the same for coarse
and fine modes, which is actually often not the case for real
world aerosol. The aerosol height is assessed

SRON POLDER Optimal estimation

201

Hasekamp et al.,

The method retrieves the fine and coarse mode lognormal
size distribution parameters (effective radii and variances). It
is assumed that the retrieved refrective index is different for
both modes and spectrally neutral. Currently, the retrievals
can be performed only over the oceanic surface. The first
guess solution is generated using look-up-table approach

JPL MSPI Optimal estimation

Xu et al., 2012

The method retrieves the same parameters as above. It is
assumed that the refrective index is different for both
modes and also it depends on the wavelength

GISS RSP Optimal estimation

Wagquet et al., 2009

The retrieval parameters are the same as in the SRON
algorithm plus the aerosol pressure level is retrieved

LOA-LUT POLDER Look-up-tables

Herman et al., 2005

Spectral aerosol optical thickness and Angstroem exponent
are retrieved

Kinki University S-GLI Look-up-tables

Sano et al., 2009

Spectral aerosol optical thickness and Angstroem exponent
are retrieved

Equation 4). The parameter ¢ is increased or decreased follow-
ing an empirically found scheme similar to Levenberg-Marquardt
strategies during the iterations (Rodgers, 2000).

Only the Stokes vector at 490, 670, 865, and 1020 nm is used
in the retrieval process. The LUT constructed for 48 models for
the fine mode and 2 models for the coarse mode is used to get
the first guess of the solution. The 48 aerosol models are prepared
assuming the effective radii 0.05, 0.1, 0.2, 0.3 (4 radii), the effec-
tive variance of 0.19, the real part of the refractive indices 1.35,
1.45, 1.55, and 1.65 (4 cases), and the imaginary part of refractive
index equal to 0.001, 0.02, 0.1. The two aerosol models for the
coarse mode components are given as (2.0, 0.43, 1.55, 0.00128)
and (1.0, 0.43, 1.39, 0.0001) (in terms of the vector-parameter

-

f(aef, vef, n, i) assuming the spectrally neutral complex refractive
index).

The underlying surface reflectance is retrieved during the
inverse problem solution as well.

THE LOA LUT ALGORITHM

Underlying surface: ocean

The LOA LUT algorithm (over ocean) was presented by Deuzé
et al. (2000). It relies on LUTs built for 12 aerosol models: for
the three values of m and four values of the Angstrom expo-
nent « (0.0, 0.3, 0.8, 1.4). It is assumed that the light absorption
by aerosol particles is weak and can be neglected, which is a
good approximation for the marine aerosol in the visible. The
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Table 3 | The aerosol products.

Aerosol products Symbols Units or flags Comments
AEROSOL HEIGHT AND MICROPHYSICS
1.1 Aerosol height H km From g at the wavelengths 410 nm/865 nm
and from the ratio of reflectances at the
wavelengths 763, 765 nm
1.2 Aerosol type T 1-marine The mixed aerosol type can be a mixture
2-continental of any types of aerosols
3- polluted
4-smoke
5-dust
6-volcanic ash
7-mixed
1.3 Effective radius and half width parameter def s Vef wm Most probable value of aef:
for fine, coarse, and total PSD 0.1-4um
1.4 Parameters of lognormal distribution for aop, S wm The parameter s has no dimension
fine and coarse modes
1.5 Columnar aerosol concentration for fine N —2
and coarse modes
1.6 Columnar aerosol mass M gm—2 M=N < m>, <m > is the average
mass of particles, m = pv, vis the
average volume of aerosol particles, p is
the density of particles
AEROSOL OPTICAL PROPERTIES
2.1 Spectral aerosol optical thickness T Most probable value: 0.05-1.0
2.2 Phase matrix/function ,‘5((9) /p(©)
2.2 Single scattering albedo o Most probable value: 0.8-1.0
2.3 Complex spectral refractive index m=n-—ik Most probable value: (1) n = 1.34-1.64;
(2)k = 0-0.03
2.4 Angstroem exponent o Most probable value: 0.0-1.3
2.5 Asymmetry parameter g Most probable value: 0.5-0.8

Angstrom exponent is calculated at s = 0.864 and the values of
ag, which are functions of m, for the monomodal aerosol size dis-
tribution. The LUT is calculated at the values of AOT at 865 nm
equal to 0.075, 0.15, 0.3, and 0.6 for various solar zenith angles,
relative azimuths, and viewing zenith angles. The computations
are performed with the successive order of scattering method
taking into account molecular scattering, aerosol scattering, and
specular reflectance from the sea surface according to the Cox and
Munk (1954) model with the constant wind speed of 5m/s. The
molecular scattering is estimated according to standard atmo-
sphere, and the aerosol and molecules are distributed according
to the exponential density profiles with 2 and 8 km scale heights,
respectively. Deuzé et al. (2000) have reported the differences
up to 3% between the cases of a homogeneous and vertically
inhomogeneous atmospheres (1% for the polarized radiance).
Therefore, the accurate retrievals require a priori information on
the aerosol vertical profiles (or the determination of the profiles
during the retrieval process).

During the retrieval process the radiance and polarized radi-
ance measurements at the wavelengths 670 and 865 nm, where
water leaving radiance can be neglected, are compared with the
theoretical radiances of the LUT until the best fit obtained for all
observation geometries. This provides the parameters «, t for the
best fit, which serve as an output for the algorithm.

The modification of the algorithm using a nonspherical parti-
cle model was reported by Herman et al. (2005). They have used
the bimodal size distribution instead of a mono-modal size distri-
bution as it was done in the first version of the algorithm. For each
N-+M fine and coarse modes, the LUT was constructed for differ-
ent values of AOTs at the wavelengths 670 and 865 nm, where the
contribution of the water leaving radiance can be neglected. The
Stokes vector corresponding to the mixture of fine (f) and coarse
(¢) modes are represented as a linear combination of the Stokes
vectors for fine and coarse modes:

S= yfgf + (1 — J/f)_gu (5)
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where y; = 77/7. This reduces the size of LUTs because only the
values of the Stokes vector for M fine mode and N coarse mode
fractions must be stored and not their various combinations. The
approach is an approximate one and strictly valid only in the
case of single scattering. Usually, the aerosol optical thickness
over ocean is low and the approach is well justified. The accuracy
of approach depends on the number of fine and coarse modes.
Herman et al. (2005) used 9 coarse modes and 33 fine modes. The
couple (fine and coarse), which gives the best residual A between
measurements and observations, is selected as the solution of the
inverse problem. The residual at a given wavelength A, Ar(d),
for the J angular observations of the first Stokes component is
calculated as follows:

J ] _ ' B
Ar()) = Z (rmeus (:uj’ )\) ; Ymod (MJ, )\.)) (6)

j=1

and in a similar way for other components of the Stokes vector.
Here rpe05 (ij k) and 7,04 (ij A) are the measured and modeled
reflectances, 4 is the cosine of the observation angle. The final
residual error is calculated as:

A =0.25(A1 (h1) + Ar (A) +/ AG() + AF ()
+/AH(00) + AL (1)), (7)

where A1 = 670 nm, A, = 865 nm. The errors Aq(A), Ay(A) are
calculated using Equation (6) except for the second and the third
component of the Stokes vector.

In the construction of LUTs, the value of agvaries from 0.02
to 0.17 pm for the fine mode. It is equal to 0.5, 0.75, 1.0 for the
coarse mode. The refractive index is assumed to be equal to 1.35,
1.45, or 1.6 for the fine mode. It is 1.35, 1.4, 1.45 for the coarse
mode. The value of s is fixed (0.46 for the fine mode and 0.7 for
the coarse mode).

The application of a similar algorithm combined with the
dense dark vegetation approach (Kaufman and Sendra, 1988) to
the measurements over East China has been reported by Wang
etal. (2012).

Herman et al. (2005) also used the phase matrix of nonspher-
ical scatterers to represent the possible presence of nonspherical
scatterers in the atmospheric air. The 37 coarse modes are used in
the construction of the LUTs with different proportions of non-
spherical particles (for 4 values of the dissymmetry index defined
as the ratio of the AOT at 865 nm for the nonspherical parti-
cles to the total AOT) and spherical particles from the 9 coarse
modes used in the model of spherical scatterers. The output of the
algorithm includes the AOT for the fine mode and also the AOT
for the coarse mode (separately for spherical and nonspherical
scatterers in the coarse mode).

Clearly, the correct retrievals can not be expected if nonspher-
ical particles (say, dust from the deserts) are present in air but not
included in the retrieval algorithm. Herman et al. (2005) found
that an average model of the phase matrix of dust measured by
Volten et al. (2001) in the laboratory can be used for the remote
sensing purposes. The measurements of Volten do not contain

the results in the small angle scattering range (below 5° scat-
tering angle) due to the limitations of their experimental setup.
Therefore, Herman et al. (2005) were not able to perform exact
radiative transfer calculations for the respective phase matrix.
Instead, the delta-approximation (Potter, 1970) was used. It is
known that such an approximation is highly accurate with errors
below the POLDER calibration errors.

The application of the algorithm (in slightly modified form)
to the MICROPOL measurements (490-2200 nm spectral range)
has been reported by Waquet et al. (2005).

When the aerosol load is low, the solution of the inverse prob-
lem becomes difficult and, therefore, a fixed aerosol model is
considered, for which the aerosol optical thickness is derived. The
retrieval of the refractive indices and modal radii of the small and
large spherical particles depends on the viewing conditions since
it requires a scattering angle coverage larger than 125-155°.

Underlying surface: land

Herman et al. (1997) and Deuzé et al. (2001) presented the main
features of LOA LUT algorithm over land. They assumed that the
reflected solar light as measured on a satellite is linearly polarized
and can be characterized by the intensity, degree of polariza-
tion, and the angle between the polarization direction and the
meridional plane. Indeed the ellipticity of the reflected light is
usually small and can be neglected in most of cases (Kokhanovsky
et al., 2010b). It is assumed that the aerosol PSD is a monomodal
one with s = 0.864. Three values of the real refractive index are
assumed (1.33, 1.4, 1.5) in the construction of the respective
LUTs. For each value of the refractive index, ag is adjusted to pro-
vide Angstrom exponents (AE) in the range 0.3-2.5. Given 2K
measurements (2 wavelengths (670 and 865 nm) and K (usually
equal to 16) viewing angles), for each aerosol model the deviation:

1 2 K
d= E Z Z {lec()\i, gj) — Queas(Ai, gj)}z (8)

i=lj=1

is calculated. Here Q is the second component of the Stokes vec-
tor. The function 6 (7) is minimized and the value of AOT, where
8 (7) has a minimum is reported in the output of the algorithm.
Simultaneously, the Angstrom exponent « for the best fit aerosol
model and also aerosol index i = «t are reported. The fit of the
calculated and measured reflected light intensity and the polar-
ization angle v is not performed. This is because, as reported
by the authors, the value of ¥ is close to zero or 90° in most
of cases and the intensity is influenced by the unknown surface
reflectance. The Stokes vector component Q is less influenced by
the surface reflectance because the polarizing power of terrestrial
underlying surfaces is usually small and almost spectrally neutral.
The authors have used the model of Nadal and Breon (1999) for
the polarized surface reflectance in the retrieval process. The use
of Q for remote sensing of fine mode aerosol contribution is well
justified. However, the use of Q is more problematic in the case
of large particles, where the degree of polarization is close to zero
in most of observation geometries. Deuzé et al. (2001) confirmed
a high accuracy of the algorithm for the case of biomass burning
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aerosols, where the fine mode fraction dominates. The results are
less accurate in the case of coarse-mode dominated aerosols.

There are several versions of the respective LUTs with the most
recent one containing accumulation mode aerosols with ag in the
range 50-150 nm, s = 0.403, and m = 1.47-0.01i. The output of
the algorithm is the spectral AOT and the Angstrom Exponent of
the fine mode only.

The extension of the algorithm to MICROPOL (670-2200 nm)
over land measurements is reported by Waquet et al. (2007). The
upwelling polarized radiance is modeled in the single scatter-
ing approximation. This is possible because primary scattering
dominates the polarized light at typical values of AOT for the
wavelengths above 670 nm. Therefore, only the wavelengths 670,
865, and 1600 nm are used in the retrieval process. The atmo-
spheric contribution to the satellite signal is low at 2200 nm and
this wavelength was used to assess the surface contribution to the
polarized radiance, which is assumed to be spectrally neutral.

The polarized radiance is modeled as follows:

_ 4((0075%1 + TmGm)

Rq
o

+qst. (9)

Here wu, 1o are the cosines of the observation and solar zenith
angles, wy is the single scattering albedo, 7 is the AOT, 1, is the
molecular scattering optical thickness (low in the near infrared),
qa is the aerosol polarized phase function and g, = 0.75(1 —
cos? ) is the molecular scattering polarized phase function, 6 is
the scattering angle, g; is the polarized surface reflectance. The
transmission term in Equation (9) can be calculated as:

(10)

{ YTm + BT )/Tm+ﬂf}
t=exp|— - .
o 3
It is assumed that § lies between 0.3 and 0.6 depending on the
aerosol model and y = 0.9 (Lafrance and Herman, 1998).

A similar algorithm, with some modifications based on the use
of the dark target approach (Kaufman et al., 1997a,b) and spec-
tral mixture and separation techniques (von Hoyningen-Huene
et al., 2003; Katsev et al., 2009), has been applied to the retrieval
of aerosol properties over East Asia (Xie et al., 2013). The six
aerosol models based on AERONET observations in the region
under study have been used in the construction of LUTs. The
authors state that in addition to the polarized reflectance, the
total reflectance at 490 nm must be used in the retrievals. This
is because the surface reflectance is low at this wavelength and
the aerosol reflectance at 490 nm is higher as compared to the
polarized reflectances (especially, for dust-loaded atmospheres).

THE JPL ALGORITHM

The JPL aerosol optical thickness retrieval algorithm is based on
the Levenberg-Marquardt inversion scheme. It currently adopts
the multiplicative strategy for updating the damping factor.
Starting with an initial guess xg, the optimized solution is
approached through following iterations:

(FE Wk + adiag T WI0 ) Axic = JEW (5 = Ymod) - (1)

where Ji is the Jacobian matrix evaluated from the iterative solu-
tion xj and the weighting matrix W is diagonal with Wj; = 1/ crsz’i,
where oy is the standard deviation of I or Q measurements. The
damping factor Ak is chosen and adjusted in a multiplicative way
until a solution xx+; = x¢ + Axy produces a significantly better
fit to the measured data y,,,4, or in other words, the following

chi-squared error function is reduced:

T
(yk—H _ymad) W(k+1 = Ymod) (12)

N —

XZ(Xk-H) =

where y,,,04 is the measured data vector containing 7, g in the ith
spectral/angle channel (i = 1, 2, ... N, with N = 36 for 4 bands
(443,550, 670, and 865 nm) x 9 angles) and yj 4 contains the fits
for the reflectance and polarization data by the solution xy 4 ; dur-
ing the iteration. At the current stage, the weighting matrix is not
considered and the iteration stops when the average fitting error
F(xx 4 1) = x2(xx4 1)/2N drops below a threshold value 1.0e-7 or
the iteration exceeds kpax = 50 steps.

To start the retrieval, the same initial guess xo for all 48 data
sets is used, which means, the aerosol properties are m = 1.690,
ap = 0.125um, s = 0.3 and T = 0.1 for the fine mode and m =
1.520, ag = 0.7 wm, s = 1.0, T = 0.07 for the coarse mode. The
surface albedos 7, are initialized to be 0.05, 0.05, 0.03, and 0.5 for
4 spectral bands mentioned above. The initial guess is obtained
from a number of single scattering based retrievals (with slight
manual adjustments so that starting from the same initial guess
the retrieval gives similar aerosol properties for one group of
data). As outer bounds on these parameters, it is assumed that
1.20 < Re(m)< 1.70, 0.0 < Im(m) < 0.20, 0.02 < gy < 1.00, 1.1
< 5<3.0,and 1.0E-4 < t < 5.0 for both modes and 0 < r, < 1
for the four surface albedos.

The forward model used is the vectored Markov chain method
recently developed at JPL. Currently it assumes bimodal lognor-
mal distribution of aerosols and contains 3 types of surface, (i):
depolarizing surface described by the modified RPV (mRPV)
model (ii): polarizing surface described by the Cox-Munk’s model
and (iii): Mixed surface by (i) and (ii).

By setting k =1 and b = 0, the surface described by mRPV
reduces to be Lambertian surface with only the surface albedo
remaining for retrieval. With the assumed MISR wavelengths 443,
560, 670, 865 nm, 6 parameters for bimodal log-normal aerosol
size distribution are retrieved (ag, s, and N for each mode). In
addition, the complex refractive index for each mode and surface
albedo at 4 wavelengths is retrieved.

The algorithm for MSPI (see Table 1) is currently in prepa-
ration and is based on the GRASP algorithm with some minor
changes including the introduction of the first guess using WRF-
Chem model.

THE GISS ALGORITHM

Wagquet et al. (2009) reported the algorithm for the aerosol remote
sensing over land based exclusively on the polarized reflectance
measurements. The algorithm is based on the use of an opti-
mal estimation method. The principle of an optimal estimation
method is to determine the most probable atmospheric state con-
ditional on the value of the measurements and some a priori
knowledge of this medium (Rodgers, 2000). The following cost
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function is minimized:
U= -F'C'Y-F+X-X)"C;M(X - Xa), (13)

where Y is the measurement vector, F is the simulation vector, X
is the atmospheric state vector, X, is the a priori atmospheric state
vector, C. ! is the total error covariance matrix, C; ! is the a priori
error covariance matrix.

The first term in Equation (13) corresponds to a weighted
least squares error term that measures the distance between the
measured polarized reflectances R, = —m Q/uoEo and the mod-
eled polarized reflectances. Here Q = I} — I, is the second Stokes
parameter defined with respect to the scattering plane, which
contains the incident and observation directions. The polar-
ized reflectance is positive, when the direction of polarization is
perpendicular to the normal to the scattering plane. The total
reflectances are not used in the retrieval process. This enables
the better treatment of the underlying surface properties because
surface polarized reflectances are generally low and almost spec-
trally neutral. The parameter U is not used because this parameter
is close to zero, if the Stokes vector is defined with respect to
the scattering plane and the polarized surface reflectance is sim-
ilar to that caused by Fresnel reflection (Breon et al., 1995). The
following bands are used: 410, 470, 550, 670, 865, and 1600 nm.

The second term in Equation (13) is a penalty function that
constrains the solution to lie near the a priori state. It is assumed
as the first guess: a9 = 150 nm, s = 0.4 for the fine mode and
ap = 800 nm, s = 0.6 for the coarse mode with refractive indices
1.47-0.01i and 1.53-0.005i for the fine and coarse modes, respec-
tively. The LUTs are used to make the first rough estimate of the
aerosol model and aerosol optical thickness. In total, 10 aerosol
parameters are retrieved (a, s, N and the spectrally neutral refrac-
tive index m = n — ik for each mode) plus the pressure level that
corresponds to the height, where the top of the aerosol layer is
located.

Waquet et al. (2009) have shown that the surface-atmosphere
reflection matrix can be described approximately as:

Ra+s = R, + ToR,T1. (14)
Here R, is the reflection function of atmosphere bounded by the
absolutely black surface underneath, R; is the surface reflectance
matrix, T is the total atmospheric transmittance from the TOA
to the surface and T is the total atmospheric transmittance from
the surface to the satellite. This approximation works quite well,
if only the polarized reflectance is of concern. This is mostly due
to the low ability of the terrestrial surfaces to polarize the incident
sunlight. Also the second term in Equation (14) can be parameter-
ized as follows: ToR, T = tR;, where ¢ is given by Equation (10).
Then it follows from Equation (14):
Ra+s = R, + tR;. (15)
An important point is to separate the contribution of the aerosol
and surface to the spectral TOA reflectance. This can be done in
many ways. For instance, one may assume that the contribution
of aerosol is low at 2200 nm and the polarized surface reflectance

is almost spectrally neutral. Then the signal at 1600 nm can be
modeled as:

Ry +5(1600nm) = R,(1600nm) + Ry measured(2200nm). (16)

Another opportunity is to use the approximation that the ratios of
the bidirectional surface reflectance distribution matrix (BRDM)
R, at two viewing directions do not depend on the wavelength.
Then R; can be illuminated from Equation (15) and the retrieval
becomes less influenced by the surface reflectance. There are also
several parameterizations for the surface BRDM. In particular,
Waquet et al. (2009) used the following approximation for the
polarized surface reflectance (Breon et al., 1995):

F
R; = & (17)
4 (u + po)

where the Fresnel polarized Rg is calculated with a surface refrac-
tive index of 1.4 (the value of 1.5 is also used sometimes). The
spectrally neutral scaling factor & depends on the observation
angle and it is estimated from the measurements at 2200 nm,
where the aerosol contribution is generally low.

Knobelspiesse et al. (2011b) have used the GISS algorithm
(with some modifications) to the combined retrievals of boreal
forest fire aerosol properties with a polarimeter and a lidar. The
value of g at six wavelengths centered at 410, 470, 555, 670,
865, and 1590 nm was used in the retrievals at several observa-
tion geometries. The 2250 nm band was used to characterize the
total and polarized surface reflectance for the radiative transfer
model. The total radiance at 410 nm was used in the retrieval
process. This is because the surface reflectance is low at this
wavelength. The surface reflectance at 410 nm was estimated
using the approach as described by Kaufman et al. (1997b). It
is based on observations at 2250 nm. The authors have retrieved
all components of the aerosol state vector—parameter (AVP)
E(ag, s, N, n, k) for the fine and coarse modes and also the aerosol
height. The by-products have been derived as well. In partic-
ular, the scattering, extinction, and absorption cross sections,
single scattering albedo, AOT, Angstroem parameter, backscatter-
extinction ratio, and phase function at backscatter have been
found for the case under study. The authors have used (ao, s)
and not (aef, ver) as fitting parameters because the retrieval of the
set (def, vef) is more noisy due to the fact the effective parame-
ters are the functions of the higher moments of the PSD. It was
assumed that the refractive index is spectrally neutral, which is
a valid assumption for the fire aerosol properties in the spectral
range under study. Knobelspiesse et al. (2011a) have modified the
approach described above to allow the imaginary part of aerosol
refractive index to vary and have performed the simultaneous
retrievals of aerosol and cloud properties during the MILARGO
field campaign. It was assumed that the value of k for the fine
mode can be presented as:

kr =kif+ &y M) kay, (18)
where & (M) = (A + 0.445)71% and A is the wavelength in
microns. Such a modification is needed to allow for the increase
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in absorption at shorter wavelengths due to the “brown carbon”
(BrC, absorbing organic carbon aerosols). The shortcoming of the
method is due to the fact that the function & (1) is purely empir-
ical. Equation (18) can be generalized to account for the spectral
dependence of the real part of the refractive index of fine aerosol
mode:
ng=mnyf+&f (A)nay, (19)

where the function &, (1) can be selected using several retrieval
tests. Another opportunity is determination of the functions
&nf (M) and &, 5 (1) from the retrieval itself. In a similar way, the
spectral dependence of the complex refractive index of the coarse
mode can be presented as:

ne =Ny + SK,C ) n2.c, kc = kl,c + EK,C ) k2,c~ (20)
The influence of aerosol vertical inhomogeneity on aerosol
retrievals for RSP have been studied by Zhai et al. (2013) in
the framework of the Levenberg-Marquardt algorithm for least
squares fitting to minimize the following cost function:

M
V= | > e’ +p(Ag). (21)

i=1

Here Ar; and Ag;j are the differences between the measurements
and calculations of r and g, respectively, for a given aerosol state.
The index i is used to denote the functional dependence on the
wavelength, the viewing zenith angle (for M measurements). The
constants & and § are instrument—specific. They account for the
RSP sensitivity.

The input for the algorithm is the Stokes vector measured at
several angles and the wavelengths by the RSP and the output
is the aerosol state vector Ij“(ao, s, N, n, k) for the monomodal
PSD (and also aerosol height information). The initial guess
is found using the LUT approach looking through 4500 cases
with different aerosol states. The radiative transfer model is the
successive-orders-of-scattering code.

ADDITIONAL ALGORITHMS: BRIEF OVERVIEW
Sano et al. (2009) has been developed an aerosol retrieval
algorithm based on simultaneous intensity and polarization of
reflected light measurements. It is based on the planned mea-
surements of the S-GLI instrument on board Japanese GCOM-C
SGLI (launch: 2016). The characteristics of the instrument are
given in Table 1. The algorithm utilizes the measurements of the
intensity of reflected light at the wavelengths 380, 670, 870 nm,
and also the parameters (Q,U) at 670 and 870 nm. It is a simple
look up table approach, where the parameters (ay, s) for the fine
and coarse modes are fixed (ap = 135nm, s = 0.43 for the fine
mode and ag = 2365 nm, s = 0.63 for the coarse mode). The total
aerosol optical thickness, the ratio of the fine mode AOT to the
coarse mode AOT, the Angstroem exponent, and also the aerosol
single scattering albedo are the output parameters. The surface
reflectance is estimated using the minimal reflectance method.
Cheng et al. (2011) has developed the algorithm based on the
measurements of the airborne Directional Polarimetric Camera

(DPC). The camera performs measurements of the intensity, the
degree of polarization, and the plane of polarization direction of
reflected solar light at three wavelengths (490, 665, and 865 nm)
and six viewing directions. The AOT and AE are retrieved using
LUT approach based on Stokes vector measurements at 665 and
865 nm. The LUT is prepared using local aerosol properties and
the surface reflectance measured at the ground. The aerosol scale
height was determined using Raman lidar. The following cost
function is minimized:

2 6

v = Z Z (ARP,I‘J‘)Z .

i=1j=1

(22)

Here AR, ;j is the difference between the measured and calcu-
lated (for a given aerosol state) polarized reflectance. The index
i counts the wavelengths and the index j counts the observation
angles.

Masuda et al. (2000) have retrieved the AOT and Angstroem
coefficient using POLDER measurements. The degree of polar-
ization measurements at the wavelengths 443 and 865 nm have
been used. Masuda et al. (2000) reported that the AOT retrieval
methods based on the polarization are more influenced by the
assumption on the size of particles and also their refractive index
as compared to the radiance only method in the case, if the wave-
lengths 670 and 865 nm are used. The same is true with respect
to the shape of particles (Quenzel, 1983). Cheng et al. (2011)
demonstrated the potential of AOT retrievals (including fine
mode and nonspherical scatterers fractions) based on the radi-
ance and polarization measurements (multi-angular) at a single
wavelength 865 nm.

Lebsock et al. (2007) have developed the algorithm based on
the measurements of reflected light intensity and degree of polar-
ization by POLDER onboard PARASOL. They used the optimal
estimation approach (Rodgers, 2000) and derived three aerosol
parameters (AOT, effective refractive index, and the logarithm
of the ratio I'of the number concentration of two modes). They
argue that only three pieces of information [e.g., AOT, Re(m), and
" (oraer)] can be uniquely determined from POLDER measure-
ments. They also have shown that the measurements of the degree
of polarization are essential for the evaluation of the aerosol
refractive index. The use of polarization in aerosol remote sensing
is especially important in the case of underlying land surfaces.

CONCLUSIONS

It follows from this survey that all aerosol retrieval algorithms can
be separated in two large categories: (1) the algorithms based on
the LUT-approach, (2) the advanced algorithms based on vari-
ous optimization, minimization and regularization methods. The
second category of the algorithms is based on—the fly radiative
transfer calculations and performs the search of the aerosol state
vector in the continuous space of the solutions. The first type
algorithms are more quick but they are based on the discrete
space of the solutions. Therefore, the second-type algorithms are
more accurate. However, they currently require a lot of process-
ing time and not suitable for the operational processing. There are
various attempts to speed the type 2 algorithms (e.g., using the
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LUTs for the generation of the first guess). However, the respec-
tive algorithms are still not mature enough to produce the speed
of calculations needed for the operational processing.

Some retrieval algorithms are specifically designed for the
retrievals over ocean and can not be used for the estimation of
aerosol propertries over land. Other types of algorithms (e.g.,
GRAPS) are of universal nature and can be used both over land
and ocean. The quality of retrievals of aerosol properties by differ-
ent algorithms depend on the aerosol type. For instance, GRASP
currently assumes the same refractive indices for both fine and
coarse modes. However, this is not the case for the smoke and dust
aerosol mixtures and also for some other cases. Then the qual-
ity of retrievals detoriarates. The SRON algorithm is free from
this assumption and more suitable for the retrievals of mixed
aerosol types. Some algorithms can deal with nonspherical scat-
terers and others assume that the signals as measured by an optical
instrument is primarily from particles of spherical shape.

Most of algorithms include the estimation of corresponding
errors of retrievals. This is especially easily done in the framework
of optimal estimation methods. The problem of optimal estima-
tion based algorithms discussed in this paper is computational
time. This problem can be avoided using fast forward operators
(e.g., LUTs in combinations with approximate analytical solutions
of the vector radiative transfer equation valid for both small and
large vertical columns of suspended particulate matter).
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