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ABSTRACT:

This paper evaluates the information content for the retrieval of key aerosol microphysical and surface properties for multispectral
single-viewing satellite polarimetric measurements cantered at 410, 443, 555, 670, 865, 1610 and 2250 nm over bright land. To conduct
the information content analysis, the synthetic data are simulated by the Unified Linearized Vector Radiative Transfer Model (UNL-
VTM) with the intensity and polarization together over bare soil surface for various scenarios. Following the optimal estimation theory,
a principal component analysis method is employed to reconstruct the multispectral surface reflectance from 410 nm to 2250 nm, and
then integrated with a linear one-parametric BPDF model to represent the contribution of polarized surface reflectance, thus further to
decouple the surface-atmosphere contribution from the TOA measurements. Focusing on two different aerosol models with the aerosol
optical depth equal to 0.8 at 550nm, the total DFS and DFS component of each retrieval aerosol and surface parameter are analysed.
The DFS results show that the key aerosol microphysical properties, such as the fine- and coarse-mode columnar volume concentration,
the effective radius and the real part of complex refractive index at 550 nm, could be well retrieved with the surface parameters
simultaneously over bare soil surface type. The findings of this study can provide the guidance to the inversion algorithm development

over bright surface land by taking full use of the single-viewing satellite polarimetric measurements.

1. INTRODUCTION

Retrieval of aerosol properties from the air-borne and space-
borne polarimetric measurements have received rapidly
increased attention in recent years. While past studies have
shown that polarimetric measurements contain abundant
information for aerosol microphysical properties, most of these
studies employed measurements of polarization either in the
visible or close to the visible spectrum (Deuzé et al., 2001).
However, polarization data in near infrared (NIR) or short-wave
infrared (SWIR) wavelength bands (beyond 1.0 pum) have not yet
been widely measured nor utilized for aerosol retrieval. Previous
studies have shown that aerosol information content can be
improved significantly with the use of measurements from more
wavelengths and viewing angles (Mishchenko et al., 2007).

As a new polarimeter designed for the preparation of new-
generation of Polarization and Directionality of the Earth’s
Reflectance (POLDER) instrument and the airborne experiment
of micropolarimeter (MICROPOL), the Multi-Viewing-Channel-
Polarization Imager (3MI) employed 2 NIR polarized channels
centered at 1.6 and 2.2 pum and has been shown to have the
advantages of simultaneous inversion of multiple aerosol
parameters (Waquet et al., 2007). Besides, other new developed
instruments include the research about airborne Research
Scanning Polarimeter (RSP) and Airborne Multiangle
SpectroPolarimetric Imager (AirMSPI) (Waquet et al., 2009; Xu
et al., 2017), as well as the space borne Aerosol Polarimetry
Sensor (APS) (Wu et al., 2015). Recently, a new space-borne
instrument called Polarized Scanning Atmospheric Corrector
(PSAC) has been also developed in Anhui Institute of Optics and
Fine Mechanics, Chinese Academy of Sciences in China. The
PSAC polarimeter is designed with multispectral single-viewing
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polarimetric measurements with 410, 443, 555, 670, 865, 1610
and 2250 nm, aiming to provide the aerosol properties for
atmospheric correction for other sensors onboard the same
satellite platform. Besides, the airborne Advanced Atmosphere
Multi-angle Polarization Radiometer (AMPR) has flown some
experiments for aerosol retrieval tests (Wang et al., 2017).

This study evaluates the information content for the retrieval of
aerosol microphysical and surface properties from a single-
viewing satellite polarimetric measurements with the intensity
and polarization together over bare soil surface. For information
content analysis, the averaging kernel matrix is introduced to
characterize the changes in the retrieved stated vector to changes
in the true state vector, and the trace of this matrix is equivalent
to the number of independent pieces of information from the top-
of-atmosphere (TOA) measurements, also called the degree of
freedom for signal (DFS) (Frankenberg et al., 2012; Xu & Wang,
2015; Chen et al., 2017). In this way, DFS is used to
quantitatively represent the number of aerosol and surface
parameters that can be retrieved independently from TOA
radiance and polarization measurements, provided that the prior
errors of retrieval parameters are characterized.

Unified Linearized Vector Radiative Transfer Model (UNL-
VRTM) is employed as the forward model for the simulations of
TOA stokes vector and corresponding sensitivities (Wang et al.,
2014), which are generated by the integration of surface
reflectance and surface polarized contribution together for
various scenarios with different aerosol models, observation
geometries over bare soil surface. Based on the optimal
estimation (OE) theory and the theoretical framework for aerosol
optimized retrieval (Rodgers, 2000; Dubovik et al., 2011), the
principal component analysis (PCA) method is used to
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reconstruct the multispectral surface reflectance by the four
principal components (PCs) extracted from the ASTER spectral
library (Baldridge et al., 2009), and thus the weighting coefficient
of each PC could be retrieved instead of the direct retrieval of
surface reflectance (Hou et al, 2016, 2017). Besides, a
bidirectional polarized reflectance distribution function (BPDF)
is used together to describe the surface polarized contribution,
with assumption that the surface-polarized reflectance can be
regarded as independent on the wavelength, in which the
normalized difference vegetation index (NDVI) for the BPDF
model could be determined by the surface reflectance at 670 and
865nm (Maignan et al., 2009; Litvinov et al., 2011).

In this study, we briefly describe the model and method in section
2 to present our approach and experiment designs for the
simulation of measurements. Subsequently, we conduct the
analysis of information content for retrieved aerosol and surface
parameters based on these synthetic measurements in section 3,
and finally give the conclusions in section 4.

2. MODEL AND METHOD
2.1 Optimal Estimation and Information Content Theory

Based on the OE theory (Rodgers, 2000), the forward model
usually can be defined in the form as

y=FX)+e€, ¢))
where X represents a state vector to be retrieved, y represents an
observation vector, F mans a forward model and corresponds to
UNL-VRTM in this study, and € is an experimental error term
that includes observation noise and forward model uncertainty.

For the OE inversion, the scalar-valued cost function /(x) can be
written as
100 1
Sy —F®I" S [y —FOI+5(x—x)" S31 (x—xa) . (2)
Where the superscript 7 and —1 represent the transpose and
inverse operation of matrix respectively. S, means the
covariance matrix of the error from both the measurements and
the forward model, S, means the error covariance matrix of the a
priori estimate X,. Correspondingly, we have the gradient vector
as

V,J(®) =K' S [y —Fl+ S;' (x-x)), ()
in which, the Jacobians matrix K represent the partial derivatives
of F(x) with respect to x with the corresponding element as

;. )
K;; =a—x’i,(l =1,--mj=1--,m). 4

In order to solve the optimizated inversion model, the inversion
problem can be as a nonlinear optimization problem as
min J(x) 7 5)
sst. 1<x<u
in which 1 and u mean the lower and upper bounds for the
retrieval parameter vector X, respectively. When the optimal
iteration of Quasi-Newton converges under the condition of
predefined convergence accuracy, the retrieved stated vector X
could be obtained (Byrd et al., 1995; Yu et al., 2014).

For information content analysis, the averaging kernel matrix can
be represented in the form as

= = A= (K'S;'K+5;)KS;'K. (6)
Correspondingly, the DFS of each individual retrieved parameter
can be represented by

ay;
DFS = a_le = Ai,i7 (7)
and the total DFS could be calculated by Y., A; ;. The values of
A;; are in the range of 0 and 1, in which the DFS result A;; = 1

means that the observation is able to fully characterize the truth
of x;; by contrast, A;; = 0 means that the observation do not
contain any information on x; at all. The closer the value of A; ;
to 1, the better the retrieval of parameter x;. Besides, as long as
the DFS result A;; > 0.5, we assume that the retrieval of
parameter X; could be carried out (Hou et al., 2018).

2.2 Forward Simulations of Polarimetric Measurements

As the forward model for the simulation of synthetic
measurements in this paper, UNL-VRTM was specifically
designed for the simulation of atmospheric remote sensing
observations and for the inversion of aerosol, gas, cloud, and/or
surface properties from these observations (Xu et al., 2017). The
structure of UNL-VRTM includes the VLIDORT for radiative
transfer (Sprr et al., 2006), a linearized Mie and a linearized T-
Matrix code for aerosol single scattering, a Rayleigh scattering
module, and line-by-line gas absorption calculation with
HITRAN database, as well as a surface bidirectional reflectance
distribution function (BRDF) and bidirectional polarized
reflectance distribution function (BPDF) module respectively for
characterizing the surface properties. UNL-VRTM not only
simulated the full elements of the Stokes vector, but also
calculated their sensitivities (Jacobians) with respect to various
parameters relevant to aerosol microphysics, optical parameters
and surface properties (Wang et al., 2014).

Based on the wavelength bands setting of PSAC instrument for
aerosol detecting, measurement vector y can be defined as

T

y=[h, 0, Q0 Q1 Uap,Un | ®)
in which, A; — A4, are used to note the wavelength band 410, 443,
555, 670, 865, 1610, 2250 nm respectively. By considering the
integrated effects of instrumental noise with radiometric
calibration and polarimetric accuracy uncertainties, the errors of
measurement are all set to 5% for both the intensity and the
polarization for the information content analysis.

For the aerosol model setting, the bimodal lognormal function is
selected to describe the particle size distribution of spherical
aerosol particles, and this paper characterizes aerosol properties
with five pairs of parameters for both fine and coarse mode
aerosol particles, namely, the columnar volume concentration V{
and V§, the effective radius 1l and 15, the effective variance
v and vy, the real and imaginary part of complex refractive
index mf, mif, mg and m{ at 550nm, where the superscript f and
c represent the a fine and a coarse mode respectively.

For the surface reflectance model, the land surface reflectance
matrix R is represent by the combination of surface reflection
contribution by 1; and polarized contribution by
PMaignanF (¥, 1;) , where 1 represent the Lambertian surface
reflectance at the wavelength of A, F(y, n;) means the Fresnel
reflection matrix, n; is the reflective index of the vegetative
matter, ¥ means the half the phase angle, which is supplementary
to the scattering angle (Dubovik et al., 2011). In addition,
PMaignan Tepresent the coefficient expression of BPDF model,
and C is the only free linear parameter of this wavelength-
independent model, which depends on the surface type (Maignan
et al., 2009). For the bare soil surface, we set the C = 6.9 with
the NDVI = 0.03 by following the work of Litvinov et al. (2011).

Following the work of Hou et al. (2016), the surface reflectance
13, could be decomposed into a weighted combination of PCs with
the corresponding weighting coefficients in the form of

T =Zj= Pjwit g, =1,d), )

i
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where the P; ; means the element of each PC, and w; means the
weighting coefficient. Besides, PCA results have shown that four
PCs are enough to reconstruct the multispectral surface
reflectance in seven wavelengths from 410 nm to 2250 nm. Thus,
the vector of weighting coefficients w = [wy,w,,wz,w, |7
could be used in the inversion framework instead of the retrieval
of the surface reflectance at each wavelength.

2.3 Definition of State Vector and A Priori Error

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

f c

T
= [yf f £ f
x = [V3, Ve, mb,mi,me,mf, v, vige g Vg Wi, Wo, W3, Wi, C|

(10)
which contain ten aerosol microphysical parameters, four
weighting coefficients of surface reflectance and one BPDF
parameters together. Here, we assume that the a priori errors in
the aerosol and surface parameters are mutually independent of
each other, and thus, the error matrix S, can be simplified as a
diagonal matrix. Besides, the a priori errors in the weighting
coefficients w correspond to the standard errors of the surface
reflectance dataset for bare soil (Hou et al., 2016). In addition,
the a priori error in the parameter C of the BPDF, which are
assumed to be 40% by following the work of Maignan et al.
(2009).

Due to an insufficient number of single-angle observations, these
ten aerosol parameters cannot be retrieved simultaneously with
surface parameters; thus, we have to select some key parameters
to separately retrieve fine- and coarse-dominated aerosols based
on an analysis of their individual information contents.
Accordingly, for fine-dominated aerosols, the state vector
contains only six aerosol elements and five surface parameters as

x= V5, Vs 'mlgimif'refff'recff'W1:W2'W3'W4'C]T' 1mn
Meanwhile, for the coarse-dominated aerosols, the state vector
also includes

x= V5, Vs »m?»micwrefff»recff»W1»Wz»W3»W4»C]T- (12)
For the information contents using these selected aerosol
parameters, the AERONET retrieval errors can be employed for
the a priori errors in the predefined aerosol parameters (Dubovik
et al., 2000), which are not contained within X but quantitatively
influence the measurements in the forward model.

In addation, the setting of a priori errors of measurements, aerosol
models and each retrieved parameter are same as the parameters
setting in the work of Hou et al. (2017, 2018), thus the detailed
results are not listed here due to space limitations.

3. INFORMATON CONTENT ANALYSIS RESULTS
3.1 Synthetic Data

To obtain the synthetic data of PSAC for the information content
analysis, different observation geometries are considered with
various solar zenith angles (6, = 40°), viewing zenith angles
(6, = 0° — 60° with a step of 5°) and relative azimuth angles
(¢ = 0° — 180° with a step of 10°). The TOA synthetic data are
calculated using UNL-VRTM for a mid-latitude summer
atmospheric profile for both fine-dominated and coarse-
dominated aerosol cases. In both cases, the aerosols are mixed
with different relative percentages of fine- and coarse-mode
particles, in which the fine-mode fraction of columnar volume
concentration FMFy, corresponds to 0.8 and 0.2, respectively.
Besides, the parameters of particle size distribution and complex

refractive index for both fine and coarse mode aerosols are taken
from the work of Hou et al. (2017, 2018), based on the ground
measurements of Sun-sky radiometer observation network
(SONET) (Li et al., 2018). Figure 1 shows the scattering phase
function (P;4) and the polarized phase function (-P;,) for the
fine-mode and coarse-mode aerosol scenarios respectively.
Specifically, we employ one typical AOD of 0.8 at 550 nm to
represent the moderate polluted aerosol loadings, and thus the
total columnar volume concentration V;, can vary from 0.149 to
0.394 um3um™2 with the corresponding FMF,, decreasing from
0.8 to 0.2 for the fine-dominated and coarse-dominated aerosol
scenarios, respectively.

3 Fine mode Coarse mode
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Figure 1. The scattering phase function P;4 (a, b) and the
polarized phase function -P;, (c, d) as functions of the
scattering angles for fine- and coarse-mode aerosols at each
wavelength adopted for the information content analysis

3.2 Total DFS of Aerosol and Surface Retrieval

Figure 2 shows the mean and standard deviation of total DFS of
aerosol and surface parameters respectively, in which the results
are calculated for the simultaneous retrieval of the ten aerosol
parameters (V{, V§, mf, mf, mg&m& rf, vl & and vy ) and
five surface parameters (wy, w,, w3, w, and C) along the polar
observation geometry (6, = 0° — 60° and ¢ = 0° — 180°) as a
histogram with error bars in consideration of 2 typical aerosol
models for bare soil surface. Correspondingly, the mean total
DFS of aerosol parameters are about 6 and 7 for the fine-
dominated and coarse-dominated aerosols, while the mean total
DEFS of surface parameters are about 4 for both aerosol models.
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Figure 2. The mean and standard deviation of the total DFS
presented in the format of a histogram with error bars for bare
soil surface type.
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To discuss 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 Eq.
(10). Similar as Figure 2, Figure 3 further illustrates the mean and
standard deviation of each DFS for the simultaneous retrieval of
the ten aerosol parameters and five parameters together for fine-
and coarse-dominated aerosols respectively. In which, panels (a)
corresponds to the results for aerosols parameters, and panels (b)
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plots the results for surface parameters separately. With the AOD
= 0.8 at 550nm, for the fine-dominated aerosols, the fine-mode
parameters V¢, mf, mf, rfc and vl could be well retrieved with
the corresponding DFS > 0.75; while for the coarse-dominated
aerosols, both the fine-mode and coarse-mode parameters
including V§, V§, mf, m¢, vl and rS could be well retrieved
with the corresponding larger DFS.

M Fine-dominated
Coarse-dominated
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1
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m i I i
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Vg m m! me

Vi

DFS

b Surface I Fine-dominated
1 [ Coarse-dominated

I
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DFS

Figure 3. The mean and standard deviation of the each DFS
component of aerosol (a) and surface parameters (b) presented
in the format of a histogram with error bars.

3.3 DFS of Selected Parameters

Since these ten aerosol parameters could not be simultaneously
retrieved with five surface parameters due to the insufficient
information content, then we need to consider predefining some
parameters with a priori errors to constrain the retrievals of other
relatively important aerosol parameters, based on the analysis in
section 3.2. Corresponding to the state vector elements in Eq.
(11) and Eq. (12), we selected six aerosol parameters (VOf , Vs, mf,
mf, i and &) for the retrieval of fine-dominated aerosols, and
six aerosol parameters (V{, V§, m¢, mf, rfy and &) for the
retrieval of coarse-dominated aerosols.

Figure 4 illustrates the mean and standard deviation of the DFS
values for the simultaneous retrieval of the six selected aerosol
parameters with five surface parameters for the fine-dominated
and the coarse-dominated aerosols respectively. Compared with
the DFS shown in Figure 3, it is evident that the DFS of each
selected parameter exhibits a significant improvement, and V
also could be retrieved for fine-dominated aerosols. Although the
weighting coefficient w3 could not be retrieved due to the week
information content, the multispectral surface reflectance of bare
soil still could be well reconstructed with other 3 PCs, because
the 3™ PC only account for less than 1% of the total variance
contribution. In addition, the BPDF parameter C could be also
retrieved with the DFS are all larger than 0.5, no matter for fine-
dominated or coarse-dominated aerosols.

1

) I i
0

Va Vi

Figure 4. Same as Figure 3 but for six selected aerosol
parameters and five surface parameters together based on the
predefinition of other aerosol parameters with a priori errors. In
which, the fine-mode mf and m are selected for fine-dominated
aerosols, while the coarse-mode m{ and my are selected for
coarse-dominated aerosols.
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4. CONCLUSIONS

Following the synthetic data simulated by UNL-VTM from the
multispectral single-viewing measurements of the intensity and
polarization together over bright bare soil surface for various
scenarios, we conduct the information content analysis for
aerosol microphysical and surface properties. To decouple the
surface-atmosphere contribution from the TOA measurement,
PCA method is used to reconstruct the multispectral surface
reflectance in seven wavelengths from 410 nm to 2250 nm. By
this means, four weighting coefficients could be used in the
inversion framework instead of the retrieval of the surface
reflectance at each wavelength. While for the contribution of
polarized surface reflectance, the linear one-parametric BPDF
model is used in the inversion framework, and only one
parameter C need to be retrieved with the corresponding NDVL

The DFS analysis in this study shows that some key aerosol
microphysical properties could be retrieved with the surface
parameters simultaneously, though over bright bare soil surface .
For example, the fine-mode parameters V¢, mf, m{, vl and vl
could be well retrieved for the fine-dominated aerosols, while the
parameters V¢, V§, mE, m¢, rf and r&% could be well retrieved
for the coarse-dominated aerosols. Besides, if six aerosol
parameters (V{, V§, mf, mf, vl and r5) are selected for the
retrieval with surface parameters, the V§ also could be retrieved
for fine-dominated aerosols. In addition, based on the well
retrieval of three weighting coefficient (w;, w, and w,), the
multispectral surface reflectance of bare soil still could be
reconstructed and further retrieved. Moreover, the BPDF
parameter C could be also retrieved for both fine-dominated and
coarse-dominated aerosols.

The findings of this study can provide important guidance to the
algorithm development over bright surface land for the
simultaneous retrieval of the aerosol key microphysical and
surface properties, by taking full use of the multispectral
polarimetric measurements with NIR and SWIR wavelength.
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