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Abstract While polarimetric measurements contain valuable information regarding aerosol microphysical
properties, polarization data in the near-infrared (NIR) bands have not been widely utilized. This paper
evaluates whether the aerosol property information contents from single-viewing satellite polarimetric
measurements at 1,610 and 2,250 nm can be used to improve the retrieval of aerosol parameters over
vegetated land, in combination with shorter-wavelength bands (490, 670, and 870 nm). The a priori
information and errors for the analysis are derived by assuming that the surface reflectance at visible
wavelengths can be derived from the top of atmosphere at 2,250 nm. The information content in the
synthetic data set is investigated for 10 aerosol parameters characterizing the columnar aerosol volumes (V f

0

and Vc
0), particle size distributions (r feff, v

f
eff, r

c
eff, and vceff), and refractive indices (m f

r , m
f
i , m

c
r , and mc

i ) for the
fine- and coarse-mode aerosol models, respectively, and one parameter C characterizing the surface
polarization. The results indicate that the degrees of freedom for signal can be increased by at least 2
with the addition of NIR measurements and that one to three additional parameters could be further
retrieved with significantly decreased uncertainties. In addition, the 1,610 nm band is necessary for the
simultaneous retrieval of V f

0, m
f
r , and r feff for the fine mode dominated aerosols, while the 1,610 and

2,250 nm bands are both indispensable for retrieving V f
0, V

c
0, m

c
r , r

f
eff , and rceff in tandem for the coarse

mode dominated aerosols. The analysis also reveals that C could be further retrieved by including scalar
radiance and that measurement errors have significantly larger influences on the retrieval uncertainties
than model errors.

1. Introduction

Atmospheric aerosols are composed of liquid and solid particles suspended in the air that originate from
either natural or manmade sources (Zubko et al., 2007). By scattering and absorbing solar radiation and chan-
ging cloud microphysical properties, aerosols play an important role in both the earth-atmosphere radiation
balance and the climate, and they further affect human health and visibility. Global measurements are
needed to obtain various aerosol properties, including the aerosol optical depth (AOD), particle size, and
refractive index (Hasekamp & Landgraf, 2005b), in order to improve the understanding of the effect of
aerosols. Aerosol properties can be detected via remote sensing from ground-based, airborne, and satellite
platforms (Dubovik et al., 2000, 2014; Holben et al., 1998, 2001; Li et al., 2016, 2018; Ma et al., 2016; Wang,
Christopher, Brechtel, et al., 2003; Wang, Christopher, Reid, et al., 2003; Wang et al., 2010). Many aerosol
retrieval algorithms have been developed and improved for satellite remote sensing platforms using
multispectral sensor measurements over the oceans and land (Kaufman et al., 2002; King et al., 1999;
Kokhanovsky et al., 2007). The retrieval of aerosols is usually more complicated over land than over the
oceans, because the contribution from the land surface reflectivity to the radiance (or reflectance) at the
top of the atmosphere (TOA) is much larger; moreover, the land surface has relatively complex and variable
reflectance properties (Litvinov et al., 2011).

This paper presents a theoretical study that aspires to suggest a potential improvement on existing aerosol
remote sensing approaches by incorporating near-infrared (NIR) polarimetric measurements. Many previous
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studies have shown that polarimetric measurements contain abundant information regarding aerosol micro-
physical properties (Mishchenko et al., 2007; Xu & Wang, 2015); however, most of those studies employed
polarization measurements either in the visible spectrum or close to the visible spectrum. Indeed, polariza-
tion data in the NIR wavelength bands (beyond 1.0 μm) have not been widely measured nor utilized for aero-
sol retrievals. This paper evaluates the aerosol property information content obtained from a single-viewing
satellite polarimetric measurements at 1,610 and 2,250 nm and investigates whether suchmeasurements can
be utilized in conjunction with shorter-wavelength bands (e.g., 490, 670, and 870 nm) to improve the retrieval
of aerosol parameters over vegetated land. This work takes the heritage from the Dark Target (DT) algorithm
(Kaufman, Wald, et al., 1997), in which the surface reflectance in the visible bands is approximately estimated
from the measurement at 2,250 nm. The quantitative findings of this paper can further provide the important
theoretical guidance for the development of next-generation polarimetric remote sensing platform sensors
for the retrieval of aerosol properties (Ding et al., 2016; Dubovik et al., 2011).

Many of the past aerosol retrieval algorithms developed for single-viewing multispectral sensors, including
the DT algorithm for Moderate Resolution Imaging Spectroradiometer (Kaufman, Wald, et al., 1997; Levy
et al., 2007, 2010; Wang et al., 2017), the Deep Blue algorithm for Moderate Resolution Imaging
Spectroradiometer and the Sea-Viewing Wide Field-of-View Sensor (Hsu et al., 2004, 2006), and the
Ozone Monitoring Instrument retrieval algorithm in the ultraviolet band (Torres et al., 2007), typically
avoided spectral bands with a high surface reflectance and focused instead on the retrieval of the AOD
from bands with a low land surface reflectance. Similarly, the Bremen Aerosol Retrieval algorithm for the
Medium Resolution Imaging Spectrometer dealt with the surface reflectance through the linear mixing
of basic spectra for green vegetation and bare soil with the Normalized Difference Vegetation Index
(NDVI; Santer et al., 1999; von Hoyningen-Huene et al., 2003). In contrast, the aerosol information content
could increase significantly within multiangular measurements, thereby requiring a different type of aero-
sol retrieval algorithm, such as the dual-view retrieval algorithm for the Advance Along Track Scanning
Radiometer (Sayer et al., 2012; Thomas et al., 2009) and the empirical orthogonal function algorithm for
the Multiangle Imaging Spectroradiometer (Diner et al., 1998; Kahn et al., 2005; Martonchik et al., 2009).

The retrieval of aerosol properties from the airborne and spaceborne polarimetric measurements has rapidly
gained interest over recent years. Previous studies have shown that the aerosol information content can be
improved significantly with the use of measurements from additional wavelengths and viewing angles
(Chowdhary et al., 2001; Hasekamp & Landgraf, 2005b; Knobelspiesse et al., 2011, 2012; Mishchenko et al.,
2004; Mishchenko & Travis, 1997; Peralta et al., 2007; Waquet et al., 2007; Xu, van Harten, et al., 2017). For
instance, polarimetric measurements at 443/490, 670, and 865 nm obtained using the polarized retrieval
algorithm for the Polarization and Directionality of the Earth’s Reflectance (POLDER) instrument can enhance
the ability to retrieve various optical properties, especially for the fine-mode aerosols (Deuzé et al., 2000,
2001; Herman et al., 1997; Tanré et al., 2011; Zhang et al., 2016). The Multiviewing Channel Polarization
Imager (3MI), which is a new polarimeter designed for the preparation of new-generation POLDER instrument
and the airborne micropolarimeter (MICROPOL) prototype, employs two NIR polarized channels centered at
1.6 and 2.2 μm, and it is advantageously capable of the simultaneous inversion of multiple aerosol para-
meters (Goloub et al., 2003; Marbach et al., 2015; Waquet et al., 2005, 2007; Waquet, Cairns, et al., 2009).
Other polarimeters include the Research Scanning Polarimeter and the Aerosol Polarimetry Sensor
(Chowdhary et al., 2001; Knobelspiesse et al., 2011; Mishchenko et al., 2007; Peralta et al., 2007). Recently,
another new spaceborne instrument known as the Polarized Scanning Atmospheric Corrector (PSAC), which
was designed with multispectral single-viewing polarimetric measurements, was also developed in China to
provide aerosol properties for the atmospheric corrections of other sensors onboard the same satellite. The
airborne prototype of PSAC, namely, the Advanced Atmosphere Multiangle Polarization Radiometer, has
been employed for some aerosol retrieval tests (Hou et al., 2015; Qie et al., 2015; Wang, Sun, et al., 2014;
Wang et al., 2015).

Since increasing numbers of airborne and spaceborne sensors may have the ability to acquire polarimetric
measurements at NIR wavelengths, several questions arise: (1) How many and what types of aerosol para-
meters can be simultaneously retrieved by adding NIR measurements? (2) To what extent can the retrieval
errors be improved through the addition of NIR measurements? Addressing these two questions can provide
theoretical guidance for the design of an aerosol inversion algorithm framework for real retrieval endeavors.
However, a specific and comprehensive theoretical analysis of the information content analysis within these
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NIR polarization measurements that support the development of an operational aerosol retrieval algorithm is
still lacking. Therefore, this study focuses on single-viewing synthetic measurements of both the TOA radi-
ance and the polarization at wavelengths of 490, 670, 870, 1,610, and 2,250 nm over vegetated land.
Similar to the traditional DT algorithm, the 2,250 nm (scalar radiance/reflectance) band is quite useful for
detecting densely vegetated surfaces, for which the ratio of the visible reflectance to the NIR reflectance in
nearly constant (Kaufman, Wald, et al., 1997). Thus, we can assume that the surface reflectance at visible
wavelengths (490 and 670 nm) can be approximately estimated from the TOA reflectance at 2,250 nm using
a priori errors.

Over recent years, many studies have conducted analyses of the aerosol information content in satellite solar
backscatter measurement in the ultraviolet to NIR spectral range by employing a variety of methods ranging
from principal component analysis (Martynenko et al., 2010; Tanré et al., 1996; Veihelmann et al., 2007; Zubko
et al., 2007) to the Shannon information content approach (Corradini & Cervino, 2006; Knobelspiesse et al.,
2012; Lebsock et al., 2007) to the averaging kernel matrix technique (Chen, Wang, et al., 2017; Chen, Yang,
et al., 2017; Frankenberg et al., 2012; Hasekamp & Landgraf, 2005b; Holzer-Popp et al., 2008; Hou et al.,
2017; Xu & Wang, 2015). The number of degrees of freedom for signal (DFS) is generally used to represent
the number of parameters that can be retrieved independently from TOA radiance/polarization measure-
ments, provided that the surface reflectance and the a priori errors in the retrieval parameters can
be characterized.

Following the optimal estimation framework (Rodgers, 2000), we have previously conducted information
content analyses for new Aerosol Robotic Network (AERONET) polarimetric sensors and hyperspectral sen-
sors (Hou et al., 2017; Xu & Wang, 2015); these analyses have further enabled the development of algo-
rithms for AERONET polarimetric sensors (Xu et al., 2015). This study, however, is significantly different
from our previous work, which neither utilized the intensity and polarization in NIR bands nor considered
the surface polarized reflectance. Here building on the Unified Linearized Vector Radiative Transfer Model
(UNL-VRTM; Wang, Xu, et al., 2014), we present new developments, including the integration of the com-
bined surface contributions from the bidirectional reflectance distribution function (BRDF) and the bidir-
ectional polarized reflectance distribution function (BPDF), for the generation of synthetic data for various
scenarios containing different aerosol models, observation geometries, and wavelength combinations
over vegetated land. We describe the model and methodology in section 2 and present our approach
and experimental designs for the measurement simulations, and then we analyze synthetic data in
section 3. Subsequently, we conduct an analysis on the aerosol information content and retrieval errors
based on these synthetic measurements in section 4, after which we provide a summary of our findings
and conclude our work in section 5.

2. Model and Methodology
2.1. Optimal Estimation and Information Content

Based on the optimal estimation theory (Hasekamp & Landgraf, 2005a; Rodgers, 2000), the forward model
can be defined in the following form:

y ¼ F xð Þ þ ϵ; (1)

where x = [x1,…, xn]
T represents a state vector that containing n parameters to be retrieved, y = [y1,…, ym]

T

represents an observation vector with m measurement elements, the superscript “T” represents a transpose
operation, ϵ is an experimental error term that includes observational noise and forward modeling uncertain-
ties, and F denotes a forward model describing the physical relationship between y and x (here, it
corresponds to the UNL-VRTM).

Under the assumption of a Gaussian distribution of errors, the scalar-valued cost function J(x) can be con-
structed for an optimized inversion using the maximum likelihood method (Dubovik & King, 2000; Jeong
et al., 2016; Waquet, Cairns, et al., 2009). Thus, the inversion problem can be represented as a nonlinear
optimization problem as follows (Han et al., 2009; Hou et al., 2016; Sun et al., 2011):

min J xð Þ
s:t: l ≤ x ≤ u

; (2)
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which means that the objective function J(x) is optimized subject to (s. t.) the condition l ≤ x ≤ u, where l and
u represent the lower and upper bounds of the retrieval parameter vector x, respectively. Among the many
classical optimization algorithms, quasi-Newton methods are effective algorithms for constraining the local
maximum and minimum of an objective function (Byrd et al., 1995; Sun et al., 2009; Yu et al., 2014; Zhu
et al., 1994). When the optimal iteration of a quasi-Newton method converges under a predefined conver-
gence accuracy, the retrieved stated vector bx can be obtained.

An important metric for information content analysis is the averaging kernel matrix A, which is defined as

∂bx
∂x

¼ A ¼ KTS�1
ϵ K þ S�1

a

� ��1
KTS�1

ϵ K; (3)

where the superscript “�1” represents an inverse operation of a matrix, Sϵ represents the covariance
matrix of the error in both the measurements and the forward model, Sa denotes the error covariance
matrix for the a priori estimate xa, and the Jacobian matrix K represents the partial derivatives of F(x) in
equation (1) with respect to x, the corresponding elements of which can be written in the form

Kj; i ¼
∂yj
∂xi

; i ¼ 1;…n; j ¼ 1;…;mð Þ: (4)

This averaging kernel matrix characterizes the changes between the retrieved stated vector bx and the true
state vector x (Frankenberg et al., 2012; Xu & Wang, 2015), and the trace of A, which is also known as the
DFS, is equivalent to the number of independent pieces of information from the TOA measurements.
Hence, the total DFS can be calculated as follows:

Total DFS ¼ Trace Að Þ ¼
Xn

i¼1
Ai;i: (5)

Correspondingly, the DFS of each individual retrieved parameter can be represented as

DFS ¼ ∂bxi
∂xi

¼ Ai;i; (6)

where the DFS result Ai, i = 1 indicates that the observation is able to fully characterize the truth of xi, while
Ai, i = 0 indicates that the observation is completely devoid of information on xi. That is, values of Ai, i that
are closer to 1 represent better retrievals of the parameter xi; in contrast, values of Ai, i that are closer to 0
indicate a smaller information content from the retrieval of xi. In addition, as long as the DFS result Ai, i > 0.5
in this study, we can assume that the retrieval of the parameter xi is successful.

The a posteriori error covariance matrix bS, which is another important metric, can be obtained by

bS ¼ KTS�1
ϵ K þ S�1

a

� ��1
; (7)

which means that the statistical uncertainties in the retrieved stated vector bx are caused by measurement
noise and the propagation of errors, while the square root of the diagonal elements (i.e., the propagation
errors) are the posterior errors (i.e., the absolute errors). The observation error covariance matrix Sϵ can be
written as

Sϵ ¼ Sy þ KbSbKT
b; (8)

where Sy denotes the measurement error covariance matrix, which accounts for the integrated effects of
instrumental noise, radiometric calibration uncertainties, and additional polarimetric accuracy uncertainties
(Waquet, Cairns, et al., 2009), and the expression KbSbKT

b denotes the propagation errors in the forward
model, where Sb represents the error covariance matrix for a vector b in the forward model that is not
contained within x but quantitatively influences the measurements, Kb denotes the partial derivatives the
measurements ywith respect to the vector b, and the elements have a similar format to those in equation (4).
In addition, we assume that the errors are independent among the measurements, and the model errors for b
are also noncorrelated; thus, both Sy and Sb can be regarded as diagonal matrices (Dubovik et al., 2000).

2.2. Forward Model and Observation Vector

We use UNL-VRTM as the forward model for the simulation of the synthetic measurements. UNL-VRTM was
specifically designed for the simulation of atmospheric remote sensing observations and for the inversion
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of aerosol, gas, cloud, and/or surface properties from these observations (www.unl-vrtm.com; Wang, Xu, et al.,
2014). It comprises VLIDORT (Spurr, 2006) for radiative transfer, linearized Mie and linearized T-matrix code
(Spurr et al., 2012) for aerosol single scattering, a Rayleigh scattering module, line-by-line gas absorption
calculations using the HITRAN database, and a BRDF and BPDF module (Spurr, 2004) for characterizing the
surface properties. The outputs of UNL-VRTM include not only full elements of the Stokes vector but also
their sensitivities (i.e., Jacobians) with respect to various parameters that are relevant to the aerosol
microphysics and optical properties, gas absorption, and surface properties. UNL-VRTM has also been
widely used to study information contents and develop inversion algorithm for the retrieval of aerosols
and surface properties from various measurements (Chen, Wang, et al., 2017; Ding et al., 2016; Hou et al.,
2016, 2017; Wang et al., 2016; Xu et al., 2015; Xu, Wang, Wang, Henze, et al., 2017; Xu, Wang, Wang, Zeng,
et al., 2017; Xu & Wang, 2015).

Based on light scattering theory, the four-vector I is usually utilized to represent the diffuse field of Stokes
components {I,Q,U, V}, in which the element I denotes the total intensity (i.e., radiance), Q and U both
describe the linearly polarized radiation, and V characterizes circularly polarized radiation (Spurr, 2006).
Since V is typically very small relative to the other three elements, we exclude V hereafter in this study.

As listed in Table 1, we consider four observation scenarios to analyze the information contributions from
the measurements of different sensors. In the first scenario (P1), we consider only the polarized radiances
Q and U at 490, 670, and 870 nm corresponding to the POLDER/Polarization and Anisotropy of
Reflectances for Atmospheric Science coupled with Observations from a Lidar instrument (Deuzé et al.,
2000, 2001), and the 490 nm band is used instead of 443 nm (Tanré et al., 2011). Polarimetric measurements
at 1,610 nm are added to the second scenario (P2) to represent the airborne Advanced Atmosphere
Multiangle Polarization Radiometer instrument (Qie et al., 2015). Next, the third scenario (P3) is defined
identical to scenario P2 in addition to polarimetric measurements at 2,250 nm to represent the
MICROPOL instrument (Goloub et al., 2003; Waquet et al., 2005; Waquet, Cairns, et al., 2009). Finally, the
fourth scenario (P4) is defined to further include TOA radiance measurements I at 490 and 670 nm to repre-
sent the PSAC instrument by considering the scalar radiance measurements. The reason for including only
the radiances at 490 and 670 nm is that the surface reflectances in these two bands could be approximately
derived from the TOA reflectance at 2,250 nm over vegetated land (Kaufman, Wald, et al., 1997). Meanwhile,
the relationships among the other bands (e.g., 870 and 1,610 nm) with respect to the 2,250 nm have not
been intensively studied.

Therefore, the number of elements in the measurement vector y depends on the selected scenario:

y ∈ Iλ1 ; Iλ2 ;Qλ1 ;…;Qλ5 ;Uλ1 ;…;Uλ5½ �T; (9)

where λ1 through λ5 successively represent the 490, 670, 870, 1,610, and 2,250 nm wavelength bands. These
representations are employed hereafter throughout this paper. As a result, the observation vectors in scenar-
ios P1, P2, P3, and P4 contain 6, 8, 10, and 12 observations, respectively.

2.3. Aerosol Model

This study characterizes aerosol properties for up to five pairs of parameters for both fine- and coarse-mode

aerosol particles. These five pairs of parameters are the columnar volume concentrationsV f
0 andV

c
0, the effec-

tive radii r feff and r
c
eff, the effective variancesv

f
eff andv

c
eff, and the real (subscript “r”) and imaginary (subscript “i”)

Table 1
The List of Scenarios of Satellite Observations Used for the Information Content Analysis

Scenario Single observations included Expected application sensors

P1 Q and U at 490, 670, and 870 nm POLDER/PARASOL (Deuzé et al., 2001)
P2 Q and U at 490, 670, 870, and 1,610 nm Chinese AMPR (Qie et al., 2015)
P3 Q and U at 490, 670, 870, 1,610, and 2,250 nm MICROPOL (Waquet, Cairns, et al., 2009)
P4 Scenario P3 plus I at 490 and 670 nm Chinese PSAC

Note. AMPR, Advanced Atmosphere Multiangle Polarization Radiometer; PARASOL, Polarization and Anisotropy of
Reflectances for Atmospheric Science coupled with Observations from a Lidar.
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partsm f
r ,m

f
i ,m

c
r , andm

c
i of the complex refractive indices at 550 nm, where the superscripts “f” and “c” repre-

sent the fine- and coarse-mode particles, respectively.

A bimodal lognormal function is typically used to describe the particle size distribution of spherical aerosol
particles. Thus, we employ reff and veff as the input parameters for the simulations using UNL-VRTM (Xu &
Wang, 2015). Hence, the total aerosol volume (V0 in units of μm

3μm�2) and the volumetric fine-mode fraction
(FMFV) can be defined as

V0 ¼ V f
0 þ Vc

0

FMFV ¼ V f
0=V0

(
: (10)

Correspondingly, the AOD (τa) at the wavelength λ can be derived from V f
0 and Vc

0 (Xu et al., 2013):

τa ¼ τ fa þ τca ¼
3V f

0

4r feff
Q f
ext þ

3Vc
0

4rceff
Qc
ext; (11)

and the FMF of the AOD (Kleidman et al., 2005; Ramachandran, 2007; Yu et al., 2009) can be written as

FMF ¼ τ fa=τa; (12)

where Qext is the extinction efficiency factor (i.e., the ratio of the extinction cross section to the geometric
cross section) and τ fa and τca represent the fine-mode and coarse-mode AODs, respectively. Therefore, the
wavelength-independent V f

0 and Vc
0 are usually contained within the framework of the information content

analysis and aerosol retrieval instead of varied AOD and FMF along the wavelength.

Furthermore, the complex refractive indices of the aerosols also vary along with the wavelength. To parame-
terize this spectral dependence, we introduce a power-law relationship as follows (Dubovik & King, 2000):

mr λð Þ ¼ mr λ0ð Þ λ
λ0

� ��br

mi λð Þ ¼ mi λ0ð Þ λ
λ0

� ��bi
:

8>>><>>>: (13)

wheremr(λ0), br,mi(λ0), and bi are the coefficients, λ0 denotes the reference wavelength, and the subscripts “r”
and “i” denote the real and imaginary parts of the refractive indices, respectively. In this study, we set the
reference wavelength λ0 = 550 nm, and thus, mr(λ0) and mi(λ0) correspond to the refractive index at
550 nm. The Jacobian expressions for mr(λ0), mi(λ0), br, and bi can then be further obtained (Hou et al.,
2017). Hereafter, we use the symbols mr and mi to represent the refractive indices mr(λ0) and mi(λ0), respec-
tively, at the reference wavelength of with λ0 = 550 nm in this paper.

2.4. Surface Model

For the UNL-VRTM forward model, the land surface reflectance matrix R can be represented as a sum of
numerous surface reflection phenomena as follows:

R θ0; θv;ϕ; λð Þ ¼ rλ

1 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

266664
377775þ ρMaignan

2

r2l þ r2r r2l � r2r

r2l � r2r r2l þ r2r

0 0

0 0

0 0

0 0

2rlrr 0

0 2rlrr

2666664

3777775: (14)

where θ0 and θv represent the solar zenith angle and viewing zenith angle, respectively, the relative azimuth
angleϕ is defined by the solar azimuth angleϕ0 and viewing azimuth angleϕv, rλ represents the formulation
of the BPDF at the wavelength λ, ρMaignan represents the empirical coefficients of the BPDF developed by
Maignan et al. (2009), and the matrix in the second part of equation (14) corresponds to the Fresnel reflection
matrix F(γ, ni), in which the definition of the coefficients rr and rl are the same as those in the work of Dubovik
et al. (2011).

An assumed Lambertian reflectance is deemed sufficient to describe the contribution from the surface reflec-
tance because a single observation is considered in this study. However, to assess the influences of different
observations on the information content within the aerosol retrieval, we still consider the BRDF model in the
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forward simulations. The kernel-driven BRDF model for the surface reflectance integrated within UNL-VRTM
can be given as

rλ θ0; θv;ϕð Þ ¼ f iso λð Þ þ k1 λð Þf geom θ0; θv;ϕð Þ þ k2 λð Þf vol θ0; θv;ϕð Þ; (15)

where fiso, fgeom, and fvol respectively represent the isotropic, geometric-optical, and volumetric surface scat-
tering, and the corresponding variables fiso(λ), k1(λ), and k2(λ) are the coefficients of the BRDF kernels at the
wavelength λ (Roujean et al., 1992; Wanner et al., 1995; Strahler et al., 1997). For the simulation of the
radiances at 490 and 670 nm, we assume that the surface reflectances in these two visible bands can be
approximately derived from the TOA reflectance at 2,250 nm (Kaufman, Wald, et al., 1997), and the a priori
errors in rλ are set to 40% to encompass the uncertainties in the empirical relationships and the influences
of aerosols at 2,250 nm.

For the contribution from the surface polarized reflectance, a BPDF model has also been integrated in
UNL-VRTM as follows:

Rsp θ0; θv;ϕð Þ ¼ ρMaignanF1;2 γ; nið Þ; (16)

in which

ρMaignan ¼ C exp � tan γð Þ exp �NDVIð Þ
4 cos θ0 þ cos θVð Þ ; (17)

where F1, 2(γ, ni) represents the polarized component of the Fresnel reflection matrix F(γ, ni), ni is the reflective
index of vegetative matter (usually set to 1.5), and γ denotes one half of the phase angle, which is supplemen-
tary to the scattering angle. In addition, the NDVI is usually defined by two radiance measurements from one
visible and one infrared wavelength band (Spurr, 2012). Furthermore, C is the only free linear parameter in this
model, and it depends on the surface type (Maignan et al., 2009). Because the surface polarized reflectance Rsp
can be regarded as independent of the wavelength (Waquet, Léon, et al., 2009), we consider only retrieving the
parameter C for the BPDF in equation (17) simultaneously with the aerosol parameters. For vegetated surfaces,
we follow the parameter determinations obtained from airborne multiangle photopolarimetric measurements
(Litvinov et al., 2011) and set C = 6.57 and NDVI = 0.62 for the polarized simulations using UNL-VRTM.

2.5. Definition of A Priori Errors

For the information content analysis of the total DFS in the aerosol retrieval, the state vector can be defined as

x ¼ V f
0; V

c
0;m

f
r ;m

f
i ;m

c
r ;m

c
i ; r

f
eff ; v

f
eff; r

c
eff ; v

c
eff ; C

� �T
; (18)

where the parameters b f
r , b

f
i , b

c
r and b

c
i , are not contained in x, because we consider only retrieving the refrac-

tive index at 550 nm. Correspondingly, the error matrix of the state vector follows our previous work (Hou
et al., 2016, 2017):

Sa ¼ diag σ2V f
0
; σ2Vc

0
; σ2m f

r
; σ2m f

i
; σ2mc

r
; σ2mc

i
; σ2r feff

; σ2v f
eff
; σ2rceff ; σ

2
vceff

; σ2C
h iT� �

; (19)

where the function diag represents the assignment of vectors along the main diagonal of a matrix. The cor-
responding a priori errors in the aerosol parameters for fine- and coarse-mode particles are included in
Table 2 in brackets, and the a priori errors in V0 are given in Table 3 in brackets, all of which are based on
the climatological statistics of aerosol properties from AERONET (Xu et al., 2015; Xu & Wang, 2015). In addi-
tion, we assume that the a priori errors in the aerosol parameters shown in Tables 2 and 3 are mutually

Table 2
The Aerosol Parameters for Fine- and Coarse-Mode Aerosol Particles

Mode reff (μm) veff mr (550 nm) mi (550 nm) br bi

Fine 0.21 (80%) 0.25 (80%) 1.434 (0.15) 0.011 (0.01) 0.016 (80%) �0.266 (80%)
Coarse 1.90 (80%) 0.41 (80%) 1.549 (0.15) 0.003 (0.005) 0.017 (80%) 0.625 (80%)

Note. reff and veff represent the effective radius and effective variance, respectively, mr and mi represent the real and
imaginary parts of the complex refractive indices, respectively, and br and bi represent the coefficients of the wave-
length-dependent complex refractive indices in equation (13). Bracketed data represent a priori errors corresponding
to the parameters.
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independent of each other, and thus, the error matrix Sa can be simplified as a diagonal matrix in
equation (19). In addition, the a priori errors in the parameter C of the BPDF, which are assumed to be 40%
by following the work of Maignan et al. (2009), are listed in Table 4.

Under the assumption that the errors are independent among the single-viewing measurements of equa-
tion (9), the measurement error covariance matrix can also be presented in a diagonal form as follows:

Sy ∈ diag eyi Iλ1
� �2

;…; eyiQλ1

� �2
;…; eyiUλ1

� �2
;…

h iT� �
; (20)

where eyi represents the relative error in the polarimetric measurements at each wavelength corresponding
to the scenarios listed in Table 1, i = 1,…,m, andm denotes the number of elements in the observation vec-
tor. By considering the integrated effects of instrumental noise with radiometric calibration and polarimetric
accuracy uncertainties, eyi is set to 5% for both the radiance and the polarization in this study for the informa-
tion content analysis.

The vector b consisting of forward simulations that are not contained in x but quantitatively influence the
TOA radiance measurements is defined as

b ∈ b f
r ; b

f
i ; b

c
r ; b

c
i ; rλ1 ; rλ2

n o
; (21)

and the error matrix is as follows:

Sb ∈ diag σ2
b f
r
; σ2

b f
i
; σ2bcr ; σ

2
bci
; σ2rλ1 ; σ

2
rλ2

h iT� �
: (22)

Here we have to consider only the propagation of errors in the surface reflectances for scenario P4, and we
set the a priori errors to 40% as listed in Table 4 by following the work of Kaufman, Wald, et al. (1997).

Due to an insufficient number of single-angle observations, these 10 aerosol parameters cannot be retrieved
simultaneously; thus, we must select some parameters to separately retrieve fine- and coarse-dominated
aerosols based on an analysis of their individual information contents, which will be discussed in detail in
the next section. Accordingly, for fine-dominated aerosols, the state vector contains only six aerosol elements
and one BPDF parameter:

x ¼ V f
0; V

c
0;m

f
r ;m

f
i ; r

f
eff; r

c
eff; C

� �T
; (23)

in which

b ∈ b f
r ; b

f
i ;m

c
r ;m

c
i ; b

c
r ; b

c
i ; v

f
eff; v

c
eff ; rλ1 ; rλ2

n o
: (24)

Table 3
The Aerosol Scenarios for the Simulations

Scenarios V0 (μm
3μm�2) FMFV τa (550 nm) AE SSA (550 nm)

Fine-dominated 0.149 (80%) 0.8 0.8 1.50 0.94
Coarse-dominated 0.394 (80%) 0.2 0.8 0.82 0.92

Note. V0, FMFV, τa, AE, and SSA represent the columnar volume concentration, volume fine-mode fraction, AOD,
Ångström exponent, and single scatter albedo, respectively. Bracketed data represent a priori errors corresponding to
the parameters.

Table 4
The BRDF/BPDF Coefficients and A Priori Errors for a Vegetated Surface

Model Wavelength fiso(λ) k1(λ) k2(λ) C A priori errors

BRDF 490 nm 0.041 0.011 0.010 — 40%
670 nm 0.064 0.018 0.012 — 40%

BPDF 490–2,250 nm — — — 6.57 40%

Note. fiso(λ), k1(λ), and k2(λ) represent the coefficients of the Lambertian, Ross-thick, and Li-sparse kernels of the BRDF
model at the wavelength λ in equation (15), respectively, and C is the linear parameter of the BPDF in equation (17).
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Meanwhile, for the coarse-dominated aerosols, the state vector also includes only six aerosol elements with a
BPDF parameter:

x ¼ V f
0; V

c
0;m

c
r ;m

c
i ; r

f
eff; r

c
eff ;C

� �T
; (25)

in which

b ∈ b f
r ; b

f
i ;m

f
r ;m

f
i ; b

c
r ; b

c
i ; v

f
eff; v

c
eff ; rλ1 ; rλ2

n o
: (26)

Figure 1. (a, c) The scattering phase function P11 and (b, d) the polarized phase function P12 as functions of the scattering angles at each wavelength for the fine- and
coarse-mode aerosol models, respectively, adopted for the information content analysis as well as the (e) AODs and (f) FMFs as a function of the wavelength for
the fine- and coarse-dominated aerosol scenarios with (h) their corresponding particle size distributions. In addition, the phase functions and optical depths (ODs) of
molecules via Rayleigh scattering are included in Figures 1a–1e. (g) The polar plot of scattering angles along the viewing zenith angles θv and relative azimuth
anglesϕ with a solar zenith angle of θ0=40° used for the simulations in this study is dispalyed. In this polar plot, the radius denotes a change in θv from 0° to 75°, and
the polar angle ϕ represents a change from 0° to 180°; when ϕ = 180°, this geometry indicates that the observer and the Sun face the same direction and are
located on the same side of the main plane, and this convention is used for the other polar plots in this paper.
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For the calculation of the information contents using these selected aerosol parameters, the AERONET retrie-
val errors (Dubovik et al., 2000) can be employed for the a priori errors in the predefined aerosol parameters

(i.e., r feff ; v
f
eff; r

c
eff; v

c
eff ;m

c
r ; and mc

i ) in the vector b used to define the error matrix Sb.

3. Synthetic Data and Simulated Results

To obtain the synthetic data using UNL-VRTM for the information content analysis, different observation geo-
metries are considered with various solar zenith angles (θ0), viewing zenith angles (θv = 0° – 75° with a step of
1°) and relative azimuth angles (ϕ = 0° – 180° with a step of 1°). The TOA synthetic data are calculated using
UNL-VRTM for a midlatitude summer atmospheric profile for both fine-dominated and coarse-dominated
aerosol cases (as listed in Table 3). In both cases, the aerosols are mixed with different relative percentages
of fine- and coarse-mode particles. The parameters of the particle size distributions and refractive indices
for the fine- and coarse-mode aerosols are taken from our previous work (Hou et al., 2017; Xu & Wang,

2015) and are listed in Table 2. The fine-mode r feff and v
f
eff parameters are chosen to represent sulfate aerosols

at a relative humidity of 60% (Drury et al., 2010; Hess et al., 1998), and the fine-mode refractive indicesm f
r and

m f
i are based on a climatological analysis using multiyear AERONET inversion products over Beijing, as the

values are consistent with those in Figure 2 of Xu et al. (2015). Meanwhile, the corresponding values for
coarse-mode aerosols are derived from the research on large spherical particles (Patterson et al., 1977;
Wagner et al., 2012). Specifically, we employ two different AODs of 0.2 and 0.8 at 550 nm to represent the
clear and polluted aerosol loadings, respectively (Hou et al., 2017). Thus, for τa= 0.8 at 550 nm, V0 can vary
from 0.149 to 0.394 μm3μm�2 with FMFV varying from 0.2 to 0.8 for the fine-dominated and coarse-
dominated aerosol scenarios, respectively. Correspondingly, the values of Vtotal for other AODs, such as the
τa= 0.2 case, can be obtained via linear scaling.

Figure 1 shows the scattering phase function (P11) and the polarized phase function (P12) for the selected
aerosol models and Rayleigh scattering as well as the corresponding AODs, Rayleigh optical depths, and
FMFs as a function of the wavelength for the fine- and coarse-dominated aerosol scenarios with their corre-
sponding particle size distributions. In addition, polar plots of the scattering angle (Θ) along the viewing
zenith angles θv and relative azimuth angles ϕ with a solar zenith angle of θ0=40° are also illustrated corre-
sponding to both P11 and P12. Here the calculations of the aerosol single scattering properties, including the
phase functions P11 and P12, are performed using the linearized Mie scattering electromagnetic code inte-
grated in UNL-VRTM for spherical particles (Mishchenko & Travis, 1998; Spurr et al., 2012). The fine- and
coarse-mode aerosols exhibit distinct differences between the phase functions P11 and P12 with, for example,
the spectral dependency of extinction and the single scattering albedo (SSA). These distinct scattering
signatures obtained by integrating aerosols and molecules (Rayleigh scattering in the visible bands) can be
manifested as unique fingerprints in the TOA radiances and polarizations of different bands detected by
satellite sensors. Following this principle, the addition of channels will likely introduce more independent
mode-resolved aerosol information, and thus, additional aerosol microphysical properties can probably be
retrieved by adding the NIR wavelength bands.

Figures 2a–2b illustrate a polar plot of the simulated BRDF results at 490 and 670 nm, and Figure 2c shows the
polar plot results for the BPDF, which is assumed to be independent of the wavelength. The simulations are
conducted with a solar zenith angle of θ0 = 40° with the same color bar. For the BRDF results over vegetated
surfaces, the surface reflectances at large scattering angles (Θ > 160°) around the region of θv = θ0 and
ϕ = 180°, which has been called a BRDF hotspot by many previous study (Chen & Cihlar, 1997; Gatebe &
King, 2016), are much stronger than those of other geometries. In contrast, the backscattering polarized
reflectance of the vegetated BPDF is much smaller than that for the forward-scattering polarized reflectance;
thus, the BPDF is smaller for larger scattering angles, which is consistent with the previous research regarding
the BPDF model (Breon & Maignan, 2017; Maignan et al., 2009).

With respect to the BPDF model free linear parameter C at 670 nm in Figure 2c, Figures 2d–2f illustrate
the polar plots of the Jacobians for the simulated TOA I, Q, and U for fine-dominated aerosols. The mag-

nitudes of ∂I
∂C,

∂Q
∂C, and

∂I
∂C are approximately 10�3 – 10�2, 10�4 – 10�5, and 10�5 – 10�6, respectively, and

the Jacobians (i.e., the sensitivity) of the radiance I with respect to C is at least two orders of magnitudes
larger than the Jacobians of both Q and U. That is, the radiance I is not only influenced by the free linear
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parameter C but also contains more information of the BPDF model than either Q or U, and therefore,
radiance measurements cannot be ignored during the retrieval of the BPDP parameter, which will be
discussed in detail later. Meanwhile, the Jacobians for the other wavelength bands and other aerosol
models have similar polar plots, and the results of which are not shown here.

To compare the simulated TOA results based on the predefined BRDF and BPDF among the different bands,

we first provide definitions of the TOA reflectance RTOA and the polarized reflectance RTOAp as follows (Qie

et al., 2015):

RTOA ¼ πI
cos θ0ð ÞE0 ; RTOAp ¼ π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Q2 þ U2

p
cos θ0ð ÞE0 : (27)

where E0 represents the extraterrestrial spectral solar irradiance. In general, TOA measurement results mainly
depend on Rayleigh scattering, aerosol contributions (both scattering and absorption), surface contributions,
and gas absorption (Dubovik et al., 2011; Kaufman, Tanré, et al., 1997; King et al., 1999; Waquet, Cairns, et al.,
2009). That is, the results of RTOA and RTOAp are determined by the integrated contribution from the AOD, the
SSA, the phase functions P11 and P12 for the mixing of molecules and aerosols within the atmospheric
window (Spurr, 2006), and the surface reflectance and polarized surface reflectance (Dubovik et al., 2011).

Figure 3 shows the polar plot of RTOA in the 490 and 670 nm bands for fine- and coarse-dominated aerosols,
respectively, as well as the mean value of RTOA (within an adjacent 10° range) as a function of the scattering
angle ranging from 60° to 180° at a step of 10°. Although the AOD at 550 nm and the surface models for the
foreward simulations are identical, the polar-plot distributions of RTOA for the two different aerosol models
(i.e., for fine- and coarse-dominated aerosols) still exhibit notable differences because of their different
scattering phase functions and SSAs. As observed in Figures 3c and 3f, the mean TOA reflectance RTOA in
the visible bands gradually decreases with an increase in the scattering anglesΘ from 60° to 140° and reaches
a minimum at Θ = 140°, after which the mean value of RTOA increases with an increase in the scattering angle

Figure 2. The polar plots of the angular distribution of the BRDF and BPDF models for a vegetated surface as well as the angular distributions of the Jacobians of the
simulated TOA polarimetric measurements with respect to the BPDF parameter C. (a, b) The BRDF results at 490 nm and 670 nm, respectively, are shown. (c) The BPDF
results are displayed, which are spectrally independent. (d)–(f) The results of ∂I

∂C,
∂Q
∂C, and

∂I
∂C at 670 nm with an AOD of τa = 0.8 for fine-dominated aerosols. The

simulations are performed at a solar zenith angle of 40°, and the polar coordinates are defined similar to Figure 1g.
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in approximate agreement with the shape of P11 along the scattering angle. In addition, the results of RTOA at
490 nm are larger than those at 670 nm due to the more significant contribution from Rayleigh scattering.

Figure 4 illustrates the polar plots of the TOA polarized reflectance RTOAp at the 490, 670, 870, 1,610, and

2,250 nm with the same color bars for fine- and coarse-dominated cases as well as the mean value of RTOAp

(within an adjacent 5° range) as a function of the scattering angle ranging from 60° to 180° with a step of

5°. The RTOAp values mainly decrease with an increase in the scattering angles at 490, 670, and 870 nm both

for fine- and coarse-dominated aerosols; the behavior is mainly the product of the integrated contributions
from the surface polarized reflectance, molecules, and aerosols (Deuzé et al., 2001; Xie et al., 2013).
Meanwhile, because the contribution from Rayleigh scattering can be ignored at the NIR wavelength bands

(e.g., 1,610 and 2,250 nm), theRTOAp values are influenced only by the contributions from the surface polarized

reflectance and aerosols. In contrast with the RTOAp curve along Θ for the fine-dominated case as shown in

Figure 4f, an apparent peak in the RTOAp curve in the scattering angle range of 140° < Θ < 180° is observed

at 1,610 and 2,250 nm for the coarse-dominated aerosols as shown in Figure 4l, and this curve corresponds
to the shape of the polarized phase function alongΘ shown in Figure 1b (Waquet et al., 2007; Waquet, Cairns,
et al., 2009). Therefore, information regarding coarse-mode aerosols such as dust could be detected more
effectively using polarimetric measurements at 1,610 and 2,250 nm when Θ is in the range between 140°
and 180°.

4. Information Content Analysis Results
4.1. Total DFS of the Aerosol Retrieval

Figure 5 shows polar plots of the total DFS angular distribution of the 10 retrieved aerosol parameters of
equation (18) with different viewing zenith angles (θv = 0° – 75°) and relative azimuth angles
(ϕ = 0° – 180°), and the observation scenarios P1 through P4 are considered for both fine- and coarse-

Figure 3. The polar-plot of the TOA reflectance RTOA based on the BRDF model shown in Figure 2 at (a, d) 490 nm and (b, e) 670 nm using the same color bar as
well as (c, f) the mean value of RTOA (within an adjacent 10° range) as a function of the scattering angle ranging from 60° to 180° with a step of 10°. The upper
panels and lower panels show the results for fine-dominated and coarse-dominated aerosols, respectively, with an AOD of τa = 0.8. The polar coordinates are
defined similar to Figure 2.
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Figure 4. (a–e) The polar-plot of the TOA polarized reflectance RTOAp at 490, 670, 870, 1610, and 2250 nm using the same color bars for the fine-dominated case with
an AOD of τa = 0.8. (f) The mean RTOAp value (within an adjacent 5° range) as a function of the scattering ranging from 60° to 180° with a step of 5°. (g–l) Similar
to Figures 4a–4f, but they are for the coarse-dominated case. The polar coordinates are defined similar to Figure 2.
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dominated aerosols for the larger AOD case (τa = 0.8). The total DFS ranges from 2 to 9 with the same color
bar, and it depends upon the different observation scenarios, observation geometries, and aerosol models.
The polar-plot results for the lower AOD case (τa = 0.2), which are not shown here, demonstrate smaller
values but similar angular distributions along the viewing geometries. To explain the angular distribution
shown in Figure 5, Figure 6 further illustrates the mean total aerosol DFS (within an adjacent 10° range) as
a function of the scattering angle ranging from 60° to 180° with a step of 10° for the four different
observation scenarios, two aerosol models, and two AOD cases as well as the mean and standard

Figure 5. The polar plots of the total DFS with τa = 0.8 for the different aerosol models in scenarios P1–P4. The left and right
panels show the results for fine-dominated and coarse-dominated aerosols, respectively. The polar coordinates are
defined similar to Figure 2.
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deviation of the total DFS along the hemispheric geometries (Θ = 60° – 180°) presented as a histogram with
error bars.

From Figures 6a–6d, the total DFS values for the fine-dominated aerosols increase with an increase in the
scattering angle ranging from 60° to 180° and sharply increase after Θ > 140° due to the contribution from
coarse-mode aerosols to the information content, which will be further discussed later. Meanwhile, the total
DFS values for the coarse-dominated aerosols also generally increase with an increase in the scattering angle
ranging from 60° to 180°, but they exhibit a local minimum at approximately Θ = 140° in the range from 120°
to 160° due to the influences of fine-mode aerosols, which will also be discussed in a later section. The mean
total DFS values along the hemispheric geometries increase by at least 1 DFS after adding measurements of
the polarized radiance at 1,610 and 2,250 nm, as shown in Figures 6e and 6f. In addition, by adding radiance
measurements at 490 nm and 670 nm, the corresponding information content increases by approximately

Figure 6. The mean total DFS of aerosols (within an adjacent 10° range) as a function of the scattering angle ranging
from 60° to 180° with a step of 10° for each observations scenario (P1 through P4) as well as the mean and standard
deviation of the total DFS presented in the format of a histogram with error bars using the statistics acquired for all of the
considered observation geometries (θv = 0° – 75° and ϕ = 0° – 180°). The left and right panels show the results for the fine-
dominated and coarse-dominated aerosols, respectively. (a–b) For the smaller and (c–d) larger AOD cases, respectively.
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0.1–0.5 DFS depending on the AOD and aerosol model. In addition, the larger AOD case (τa = 0.8) increases by
approximately 0.5–1.0 DFS relative to the lower AOD case (τa = 0.2).

Based on this discussion on the total DFS of the aerosol retrieval, an increase of at least 2 DFS can be obtained
by adding NIR measurements. Consequently, we have another question: how effective is a DFS increase of 2
at improving the ability to retrieve aerosol microphysical parameters? To answer this question, the DFS for
each individual parameter is further analyzed in detail in the following subsection.

4.2. DFS of Each Retrieved Aerosol Parameter

To investigate the contribution from the information content to each retrieval parameter for the different
scenarios, we investigate the information content for each parameter in the state vector in equation (18).

Figure 7. Same as Figures 6e–6f but for the DFS component of each aerosol parameter and one BPDF parameter. (a–b) For AODs of τa = 0.2 and (c–d) for τa = 0.8,
respectively, for fine- and coarse-dominated aerosols.
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Figure 7 shows the mean and standard deviation of DFS for the simultaneous retrieval of the 10 aerosol para-

meters (V f
0; V

c
0;m

f
r ;m

f
i ;m

c
r ;m

c
i ; r

f
eff ; v

f
eff ; r

c
eff; and v

c
eff) and one BPDF parameter (C) along the polar observation

geometry (θv = 0° – 75° and ϕ = 0° – 180°) as a histogram with error bars in consideration of two different
AODs and two typical aerosol models.

Figure 7 clearly demonstrates that the insufficient information content from single-viewing measurements
cannot support the simultaneous retrieval of 10 aerosol parameters with the BPDF parameter regardless of
the magnitude of the AOD. However, for the smaller AOD case (τa = 0.2), a few aerosol parameters could still
be retrieved (DFS > 0.5) from the TOA measurements, and the DFS gradually approached saturation from

scenario P1 to scenario P4. For example, three fine-mode parameters (e.g., V f
0;m

f
r ; and r

f
eff) could be retrieved

for scenario P1 without the NIR measurements for fine-dominated aerosols, and one coarse-mode parameter

(e.g., rceff) together with two fine-mode parameters (e.g.,m f
r and r feff) could be retrieved for coarse-dominated

aerosols, albeit with relatively large uncertainties.

With an increase in the DFS of at least two from scenario P1 to scenario P4, one to three additional aerosol
parameters could also be retrieved (DFS > 0.5) depending on the aerosol models and AOD. For example,

when considering the larger AOD case (τa = 0.8), an additional aerosol parameter (e.g.,m f
i ) and the BPDF para-

meter (C) could be further retrieved for fine-dominated aerosols from scenario P1 to scenario P4, resulting in a

DFS increase form f
r and C from 0.31 and 0.11 to 0.55 and 0.73, respectively. Amazingly, the imaginary part of

the fine-mode refractive index (m f
i ) could be retrieved when adding two scalar radiance measurements to

scenario P4, following which the mean DFS of m f
i could be larger than 0.5. Consequently, to retrieve the

fine-modem f
i in tandem with the other parameters for the larger AOD case, we must consider using radiance

measurements in conjunction with polarization measurements, which is fundamentally consistent with pre-

vious work (Li et al., 2009). Meanwhile, three additional aerosol parameters (V f
0; V

c
0 , and mc

r ) and the BPDF
parameter (C) could be further retrieved from scenario P1 to scenario P4 for coarse-dominated aerosols, fol-

lowing which the DFS values of V f
0, V

f
0, m

c
r , and C could increase from 0.49, 0.26, 0.48, and 0.04 to 0.65, 0.66,

0.91, and 0.57, respectively.

Meanwhile, the changes in the DFS values of the aerosol parameters for the lower AOD case (τa = 0.2) have
trends similar to those for the larger AOD case from scenario P1 to scenario P4, except that the DFS values are
smaller. In addition, the DFS value of C is larger than that for the larger AOD case; the DFS values reach 0.90
and 0.87 for fine- and coarse-dominated aerosols, respectively, when τa = 0.2. Thus, we find that the BPDF
parameter C is more easily retrieved in the lower AOD case than in the larger AOD case since the aerosols
have a smaller influence on the surface at a lower AOD.

4.3. DFS Values and A Posteriori Errors of Selected Aerosol Parameters

Since these 10 aerosol parameters could not be simultaneously retrieved with the BPDF parameter because
of the insufficient information content from single-viewing observations, then we consider predefining some
parameters with a priori errors to constrain the retrievals of other, relatively important aerosol parameters

such as the V f
0, V

c
0, andm f

i . Consequently, the fine-mode AOD, coarse-mode AOD, and absorption properties
could be further derived. From the state vector elements in equations (23) and (25), we select six aerosol

parameters (V f
0; V

c
0;m

f
r ;m

f
i ; r

f
eff ; and rceff ) for the retrieval of fine-dominated aerosols and six aerosol para-

meters (V f
0; V

c
0;m

c
r ;m

c
i ; r

f
eff ; and rceff ) for the retrieval of coarse-dominated aerosols.

Figure 8 illustrates the mean and standard deviation of the DFS values for the simultaneous retrieval of the six
selected aerosol parameters with the BPDF parameter (C) for both the fine-dominated and the coarse-
dominated aerosols, from which it is evident that the DFS of each selected parameter exhibits a significant
improvement compared with these results shown in Figure 7. Corresponding to Figure 8, Figure 9 shows
the mean and standard deviation of the a posteriori errors in the retrievals of the six selected aerosol
parameters (corresponding to Figure 8) with the BPDF parameter; absolute errors are used for the complex

refractive index parameters (i.e., m f
r ;m

f
i ;m

c
r ; and mc

i ), while relative errors are employed for the other para-

meters (V f
0; V

c
0; r

f
eff; r

c
eff; and C). Here the a posteriori errors can be regarded as the theoretical retrieval errors

of the retrieved parameters based on the a priori errors listed in Tables 2 and 3.
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From Figures 8 and 9, the fine-mode parametersV f
0,m

f
r , and r

f
eff could be well retrieved for the fine-dominated

aerosols by adding polarization measurements at 1,610 nm. For example, considering the larger AOD case,

the DFS values of V f
0 , m

f
r , and r feff increase from 0.80, 0.84, and 0.95 (scenario P1) to 0.93, 0.94, and 0.99

(scenario P2), and the retrieval errors decrease from 34%, 0.055 and 17% (scenario P1) to 20%, 0.035 and
8.8% (scenario P2), respectively. Subsequently, the DFS values and retrieval errors show little change with
the adding of more measurements for scenarios P3 and P4. Even with a smaller AOD, these three fine-mode
parameters could still be well effectively retrieved. In addition, when adding the scalar radiance measure-
ments of two visible bands with their surface reflectance approximations estimated within the 2,250 nm

Figure 8. Same as Figure 7 but for six selected aerosol parameters and one BPDF parameter based on other predefined other aerosol parameters with a priori errors.
The fine-mode m f

r and m f
i are selected for fine-dominated aerosols, while the coarse-mode mc

r and mc
i are selected for coarse-dominated aerosols.
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band, the fine-modem f
i could also be retrieved for the larger AOD case with an increase in the DFS from 0.32

(scenario P3) to 0.58 (scenario P4) and a decrease in the retrieval error (i.e., absolute error) from 0.008
(scenario P3) to 0.006 (scenario P4). Meanwhile, the BPDF parameter C could also be retrieved by adding
the scalar radiance to the polarimetric measurements, because the scalar radiance contains more
information than the polarization in the BPDF model based on the analysis results of the Jacobians
discussed in Figure 2. Therefore, the inclusion of the scalar radiance in polarimetric measurements is

Figure 9. The mean and standard deviation of the posterior error in each of the six selected aerosol parameters and one BPDF parameter within the polar-
observation geometry (θv = 0° – 75° and ϕ = 0° – 180°) for two different AODs and two different aerosol model cases. (a–f) For the AODs of τa = 0.2 and (g–l) for
τa = 0.8, respectively, for the fine- and coarse-dominated aerosol model.
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Figure 10. The mean DFS of each of the six selected aerosol parameters and the BPDF parameter (within an adjacent
10° range) as a function of the scattering angle ranging from 60° to 180° with a step of 10° for the larger AOD
case (τa = 0.8). The left and right panels show the results for fine- and coarse-dominated aerosols, respectively. In
addition, the fine-mode m f

r and m f
i are retrieved for fine-dominated aerosols, while the coarse-mode mc

r and mc
i are

retrieved for coarse-dominated aerosols.
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necessary for the retrieval of the BPDF parameter. In addition, the coarse-mode parametersVc
0 and r

c
eff are still

difficult to retrieve because of their weak sensitivities characterized by DFS < 0.5 and a retrieval error of
approximately 60% in most cases for both the smaller and the larger AOD cases.

Meanwhile, for the coarse-dominated aerosols, the fine-mode V f
0 and r feff could be effectively retrieved with

the coarse-modeVc
0,m

c
r , and r

c
eff by adding the polarizationmeasurement at 1,610 and 2,250 nm. Again, taking

the larger AOD case, for example, the DFS value of V f
0, V

c
0,m

c
r , r

f
eff, and rceff could increase from 0.81, 0.30, 0.57,

0.97, and 0.72 (scenario P1) to 0.90, 0.77, 0.93, 0.99, and 0.96 (scenario P3), with decreases in the retrieval
errors from 34%, 67%, 0.090, 12%, and 40% (scenario P1) to 25%, 37%, 0.034, 8%, and 15% (scenario P3),
respectively. However, the coarse-modemc

i is difficult to retrieve with DFS< 0.5 due to the insufficient infor-
mation content in most cases. The inclusion of the scalar radiance in polarimetric measurement is also indis-
pensable for the retrieval of the BPDF parameter, since the DFS of C increases from 0.30 (scenario P3) to 0.63
(scenario P4) and the retrieval error decreases from 32% (scenario P3) to 24% (scenario P4).

Corresponding to Figures 8 and 9, Figures 10 and 11, respectively, reveal the mean DFS values and a poster-
iori errors for six selected aerosol parameters and the BPDF parameter (within an adjacent 10° range) as a
function of the scattering angle ranging from 60° to 180° with a step of 10° for the larger AOD case.
Accordingly, some detailed changes in the DFS values and retrieval errors along the scattering angle could
be observed. For example, some of the coarse-mode parameters (e.g.,Vc

0 and r
c
eff) for the fine-dominated aero-

sols could be better retrieved in the range of Θ = 140° – 180° than in other scattering angles, which corre-
sponds with the sharp increase in the total DFS for Θ > 140° as discussed in Figures 6a and 6c. Meanwhile,

the DFS values of some aerosol parameters (e.g., V f
0, V

c
0,m

c
r , and rceff) for the coarse-dominated aerosols have

a local minimum at approximately Θ = 140° in the range of Θ = 120° – 160° along the scattering angle, which
mainly determines the trend of the total DFS as shown in Figures 6c and 6d.

4.4. Influences of Measurement Errors and Model Errors for Retrievals

To discuss the influences of measurement errors and model errors on the retrieval results, we analyze the
posterior errors originating from various sources of observational noise and model errors, that is, the two
terms of the observation covariance matrix in equation (8). The following analysis only focuses on scenario
P4 for θ0 = 40° and θv = 0° with nadir measurements (Θ = 140°), because the DFS result from this observation
geometry is representative of the mean and minimum of DFS values in all possible observation geometries
for both fine-dominated and coarse-dominated aerosols. That is, if any parameter could be retrieved with this
specific observation geometry, then that same parameter could also be retrieved at other observation geo-
metries in most cases.

The DFS values and a posteriori errors for six selected aerosol parameters are plotted in Figure 12 as a func-
tion of the measurement errors for fine- and coarse-dominated aerosols for the larger AOD case under the
assumption that the measurement error changes from 0.5% to 10% with a step of 0.5% and that the a priori
errors do not changed. The DFS value of each parameter significantly decreases with an increase in the mea-
surement error, and the retrieval error correspondingly increases with an increase in the measurement error.

For example, with a change in the measurement error from 0.5% to 10%, the DFS values of V f
0,m

f
r , andm

f
i for

fine-dominated aerosols could decrease from 0.99, 0.99, and 0.72 to 0.95, 0.88, and 0.40, respectively, with
increases in the retrieval errors from 10%, 0.017, and 0.006 to 18%, 0.052, and 0.008, respectively. If the mea-

surement error is larger than 6%, then m f
i will no longer be retrieved with DFS < 0.5. In addition, the DFS

values of V f
0 , V

c
0 , m

c
r , and rceff for coarse-dominated aerosols could decrease from 0.97, 0.92, 0.98, and 0.97

to 0.86, 0.70, 0.87, and 0.86, respectively, with increases in the retrieval errors increasing from 13%, 22%,
0.019, and 13% to 30%, 44%, 0.051, and 30%, respectively.

Figure 13 illustrates the DFS values and a posteriori errors for six selected aerosol parameters as a function of
the model errors in the fine- and coarse-dominated aerosols for the larger AOD case. These six variables are
not selected for retrieval, but they can significantly affect the radiative quantity. The model error corresponds

with the combination of three predefined aerosol parameters, namely, mc
i ; v

f
eff ; v

c
eff

	 

for fine-dominated

aerosols and m f
i ; v

f
eff ; v

c
eff

	 

for coarse-dominated aerosols, which change from 5% to 80% with a step of

5%. Meanwhile, the a priori errors in the other parameters do not change, and the measurement error is
5%, which are the same settings as those in sections 4.1–4.3. In contrast with the measurement error case,
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Figure 11. Same as Figure 10 but for the posterior error results. (e–h) The absolute errors are used for the parameters of
complex refractive indices (m f

r , m
c
r , m

f
i , and mc

i ), while the relative errors are used for the other parameters.
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the model error has a relatively small effect on the retrieval uncertainties for these selected parameters. From

Figure 13, with the exception of two fine-mode parameters (m f
r and r

f
eff) for fine-dominated aerosols and two

coarse-mode parameters (Vc
0 and mc

r ) for coarse-dominated aerosols, it is apparent that the uncertainties in
the other parameters impose few changes with the model errors ranging from 5% to 80%.

Figure 12. The DFS and a posteriori error for each of the six selected aerosol parameters as a function of the measurement errors in the fine- and coarse-dominated
aerosols, respectively, for scenario P4 under the assumption that the measurement error changes from 0.5% to 10%with a step of 0.5% and that the a priori errors do
not change. The simulations are performed with an observation geometry of θ0 = 40° and θv = 0° (Θ = 140°) for the larger AOD case (τa = 0.8). In addition, the
fine-mode m f

r and m f
i are selected for fine-dominated aerosols, while the coarse-mode mc

r and mc
i are selected for coarse-dominated aerosols.
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5. Summary and Conclusions

Following the synthetic data simulated using UNL-VTM from multispectral single-viewing polarization and
radiance measurements over vegetated land for various scenarios, we conduct an information content and
retrieval error analysis for aerosol microphysical properties through the inclusion of NIR polarimetric mea-
surements. Our findings can be summarized into several conclusions as follows.

1. For fine-dominated aerosols, at least three fine-mode aerosol parameters (e.g., V f
0, m

f
r , and r feff ) could be

simultaneously well retrieved by adding NIR measurements. In addition, the fine-mode m f
i can also be

retrieved with the radiance and polarization for the larger AOD case (τa = 0.8). However, the coarse-

Figure 13. Same as Figure 12 but for model errors ranging from 5% to 80% with a step of 5%. Meanwhile, the a priori errors in the other parameters and the
measurement errors do not change.
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mode parameters could not be retrieved due to their weak sensitivities, even for the larger AOD cases
(τa = 0.8). Meanwhile, for the coarse-dominated aerosols, two fine-mode parameters (V f

0 and r feff ) and
three fine-mode parameters ( Vc

0 , mc
r , and rceff ) could be simultaneously retrieved by adding NIR

measurements.
2. If only TOA polarization data at shorter wavelengths (490, 670, and 870 nm) are used without NIR mea-

surements (scenario P1), the fine-mode parameters V f
0 , m

f
r , and r feff can also be retrieved for the fine-

dominated aerosols, albeit with a significantly larger retrieval uncertainty than obtained during the other
three scenarios that incorporate NIR measurements. For example, considering the larger AOD case
(τa = 0.8), the posterior errors in V f

0 , m
f
r , and r feff could decrease from 34%, 0.055, and 17% in scenario

P1 to 20%, 0.035, and 8.8% in scenario P2, respectively. In addition, those retrieval errors demonstrate only
negligible changes with the addition of more measurements for scenarios P3 and P4. Therefore, the
1,610 nm band is necessary for the effective retrieval of the fine-mode V f

0,m
f
r , and r feff parameters in com-

bination with shorter-wavelength bands for fine-dominated aerosols.
3. For coarse-dominated aerosols, the coarse-mode Vc

0 (and hence the coarse-mode AOD) cannot be
retrieved together withV f

0 because of an insufficient information content due to the absence of NIR polari-
metric measurements. By adding polarization measurements at 1,610 and 2,250 nm, the retrieval uncer-
tainties inV f

0,V
c
0,m

c
r , r

f
eff, and r

c
eff could decrease from 34%, 67%, 0.090, 12%, and 40% in scenario P1 to 25%,

37%, 0.034, 8%, and 15% in scenario P3, respectively, for the larger AOD case (τa = 0.8). Thus, the 1,610 and
2,250 nm bands are both indispensable for the more effective retrieval of coarse-dominated parameters,
especially Vc

0 . In addition, if polarization measurements at 2,250 nm are not included, the coarse-mode
parameter Vc

0 cannot be retrieved for the smaller AOD case.
4. The analysis results for the DFS values and retrieval errors also show that the scalar radiance contains

more useful information than the polarization in the BPDF model and that the BPDF parameter C could
be further retrieved in tandem with the aerosol parameters by including the scalar radiance in polari-
metric measurements. Therefore, when only the polarization is used for the aerosol retrieval, the BPDF
parameter C should be prescribed.

5. Measurement errors have significantly larger influences on the retrieval uncertainties than the assump-
tions associated with the model parameters, and the posterior errors in the retrieved aerosol parameters
correspondingly increase with an increase in the measurement errors and model errors.

The findings in this study constitute important guidance for the development of algorithms for the retrieval
of aerosol microphysical properties from multispectral polarimetric measurements at NIR wavelength bands,
such as those acquired using the spaceborne PSAC instrument. We focus on an information content analysis
over vegetated land, and thus, the surface could be approximately estimated at two visible wavelengths (490
and 670 nm) using the TOA measurements at 2,250 nm. In a future study, we will consider introducing the
theoretical framework developed for the hyperspectral remote sensing of aerosols (Hou et al., 2016, 2017)
to take full advantage of the all available multispectral measurements to retrieve the aerosol parameters
for various surface types including bright urban surfaces.
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