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Aerosols affect the radiative transfer in the absorption bands of carbon dioxide (CO2), thereby contributing to the
uncertainties in the retrieval of CO2 from space. A Cloud and Aerosol Polarimetric Imager (CAPI) has been de-
signed to fly on the Chinese Carbon Dioxide Observation Satellite (TanSat) and provide aerosol and cloud infor-
mation to facilitate the measurements of CO2. This study aims to assess the information content about aerosol
properties that can be obtained from CAPI's observations of radiance and polarization. We simulate synthetic
CAPI observations using the UNified Linearized Vector Radiative Transfer Model (UNL-VRTM), from which the
degree of freedom for signal (DFS) and a posteriori error for various aerosol parameters are calculated using op-
timal estimation theory. The simulation considers different combinations offine and coarse aerosols and includes
detailed treatment for both soil and vegetation surfaces. It is found that CAPI can provide 3 to 4.5 independent
pieces of information about aerosol parameters, mainly related to aerosol total volume (or aerosol optical
depth), finemode fraction (fmfv) of aerosol volume, and imaginary part of refractive index for coarsemode aero-
sols. At directions around back-scattering, aerosol information content is smaller due in part to the large direc-
tional surface reflectance. In addition, aerosol DFS also depends on fmfv, aerosol optical depth and solar zenith
angle, and such dependence is analyzed for various viewing and azimuth angles. Due to weaker scattering of
coarse aerosol, the information content of large particle is relatively less. Therefore, as fmfv decreases, DFS re-
mains large for fine aerosol and increases for coarse aerosol.With larger aerosol optical depth (AOD),more aero-
sol information content can be obtained, but when AOD increases to a threshold ranging from 0.5 to 1.2, aerosol
DFS doesn't increase any more. At larger solar zenith angles (SZA), a longer light path affected by aerosol can
slightly increase aerosol information content. Furthermore, the degree of linear polarization (DOLP) is shown
to be more sensitive to aerosol properties than reflectance, hence improves CAPI's aerosol retrieval accuracy.
The additional information content raised from DOLP measurements ranges from 1 to 1.8 in terms of DFS and
reaches the largest in conditions of 0.2 b fmfv b 0.4 at SZA b 60°. The larger AOD and fmfv, themore improvement
for characterizing fine aerosol is obtained from polarization due to larger DOLP of fine aerosol scattering (or less
for coarse aerosol). If AOD is known a priori (for example, from other A-Train satellites), total DFS for aerosol in-
formation content can be improved by 0.8 to 1.6 inmost cases, and could exceed 2.0 for conditions of small AOD
(b0.2). However, the improvement has little dependence on AOD if AOD is larger than 0.2.
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1. Introduction

Carbon dioxide (CO2) is one of themost important greenhouse gases
and its concentration has increased from 279 ppm in 1750 to 391 ppm
in 2011, with the accelerated increase rate since the beginning of 21
century (Pachauri et al., 2014). To monitor the global CO2 and
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understand its sources and sinks at a global scale, a few satellite mis-
sions have been deployed or planned, such as the Greenhouse gases Ob-
serving SATellite (GOSAT) launched on January 2009 (Kuze et al., 2009;
Yokota et al., 2009), the Orbiting Carbon Observatory-2 (OCO-2)
launched on 2 July 2014 (Boesch et al., 2011), and the Chinese Carbon
Dioxide Observation Satellite (TanSat) just launched on UTC 19:22, 21
December 2016 (Liu et al., 2013). The main objective of the TanSat mis-
sion is to retrieve the atmosphere column-averaged CO2 dry air mole
fraction (XCO2) with the precision of better than 1% (4 ppm) in order
to meet the requirement of characterizing CO2 sources and sinks on na-
tional and regional scales. TanSat flies in a sun-synchronous orbit at
13:30 h, with a shorter than 16-day ground-track repeat time. This sat-
ellite is able to carry out nadir and target observations over land and
sun-glint observations over ocean. A high-resolution Carbon Dioxide
Spectrometer (CDS) on TanSat is designed tomeasure reflected sunlight
in the 0.76-μmO2 A-band and in the CO2 bands at 1.61 μm and 2.06 μm.
However, aerosols scattering and absorption could induce non-ignor-
able interference in the radiative transfer of CO2 absorption band, there-
by increasing errors in the retrieval of columnar CO2 amount from
satellite measurements (Aben et al., 2007; Butz et al., 2009;
Houweling et al., 2005). Hence, these CO2-focused satellites also carry
instruments tomeasure aerosol and cloud properties to compensate er-
rors for operational CO2 retrieval algorithms. For example, the Cloud
and Aerosol Imager (CAI) on GOSAT measures radiance at 380, 678,
870, 1640 and 1620 nm. Comparing to the CAI that only measures radi-
ances, the Cloud and Aerosol Polarimetric Imager (CAPI) on TanSat is a
wide field of view (FOV) moderate resolution imaging spectrometer
that can simultaneouslymeasure radiances in five atmosphericwindow
bands (380, 670, 870, 1375, and 1640 nm) as well as polarization in a
visible band (670 nm) and a NIR band (1640 nm). As the first part of a
series of studies that aim to develop an aerosol retrieval algorithm for
CAPI, this paper is to assess the retrieval capability of CAPI observations
for various aerosol parameters.

Past remote sensing of aerosols has used radiances at atmospheric
window channels to retrieve aerosol optical depth (AOD), including
the Moderate Resolution Imaging Spectroradiometer (MODIS) Dark
Target algorithm that uses 670 and 2100 nm (Kaufman et al., 1997;
Levy et al., 2007), theMODIS and Sea-viewingWide Field of viewSensor
(SeaWiFS) Deep-Blue algorithm based on 412 nm, 470 nm and 650 nm
(or 412 nm, 490 nm and 670 nm for SeaWiFS) (Hsu et al., 2004, 2006;
Hsu et al., 2013), the OzoneMonitoring Instrument (OMI) aerosol algo-
rithm that utilizes 354nmand 388 nm(Torres, 2005; Torres et al., 1998;
Torres et al., 2007), and the Medium Resolution Imaging Sensor
(MERIS) aerosol algorithm focusing on blue wavelengths (von
Hoyningen-Huene et al., 2003). Either the lower surface reflectance at
shorter wavelength such as UV or blue band, or relationship of surface
reflectance between visible and NIR is utilized by these algorithms to
separate aerosol information from surface reflection. The use of multi-
spectral radiancemeasurements in these algorithms allows a character-
ization of aerosol loading with not only AOD but also other properties
such as Angstorm Exponent (AE), aerosol index (AI), and fine mode
aerosol fraction (fmf).

One of unique features of CAPI is that it measures reflectance from
UV to NIR as well as DOLP, which are expected to have potential for
the retrievals of multiple pieces of aerosol information (in addition to
AOD). The DOLP of backscattered solar radiation is sensitive to the
change of aerosol properties (Herman et al., 1997) as the polarized re-
flectance by surface is often small (Maignan et al., 2009; Nadal and
Breon, 1999). Thus, the relative contribution of aerosols to polarized
component of the top-of-the-atmosphere (TOA) reflectance is much
higher than that for the total reflectance, whichmakes it easier to derive
aerosol properties from polarized sensors like the Polarization and Di-
rectionality of Earth Reflectance (POLDER) (Deuzé et al., 2001;
Herman et al., 1997). From the multi-spectral, multi-angle polarimetric
measurements, some studies have demonstrated the possibility to de-
rive more detailed information about aerosol properties including the
particle size distribution, complex refractive index, and parameters
characterizing aerosol particle shape and vertical distribution
(Dubovik et al., 2011; Kokhanovsky et al., 2007; Kokhanovsky et al.,
2010; Xu et al., 2015). Based on these studies, it is expected that CAPI
measurements have the potential for retrieval of aerosol properties in
addition to AOD.

However, to our knowledge there has been no algorithm combining
UV, visible, and NIR reflectance together with polarization to retrieve
aerosol properties. The most similar algorithm is the one for POLDER
on PARASOL with the spectral ranges from blue bands to NIR (Deuzé
et al., 2001). Hence, it is necessary to assess the aerosol information con-
tent of CAPI measurement and thereby provide guidance for designing
and implementing a practical retrieval algorithm. To this end, we con-
duct a theoretical information content analysis using synthetic data for
CAPI. Based on optimal estimation theory, our analysis provides how
much information content for each aerosol parameter is possibly avail-
able in the CAPImeasurements. Previous studies have shown that aero-
sol information content in the satellite measurement depends on
aerosol and surface type and observation geometry (Holzer-Popp et
al., 2008; Martynenko et al., 2010; Wang et al., 2014). But these studies
focused on the radiance-measurements only, and this study differs from
these past studies in the following aspects. First, this study extends the
framework of our past study on information content analysis for the
ground-based measurements (e.g., Aerosol Robotic Network, Xu and
Wang, 2015) to the satellite observation, and therefore, the angular ef-
fect from surface bi-direction reflectance function becomes important
and is specifically analyzed in this study. Second, this study uses the for-
mal optimization theory (Rodgers, 2000) to not only quantify the infor-
mation content of aerosols in terms of degree of freedom for signals
(DFS) but also estimate posterior error for each retrieved parameter,
not only for fine-mode but also for coarse-mode aerosols at all possible
Sun-Earth-Satellite viewing geometries; such analysis has not been
done before, especially for CAPI-type of instruments that combine UV,
visible, and NIR reflectance together with polarization. Finally, this
study also analyzes the synergy between CAPI with other A-train satel-
lites. Therefore, the new development of our method and the compre-
hensive analysis of aerosol information content for CAPI enable us to
reveal, for the first time, how a combination of reflectance and polariza-
tion in UV, VIS, and NIR channels can improve the characterization of
aerosols beyond AOD.

Quantitatively, the purpose in this paper is to investigate what aero-
sol parameters can be possibly retrieved from CAPI observations and
how accurate the retrievals are. The multispectral reflectance and
DOLP to be measured by CAPI are simulated by the Unified Linearized
Vector Radiative Transfer Model (UNL-VRTM) developed by (Wang et
al., 2014). The outputs of this forward model, including not only Stokes
vector but also the Jacobians of the Stokes vector with respect to aerosol
scattering andmicrophysical parameters, are used to quantify the infor-
mation content in terms of both degree of freedom for signal (DFS) and
retrieval uncertainty for each parameter. In addition to evaluate which
aerosol parameters can be retrieved, we also quantify the amount of
aerosol information content that is enhancedwith the addition of CAPI's
DOLP measurements. Furthermore, the angular dependence of aerosol
information content is analyzed to estimate the impact of observation
geometry on the retrieval accuracy. Finally, we assess how the AOD
fromA-train satellite could help to augment CAPI's aerosol retrievals. Al-
though similar analysis about polarization and angular dependence has
been explored in other sensors, such as POLDER or MISR, the focus in
this study is to conduct quantitative analysis for CAPI, especially its in-
formation content for aerosol parameters (such as size and refractive
index). The information content analysis in this studywill provide a the-
oretical foundation for developing a CAPI operational algorithm for the
aerosol retrievals.

Section 2 describes the theory of information content analysis. The
numerical simulation of CAPI reflectance and DOLP as well as key as-
sumptions made in our analysis are introduced in Section 3. The results
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from aerosol information content analysis, especially the impact of
DOLP for aerosol characterization, are presented in Section 4. In
Section 5, we focus on analysis of aerosol information content of CAPI's
nadir observations (e.g., CAPI's normal observation mode) and the var-
iation of the aerosol information content with the solar zenith angle.
In Section 6, we discuss the improvement of aerosol information con-
tent and retrieval accuracy through synergetic use of AOD (from A-
train satellite) and CAPI measurements. Finally, we summarize this
paper and discuss the future plan in Section 7.

2. Information content analysis theory

Let x a state vector consisting of n parameters (such as AOD) to be
retrieved from an observation vector y containing m elements of mea-
surements (such as spectral reflectance and polarization). The relation-
ship between y and x can be expressed by

y ¼ F xð Þ þ ∈; ð1Þ

where the forward model F describes the physical processes that link
themeasurements to the state vector.∈ represents the combined errors
from both the observation process and forward modeling, and hereaf-
ter, is called measurement error for simplicity.

The inversion problem is to infer the state vector from themeasure-
ments. Assuming that errors follow a Gaussian probability density func-
tion and observation vector is linearly related to the state vector at the
vicinity of the true state, we can get the optimal estimation of the
state vector:

x̂ ¼ xa þ KTS−1
∈ Kþ S−1

a

� �−1
KTS−1

∈ y−Kxað Þ; ð2Þ

where Sa represents the error covariance matrix for the prior state vec-
tor, xa, and S∈ is the measurement error covariance matrix. K is called
weighting functionmatrix or Jacobianmatrix, and comprised of the par-
tial derivative of each forward model element with respect to every
state vector element, i.e. Ki , j=∂Fi/∂xj (Ki,j represents the element in
the ith row and the jth column in matrix K, and Fi is the ith simulated
measurement and xj is the jth element in the state vector x). Jacobians
identify the sensitivity of observation to the retrieved parameters. Ac-
cording to the optimal estimation theory (Rodgers, 2000), the errors
of the retrieved state vector also follow aGaussian distribution. The pos-

terior error covariancematrix Ŝ closely relates to errors of themeasure-
ments and the a priori:

Ŝ
−1 ¼ KTS−1

∈ Kþ S−1
a : ð3Þ

The square roots of the diagonal elements of Ŝ are the one sigma er-
rors for the corresponding retrieved parameters.

The information content in the measurement for each retrieval pa-
rameter is often characterized in terms of averaging kernel
(Frankenberg et al., 2012; Geddes and Bösch, 2015; Hasekamp and
Landgraf, 2005; Holzer-Popp et al., 2008; Martynenko et al., 2010;
Wang et al., 2014; Xu andWang, 2015). By definition, the averaging ker-
nel is the derivative of the posterior state vector with respect to the true
state:

A ¼ ∂x̂
∂x

¼ KTS−1
∈ Kþ S−1

a

� �−1
KTS−1

∈ K: ð4Þ

The closer the averaging kernel matrix A is to a unity matrix, the
more perfect the retrieval. If A is a null matrix, no information can be
gained from the observation. The degree of freedom for signal (DFS),
one scalar quantity that can quantify the information content in the
retrieval, is defined as the trace of averaging kernel matrix A:

DFS ¼ trace Að Þ: ð5Þ

Since the diagonal elements of matrix A represent the sensitivity of
each retrieved parameter to its corresponding truth, Ai,i = 1 (Ai,i repre-
sents the ith row and the ith column element in matrix A meaning DFS
of the ith parameter in the state vector x) indicates that xi can be fully
retrieved from themeasurements, while Ai,i=0 indicates that no infor-
mation about xi is given bymeasurements. As the result, DFS represents
the number of independent pieces of information the measurements
can provide. In this study, we focus on DFS and its components for aero-

sol information content analysis aswell as retrieval error evaluated by Ŝ:

3. Satellite observation simulation

Applying the theory introduced in Section 2 to CAPI aerosol retrieval
requires the knowledge of themeasurement vector and the state vector,
as well as their error covariance matrices. In this section we first briefly
describe the CAPI observing characteristics and the forwardmodel used
to simulate CAPI observations. Then, we present the chosen parameters
in the state vector and the assumptions of prior error andmeasurement
error covariance matrices.

3.1. CAPI measurements and observation vector

CAPI collects observation in push broommode with a spatial resolu-
tion 1.0 km and a wide FOV 16°. Table 1 shows some important charac-
teristics about this satellite and two instruments on TanSat: CAPI and
CDS. In the simulation, we assume Gaussian response function with
full width at half maximum of 10 nm for all channels. Since the 1375-
nm band of CAPI is mainly used for cirrus detection, it is not included
in our measurement vector. DOLP is observed in 670-nm and 1640-
nm channels with three polarizers placed 60° between each axial direc-
tion. Tomeet themission requirements, TanSat will perform several ob-
servation tasks with different scanning configurations. Over land, the
satellite mainly performs principal-plane nadir scans. Over ocean
where surface reflectance is relatively lower, the sun-glintmode is gen-
erally used to observe sun-glint spot in orbit. In this study, we focus our
investigation on principal-plane nadir viewing.

In order to investigate potential increase of the aerosol information
content due to DOLP measured by CAPI, we compare our analysis for
two scenarios: (1) retrieval from reflectance-only observation, and (2)
retrieval with additional polarized measurements. Hence, the observa-
tion vector in the first scenario can be defined as:

y ¼ I380; I670; I870; I1640½ �T ; ð6Þ

in which I380 represents the simulated reflectance at TOA in the 380-nm
band and the similar definitions are applied to other elements. In con-
trast, the observation vector in the second scenario is:

y ¼ I380; I670; I870; I1640;DOLP670;DOLP1640½ �T : ð7Þ

We simulate these reflectances and DOLP for viewing zenith angles
(VZA) from 0° to 75° and relative azimuth angles (RAA) ranging from
0° to 180° to analyze the angular dependence of information content.
To simplify the presentation of the results, we first show the analysis
of these simulations for SZA of 20°. Our subsequent analysis focus on
CAPI principal-plane nadir observations at extended SZAs between 40°
and 75°.

3.2. Forward model

We use UNL-VRTM to simulate the CAPI's observations. UNL-VRTM
was developed as a numerical testbed that combines linearized single-



Table 1
Characteristics of TanSat.

Instruments CDS CAPI

Band name or number O2\\A CO2 weak CO2 strong 1 2 3 4 5
Spectral range (nm) 758–778 1594–1624 2041–2081 365–408 660–685 862–877 1360–1390 1628–1654
Spectral resolution (nm) 0.044 0.12 0.16 –a

Polarization angle (°) –a –a 0/60/120 –a –a 0/60/120
SNRb 360 250 180 260 160 400 180 110
Spatial resolution (km) 1 × 2 1 × 1
Scan range (°) −30–10 −16–16
Swath (km) 20 400
Orbit type Sun-synchronous
Altitude (km) 700
Inclination (°) 98
Local time 13:30

a The symbol represents that the characteristic does not exist for the instrument.
b SNR: Signal to noise ratio.

Table 2
BRDF parameters of each band defined for both soil and vegetation.

Band (nm) fiso(λ)a k1(λ)b k2(λ)c

380 0.0256/0.0354d 0.0148/0.0086 0.0039/0.0095
670 0.1981/0.0840 0.1110/0.0170 0.0303/0.0250
870 0.3154/0.2520 0.2251/0.2080 0.0144/0.0210
1640 0.4210/0.3070 0.1620/0.0890 0.0570/0.0690

a fiso(λ) represent amplitude factors for Lambertian kernel, as expressed in Eq. (12) in
the main text.

b k1(λ) represent amplitude factors for Ross-thick kernel, as expressed in Eq. (12) in the
main text.

c k2(λ) represent amplitude factors for Li-sparse kernel, also as expressed in Eq. (12) in
the main text.

d The left value is for soil surface and the right value is for vegetation surface.
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scattering code for spherical particles with vector linearized radiative
transfermodel (Wang et al., 2014). As inWang et al. (2014), this testbed
has been used to conduct a feasibility study in which the retrieval of
aerosol properties is improved through a synergic use of two geosta-
tionary satellites. The testbed has also been used for evaluating aerosol
information content contained in the ground-based remote sensing sys-
tem (AERONET) (Wang et al., 2014; Xu and Wang, 2015). Its forward
modeling part consists of a linearized Mie code, a vector linearized dis-
crete ordinate radiative transfermodel (VLIDORT) that can compute an-
alytical weighting functions (Spurr, 2008), and a surface model
calculating bidirectional reflectance or polarization distribution func-
tions (BRDF/BPDF), as well as modules computing the molecular Ray-
leigh scattering and trace gas absorption. After inputting atmospheric
profiles of pressure, temperature and trace gas mixing ratio, aerosol mi-
crophysical parameters and profile parameters, aswell as surfacemodel
parameters, we can gain the Stokes vector:

I ¼ I;Q ;U;V½ �T ; ð8Þ

as well as Jacobians with respect to each aerosol parameter (xi):

∂I
∂xi

¼ ∂I
∂xi

;
∂Q
∂xi

;
∂U
∂xi

;
∂V
∂xi

� �T
: ð9Þ

Since DOLP is defined as

DOLP ¼ −
Q
I
: ð10Þ

The corresponding Jacobians of DOLP can be calculated by:

∂DOLP
∂xi

¼ Q

I2
∂I
∂xi

−
1
I
∂Q
∂xi

: ð11Þ

These Jacobians are then used in the optimal estimation framework
as presented in Section 2.

In all forward calculations, aerosol particles are assumed to be spher-
ical with a bimodal lognormal particle size distribution function charac-
terized by effective radius reff and effective variance veff for both fine
mode and coarse modes (Hasekamp and Landgraf, 2005; Mishchenko
et al., 2007;Waquet et al., 2009). The aerosol microphysical parameters,
as part of the input for our forward model, also include complex refrac-
tive index for both modes. The shape of the aerosol extinction profile
follows a quasi-Gaussian function that peaks at 2 km and has a 2-km
width at the half maxima of aerosol extinction (Ding et al., 2016;
Wang et al., 2014).

To characterize the surface reflectance, we use the BRDF products of
MODIS (Lucht et al., 2000; Schaaf et al., 2002). The Ross-Li kernels in the
BRDF describe the isotropic, volumetric and geometric-optical surface
scattering, respectively (Wanner et al., 1995; Wanner et al., 1997):

RI λ;ϑv;ϑ0;φð Þ ¼ f iso λð Þ þ k1 λð Þ f geom ϑv;ϑ0;φð Þ
þ k2 λð Þ f vol ϑv;ϑ0;φð Þ; ð12Þ

where λ is wavelength, ϑv ,ϑ0, and φ represent viewing zenith angle,
solar illumination zenith angle, and relative azimuth angle, respectively.
For this study, the radiative transfer calculation is conducted for two
types of surfaces representing soil and vegetation. The coefficients in
Eq. (12), fiso(λ) ,k1(λ), and k2(λ) are derived fromMODIS BRDF products
for typical soil and vegetated surfaces interpolated to CAPI bands (as
shown in Table 2). In addition, since the land surface BPDF is shown to
be rather small compared to BRDF (Litvinov et al., 2011; Litvinov et al.,
2010; Maignan et al., 2009; Nadal and Breon, 1999; Waquet et al.,
2009), the surface polarized reflectance is not treated in this study and
the impact of this treatment will be evaluated in a future study.

3.3. The state vector

The state vector x consists of 14 parameters characterizing the fine
and coarse aerosol modes: the total aerosol columnar volume concen-
tration V (μm3μm−2), four parameters describing the wavelength de-
pendence of the complex refractive index (mr − mii) for each mode,
the effective radius reff and variance veff for both modes, and the fine
mode volume fraction (fmfv). Instead of explicitly retrieving refractive
index at all wavelengths, we assume the real and imaginary parts of re-
fractive index (mr, mi) on are functions of wavelength following
Dubovik and King (Dubovik and King, 2000):

mr λð Þ ¼ ar�λbr ; ð13Þ

mi λð Þ ¼ ai
� λbi : ð14Þ



Table 3
Aerosol microphysical parameters of both the fine and coarse modes.

Mode reff (μm)a veff mr
b mi

Fine 0.13 0.92 1.444, 1.433, 1.428, 1.415 0.0041, 0.0057, 0.0066, 0.0095
Coarse 1.90 0.41 1.577, 1.559, 1.550, 1.530 0.0016, 0.0024, 0.0029, 0.0046

a reff and veff denote the effective radius and effective variance, respectively.
b The refractive indices (mr − mii) are listed at 380 nm, 670 nm, 870 nm, and 1640 nm respectively.
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The ar,br ,ai, and bi are the fitting coefficients and are included in the
state vector. The derivations of their Jacobians are presented in our pre-
vious study (Hou et al., 2016).

The fine-mode aerosol is assumed to be water-soluble particles at
relative humidity of 50% from the OPAC database (Hess et al., 1998),
with which the refractive index of Eq. (14) is fitted. The size and refrac-
tive index parameters for coarse particles are the same as those used in
Xu andWang (2015). Table 3 summarizes the aerosolmicrophysical pa-
rameters at CAPI wavelengths. Similar to Xu and Wang (2015), we de-
fine three different scenarios of aerosol mixtures, namely fine-mode
dominated, well-mixed, and coarse-mode dominated. The correspond-
ing fractions of the fine-mode volume are defined as 0.8, 0.5, and 0.2, re-
spectively. The aerosol loading in all scenarios are defined by a total
AOD of 1.0 at 440 nm.

3.4. The a priori and measurement errors

According to optimal estimation theory, aerosol information content
analysis requires a realistic characterization of the a priori error
Fig. 1. (a) The histogram of fmfv over Beijing_RADI site derived fromAERONETdaily inversion p
− mii) over Beijing_RADI site as the function of fmfv. Four colorful boxes in each bin represent
median, and the bottom and top edges of the box indicate the 25th (q1) and 75th (q3) percenti
and the rest data extending this range are plotted as outliers using the ‘+’ symbol.
covariance matrix Sa and the measurement error covariance matrix S∈.
To define the uncertainty for the wavelength dependence of aerosol re-
fractive index, we used the Aerosol Robotic Network (AERONET) daily
averaged complex refractive index inversion product for Beijing_RADI
site during 2013–2015 as the a priori uncertainty of refractive index co-
efficients: ar, br, ai and bi. In total, 302 inversions with AOD at 440 nm
larger than 0.4 are found, at which circumstance the inversion accuracy
for refractive index can be guaranteed (Fig. 1a). After analyzing the dis-
tribution of refractive index data as a function of fmfv, as shown in Fig.
1b–c, we group the AERONET data with fmfv b 0.2 as the coarse mode
and with fmfv N 0.7 as the fine mode; some outlier data points (such
as the mi larger than 0.1 when fmfv is from 0.3 to 0.4 in Fig. 1c) are ex-
cluded in the analysis. Applying Eqs. (13) and (14) in both data groups,
we obtain the standard deviation for ar, br, ai and bi as the a priori error
for fine and coarse mode respectively. For other parameters, the a priori
error are assumed as relative errors, which are 80% for reff and veff of
both two modes and 100% for aerosol columnar volume concentration
V and fmfv (Xu and Wang, 2015). Table 4 shows the a priori errors for
all retrieved aerosol parameters. Similar to the assumption in Dubovik
roducts during 2013–2015. (b) and (c) Climatology of aerosol complex refractive index (mr

AERONET inversions in 4 bands, respectively. On each box, the central mark indicates the
les, respectively. The whiskers extend from q3+ 1.5 × (q3− q1) to q1− 1.5 × (q3− q1),



Table 4
The a priori error (%) of retrieved fine- and coarse-mode aerosol parameters.a

Mode Vb fmfv reff veff ar br ai bi

Fine 100 100 80 80 19 574 195 46
Coarse 100 – 80 80 14 149 116 70

a The errors are in terms of relative uncertainties and described by percentages.
b The state vector is defined to include total aerosol volume and fmfv instead of fine-

mode volume and coarse-mode volume.
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et al. (2000) andXu andWang (2015),we consider the a priori errors for
retrieved parameters are independent between each other, so that Sa
can be defined with zero off-diagonal elements.

We consider two components in the observation error: the uncer-
tainties fromboth themeasurement process and forwardmodel param-
eters. Correspondingly, the measurement error covariance matrix used
in the calculation of averaging kernel and posterior error is:

S∈ ¼ Sy þ KbSbK
T
b; ð15Þ

in which Sy represents the uncertainty in measurement process, Sb is
the error covariance matrix of surface model parameters in UNL-
VRTM, i.e. the spectral kernel factors for Ross-Li model, and Kb is the
Fig. 2. Polar plots at 380 nm, 670 nm, 870 nm, 1640 nm (or 670 nmand 1640 nm for DOLP), res
aerosol scattering phase function P11, (o–p) DOLP for light singly scattered by aerosols and calc
phase matrix (Hansen and Travis, 1974), (q–t) Jacobians of TOA reflectance with respect to
simulations are for a well-mixed aerosol model over a vegetation surface with SZA of 20°. The
weighting functions of measurement vector with respect to the
model-input parameter vector b that can be output fromUNL-VRTMdi-
rectly. Based on the instrument characterization, the calibration accura-
cy is about 5% for CAPI reflectance detection. According to the research
of Li et al. (2010) about some ground-based polarized radiometers (Li
et al., 2010), the calibration uncertainty of DOLP is estimated about
0.005 to 0.01. We assume CAPI has the similar uncertainty of DOLP. Fi-
nally, in our study, we choose the relative error of 5% for reflectance I
and absolute uncertainty of 0.01 for DOLP; this selection is also consis-
tent with Xu and Wang (2015). Considering the limited knowledge of
surface model and the accuracy of surface parameters, the relative un-
certainties of BRDF kernel factors are assumed to 20%. Similarly, the er-
rors for measurements and surface model parameters b are also
assumed to be non-correlated, so error covariance matrices Sy and Sb
are diagonal matrix.

4. Results

Fig. 2a–f shows the simulated reflectance in four bands and DOLP in
two bands at SZA of 20° over a vegetation surface for well-mixed aero-
sols. It is found that the TOA reflectance increases with wavelength due
to larger surface reflectance at longer wavelength (Fig. 2g–i). The rela-
tively large TOA reflectance at 380 nm results from strong Rayleigh
pectively, of (a–d) simulated TOA reflectance, (e–f) DOLP at TOA, (g–j) surface BRDF, (k–n)
ulated as –P12/P11 where P11 and P12 follow the traditional denotation of a 4 × 4 scattering
aerosol columnar volume V, and (u–v) Jacobians of DOLP at TOA with respect to V. All
polar radius represents VZA from 0° to 75° and the polar angle is RAA from 0° to 180°.
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scattering in UV band. Moreover, the reflectance around the backscat-
tering direction is larger than other geometries due to enhanced surface
reflectance and aerosol scattering at the backscattering region (Fig. 2g–i
and k–n).

The geometric patterns of DOLP at TOA are determined by the DOLP
of aerosol and Rayleigh scattering phase functions described as –P12/P11,
where P11 and P12 follow the traditional denotation of the 4 × 4 scatter-
ing phasematrix (Hansen and Travis, 1974) shown in Fig. 2o–p. The de-
crease of DOLP in 670nmwith scattering angle results froma composite
effect from both aerosol and Rayleigh scattering (Fig. 3e). DOLP is close
to zero near 160° scattering angle where negative aerosol DOLP offsets
the positive Rayleigh DOLP.When scattering angle continues increasing
to 180°, DOLP fromRayleigh scattering is close to zero, and consequent-
ly, DOLP at TOA is mainly affected by DOLP from aerosol scattering, and
thereby decreases (Fig. 2k–n). Smaller values of DOLP of aerosol scatter-
ing at 1640 nm result in smaller DOLP at TOA than that at 670 nm
(Fig. 2o–p). Further analysis of Jacobians and information content for
different aerosol parameters as a function of view geometries and aero-
sol scenarios are presented below.
4.1. Sensitivity of reflectance and DOLP to aerosol properties

The Jacobians of reflectance and DOLP at TOA with respect to total
aerosol volume at different wavelengths are illustrated in Fig. 2q–v.
The larger Jacobians are found at the viewing angles opposite to the
sun (Fig. 2q–t), indicating that TOA reflectance ismore sensitive to aero-
sol volume in these directions. This phenomenon is due to smaller sur-
face reflectance at these geometries, which favors retrieval of aerosols
(Fig. 2g–j). In contrast, at directions close to the incoming beam, large
surface reflectance causes less sensitivity of TOA reflectance to aerosol
properties. When VZA is large, away from SZA, Jacobians of reflectance
become smaller with larger RAA. However, the sensitivity is larger at
larger RAA when VZA is close to SZA.
Fig. 3. Scattering phase function (P11) and DOLP (–P12/P11) as a function of scattering angle fo
aerosol at 380 nm (red line), 670 nm (blue line), 870 nm (green line), and 1640 nm (black
respectively for fine dominated, well mixed and coarse dominated. (For interpretation of the
article.)
In contrast, Jacobians of DOLP demonstrate distinct angular depen-
dence from those of TOA reflectance. The magnitude of light DOLP at
TOA is mainly affected by the scattering of aerosol and air molecules,
and the depolarization effect of the underlying surface. Therefore, Jaco-
bians of DOLP with respect to total aerosol volume manifest a complex
interplay of aerosol scattering, Rayleigh scattering, and surface reflec-
tion. For example, DOLP in the 670-nm band is less affected by small
surface reflectance (Fig. 3e). DOLP in this band decreases atmost angles
as aerosol volume increases (e.g. negative Jacobians in Fig. 2u). At
1640 nm, the depolarization of surface reflectance has larger impact
on DOLP at TOA. Increase of aerosol tends to reduce such surface depo-
larization, leading to positive Jacobians atmost angles in addition to the
directions of back-scattering (Fig. 2v).

Moreover, Jacobians of reflectance and DOLP at TOA show distinct
difference at different wavelengths. At longer wavelengths, larger
surface reflectance and lower aerosol optical depth lead to smaller
sensitivity of TOA reflectance to aerosol volume (compare Fig. 2q
and r). This decrease of sensitivity is more obvious with larger fmfv
due to larger Angstrom exponent of fine aerosol. Similarly, DOLP at
1640 nm is smaller than 670 nm (Fig. 2e and f), due to both larger de-
polarization of surface reflectance (Fig. 2h and j) and smaller aerosol
scattering DOLP (Fig. 3e) at 1640 nm. Therefore, Jacobians of DOLP at
670 nm and 1640 nm are distinguished by different effect of surface
reflectance and aerosol scattering DOLP, as discussed in last
paragraph.

In general, the magnitudes of DOLP Jacobians are similar or larger
than that of reflectance Jacobians, indicating equal or more sensitivity
of DOLP at TOA to aerosol properties. Therefore, it is expected to get
more aerosol information and improve retrieval accuracy by adding
these polarized measurements in the retrieval. In addition, the magni-
tudes of Jacobians differ among retrieved aerosol parameters, leading
to different sensitivity and information content in the retrieval. We
will compare the information content and retrieval accuracy of all re-
trieved parameters in the following section.
r light singly scattered by molecular (Rayleigh scattering, magenta dash-dotted line) and
line), respectively. Three columns (from left to right) represent three aerosol scenarios,
references to color in this figure legend, the reader is referred to the web version of this
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4.2. Aerosol information content analysis

Fig. 4a illustrates the angular distribution of aerosol information con-
tent in terms of total DFS for retrieving aerosol parameters from only
CAPI reflectance measurements for well-mixed aerosol scenario. As
the scattering angle increases, DFS values decrease at first and then in-
creases slightly near backscattering. This variation is overall consistent
with the change of total aerosol phase function (Fig. 2k–n) although
large surface reflectance near backscattering (Fig. 2g–j) reduces aerosol
information to some extent. The change of DFS with RAA is the same as
Jacobians with respect to AOD shown in Section 4.1 (Fig. 2q–t); RAA
could cause the difference of DFS as large as 0.5 when VZA is close to
SZA. Moreover, in this scenario, DFS component is small at most angles
for fine-mode bi, coarse-mode ai, fine-mode reff and veff, and coarse-
mode veff. Therefore, CAPI measurements are not able to resolve these
parameters, andwe exclude these five parameters from the state vector
in our following analysis. Fig. 5 shows the DFS of other nine parameters
for well-mixed aerosol scenario. It is clear that bi of coarse aerosol has
the largest DFS of 0.7 (Fig. 5o) followed by ai of fine aerosol with 0.4
DFS (Fig. 5i).

When DOLP is included in the retrieval, DFS reaches smallest near
the direction of backscattering, due in part to the strong influence
from large surface reflectance as well as small aerosol polarization at
these angles (Fig. 2g–j and o–p). Consequently, DFS displays more com-
plex variation with RAA at similar or smaller VZA than SZA. At these an-
gles, especially for the wide FOV of CAPI (0°–16°), different RAA could
cause 1.6 or more DFS change. The information content for coarse-
mode bi is still largest with DFS values of 0.7 to 0.8 (Fig. 5p), followed
Fig. 4. Polar plots of DFS for retrieving 14 independent aerosol parameters under various ae
dominated scenario (d–f), and coarse-dominated scenario (g–i), respectively. Three col
measurements, from both the reflectance and polarized measurements, and increased due to
same to those defined in Fig. 2.
by the DFS values for fmfv ranging from 0.5 to 0.65 (Fig. 5d). The DFS
values for total aerosol volume (V), ar, br and ai for fine mode vary be-
tween 0.35 and 0.5 (Fig. 5b, f, h and j), and for the remaining parame-
ters, ar, br and reff for coarse mode, DFS values in the range from 0.2 to
0.35 DFS. It is concluded that the total aerosol information content
mainly comes from parameters associated with fine-mode aerosols.
Compared with 2 to 2.5 DFS in reflectance-only retrieval, combined re-
flectance and polarization observations can provide about 3 to 4.5 DFS
atmost viewing angles. Indeed, 6 (or 4)measurements can only provide
b6 (or 4) pieces of information. Our analysis here is to identify themost
informative parameters from 14 defined state parameters.

Overall, in average, DFS values are 0.75 and 0.6 respectively for bi for
coarse mode and fmfv, when polarization data is used together with re-
flectance data to characterize well-mixed aerosol cases. The measure-
ments also have some limited information about aerosol total volume
and parameters of real part of refractive index of fine mode.
4.3. The improvement by adding polarization

For the purpose of analyzing the role of CAPI polarized measure-
ments in aerosol retrieval, we also calculate the difference of total DFS
after adding DOLP (right column of Fig. 4). Right column of Fig. 4 indi-
cates that adding DOLP measurements can provide additional 1 to 1.8
independent pieces of information for aerosols at most angles regard-
less of aerosol types. Comparison among Fig. 4c, f and i reveals that
the DFS improvement increases with decreasing fmfv; this is the result
of large increment of DFS for coarse-mode aerosol while the
rosol conditions. Three rows correspond to the well-mixed aerosol scenario (a–c), fine-
umns (from left to right) represent aerosol DFS respectively from reflectance-only
the addition of polarization. The solar zenith angle, polar radius, and polar angle are the



Fig. 5. Polar plots of individual DFS for each aerosol parameter defined in Table 3: V (panel a and b), fmfv (c, d), fine-mode ar (e, f), br (g, h), ai (i, j), and coarse-mode ar (k, l), br (m, n), bi (o,
p), and reff (q, r), respectively. The left column illustrates retrieval from reflectance-only measurements and the right column shows retrieval from both reflectance and polarized
measurements. The solar zenith angle, the polar radius and polar angle are the same to those defined in Fig. 2.
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information content for fine-mode parameters always retain large re-
gardless of fmfv.

Furthermore, in reflectance-only retrieval, total DFS values are larger
at near-backscattering angles than other angles (Fig. 4a), whereas there
is a ringwith small DFS at these angles in the retrieval with polarization
(Fig. 4b). This is the result of non-sensitivity of DOLP at TOA to aerosols
(i.e. Jacobians of DOLP is zero, see Fig. 2u and v) in these directions.
Hence, adding polarization cannot improve aerosol information content
in these directions (i.e. almost zero value in Fig. 4c).
The improvement of DFS from DOLP for each retrieved parameter
also can be found in Fig. 5. Total aerosol volume (V) and fmfv best
benefit from DOLP with additional 0.2 and 0.5 DFS, respectively.
However, the information content of ai of fine mode and bi of coarse
mode show little changes. One possible reason is the comparative
sensitivity of TOA reflectance and DOLP with respect to imaginary
part parameters, whereas there is large excess of DOLP Jacobians
compared to reflectance Jacobians with respect to V and fmfv (figures
not shown).
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5. Results for CAPI observation mode

TanSat carries out different tasks in different observation modes to
meet the mission requirements. Over land, TanSat mainly scans near-
nadir targets in the principal plane, which is called principal-plane
nadir mode. In this mode, the VZAs are limited in its FOV of ±16° and
SZA cannot be larger than 80° to achieve a sufficiently good SNR. There-
fore, we analyze DFS from simulated CAPI measurements with VZAs
from 0° to 16° and SZAs from 40° to 75° at two RAA (e.g., RAA = 0°
and 180° in the principal plane) over both soil and vegetation for differ-
ent aerosol scenarios. The results are shown in Fig. 6.

5.1. DFS analysis for principal-plane nadir mode

Fig. 6manifests that DFS values for all aerosol parameters in CAPI re-
flectance-only retrieval over soil range from 1.5 to 2.0 for fine-dominat-
ed case, 1.7 to 2.2 for well-mixed case, and 1.8 to 2.4 for coarse-
dominated case (whisker-box in blue color Fig. 6d–f). After accounting
for DOLP into our retrieval, DFS values over soil can reach from 2.8 to
3.3 for fine-dominated case, 3.2 to 3.7 for well-mixed case, and 3.5 to
4.1 for coarse-dominated case, respectively (Fig. 6a–c). Therefore, CAPI
DOLP measurements provide additional 1.3 to 1.7 pieces of aerosol in-
formation. In addition, it is found that the retrievals over vegetation
(black whisker-box) have DFS about 0.5 larger than that over soil
(blue whisker-box) due to low surface reflectance of vegetation.

Moreover, Fig. 6 also demonstrates that more aerosol information
can be gained as SZA increases, which is the result of longer light path
affected by aerosols for larger SZA. Furthermore, DFS for aerosol pre-
sents small variation with VZA within the FOV of CAPI, and this differ-
ence depends on the range of aerosol scattering phase function in the
FOV. For example, as in Fig. 6a, the variability of DFS at SZA of 40° is larg-
er than that at larger SZAs,which is the result of larger change of aerosol
Fig. 6. The statistical DFS of CAPI observations as a function of SZA from 40° to 75°. Three co
dominated. The upper row demonstrates DFS of both reflectance and polarization measurem
are two surface types soil (black) and vegetation (blue). The symbol in each box-whisker is th
the reader is referred to the web version of this article.)
scattering DOLP at the corresponding scattering angles (from 124° to
156°) (Fig. 3d–f). The largest change of DFS values with VZA can reach
0.3 for reflectance-only retrieval (Fig. 6d–f) and 0.4 retrieval with polar-
ization (Fig. 6a–c), which are less than the variation of DFS caused by
surface type and aerosol mixture.

5.2. DFS variation with solar zenith angle, AOD and fmfv

According to the analysis above, aerosol information content of CAPI
measurements varies with SZA and aerosol conditions. Thus, to investi-
gate how aerosol type and SZA affect aerosol retrieval, we display the
variation of aerosol information content from CAPI nadir observation
(at 0° VZA) with fmfv ranging from 0.02 to 0.98 at the same SZA with
that used in Section 5.1 (from 40° to 75°) by keeping AOD 1.0 at
380 nm. Moreover, to describe the large variation of aerosol loading in
real atmosphere, we also calculate the DFS and retrieval error when
AOD ranges from 0.1 to 2.0 with the same set of fmfv values.

Fig. 7a and b illustrate the contours of DFS values as a function of SZA
and fmfv with the same AOD (1.0 at 380 nm) in the retrieval with and
without use of DOLP, respectively, and the difference between these
two retrievals is shown in Fig. 7c. At the same SZA, when fmfv increases,
total aerosol DFS decreases in both retrievals. This is because coarse-
mode aerosols are less optically significant than find-mode aerosols.
CAPI measurements contain less information about parameters of
large particles (as shown in Fig. 5), and coarse-mode parameters are
more difficult to retrieve than those for fine-mode aerosols. Thus,
when fmfv decreases, the information about coarse aerosol increases
fast, while the information about fine aerosol remains high with little
change, so the total information content increases. When SZA increases
with the same fmfv, aerosol information content increases slightly due
to longer light path, as we discussed in Section 5.1. We note that for
SZA smaller than 70°, DOLP provides the largest information content
lumns correspond to three aerosol scenarios: fine-dominated, well-mixed, and coarse-
ents and the lower row for reflectance-only measurements. Also included in each panel
e same to that in Fig. 1. (For interpretation of the references to color in this figure legend,



Fig. 7. Contours of DFS of various combinations of CAPImeasurements as a function of SZA and fmfv: measurements of CAPI spectral reflectance at 380, 670, 870 and 1640 nm, and DOLP at
670 and 1640 nm (a), CAPI reflectance-only measurements (b), CAPI reflectance and DOLP plus A-Train AODs (d), and CAPI reflectance-only measurements plus A-Train AODs (e).
Increases of DFS by adding DOLP or by adding A-Train AODs are shown in panels (c) and (f). All simulations are performed with 380-nm AOD of 1.0 and for a vegetation surface at
nadir viewing.
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(N1.7 DFS, Fig. 7c) at fmfv ranging from0.2 to 0.4. For fmfv b 0.2, thefine-
mode AOD becomes so small that the decrease of fine aerosol informa-
tion exceeds the increase of coarse aerosol information as fmfv de-
creases. The change of additional DFS from DOLP with SZA depends
more on aerosol scattering DOLP than the light path.When coarse aero-
sol dominates (fmfv b 0.4), aerosol scattering DOLP decreases as SZA in-
creases (scattering angle decreases, Fig. 3f), thus DFS decreases.

Similar patterns are also found in Fig. 9 (a–c). Regarding to the
change of DFS with AOD, Fig. 9b show that DFS is b1 for reflectance-
only retrieval when AOD b 0.2. For a given fmfv, total DFS increases
with the increase of AOD due to more radiative impact from aerosol
(Fig. 9a and b). However, this increase is larger for small fmfv than for
large fmfv, which is also attributed to less radiative effect of coarse-
mode aerosol. We also notice that the improvement of DFS from DOLP
reaches the largest (1.8 DFS) with 0.2 b fmfv b 0.4 and 1 b AOD b 2
(Fig. 9c). If fmfv b 0.2, DOLP provides the largest DFS for AOD from 1.2
to 1.6; after that, DOLP will not provide more information in spite of in-
creasing AOD. This is because the information content about coarse
mode from DOLP reaches a threshold and cannot be improved by in-
creasing AOD.

The a posteriori error of each retrieved parameter as a function of
fmfv and SZA, or fmfv and AOD in the retrieval with and without polar-
ization is compared in Figs. 8 and 10, respectively. In our analysis, only
those nine aerosol parameters with large information content in the re-
trieval is shown. As expected, posterior errors of fine-mode parameters
decrease and errors of coarse aerosol parameters increase with increas-
ing fmfv at given SZA and AOD except for low AOD conditions (central
columns of Figs. 8 and 10). In reflectance-only retrieval, when SZA in-
creases with a constant fmfv, the errors of microphysical parameters
for both modes remain nearly constant except for ar and br of coarse
mode, whose errors show slightly decrease at small fmfv (left column
of Fig. 8). In the retrieval with DOLP, the errors show more complex
change with SZA, especially for 0.2 b fmfv b 0.4, where coarse aerosol
dominates andfine aerosol still contribute significant scattering (central
column of Fig. 8). This fluctuation comes from aerosol polarization and
related to the change of DOLP for coarse aerosol with the scattering
angle. Nevertheless, DOLP has negligible effect on imaginary part of re-
fractive index for both aerosol modes. When AOD increases, the error of
each parameter decreases as a result of more aerosol information con-
tent from TOA reflectance and DOLP. However, this decreasing becomes
less apparent as AOD increases to a fmfv dependent threshold of 0.5 to
1.6, and then the a posteriori error will not be improved with increasing
AOD (left and central columns of Fig. 10). The improvement for posteri-
or errors by adding DOLP is the largest for total aerosol volume (20%)
and fmfv (40%) (Fig. 10a, b, d and e). The larger AOD and fmfv, the
more the improvement in fine-aerosol retrieval brought by polarization
(or less fmfv for coarse aerosol).
6. Synergy with A-train satellites

TanSat flies at a similar orbit of OCO-2 and has a possibility to join
the A(fternoon)-Train satellite constellation. Question arises: can we
combine aerosol products from other A-Train instruments (such as
MODIS and CALIPSO) with TanSat observation to retrieve aerosol? For
example, if AOD products of MODIS are used to constrain the CAPI's re-
trieve of aerosol properties, can the information content about aerosol
from CAPI be improved? To address this question, we compare the
DFS and the a posteriori error for retrievals before and after adding
AOD at four CAPI bands in the observation vector. The observation
error of AOD is assumed 15% at eachwavelength to represent the uncer-
tainty of MODIS AOD products (Levy et al., 2013). The uncertainties be-
tween differentmeasurements are still assumed independent, and the a
priori error covariance matrix is diagonal matrix.



Fig. 8. Retrieval uncertainties for each retrieved aerosol parameter as a function of SZA and fmfvwith the sameAOD and surface reflectance of thisfigure:V (a–c), fmfv (d–f), ar (g–i), br (j–l)
and ai (m–o) for finemode, ar (p–r), br (s–u), bi (v–x) and reff (y–α) for coarse mode, respectively. The three columns represent retrieval from only reflectance of CAPI observation, from
both reflectance and polarization of CAPI observation, and from combined CAPI observation andA-Train AODproducts. The errors are shows as the percentage ratio of a posteriori errors to
a priori errors.
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Fig. 7d and f shows that after adding AOD observation, aerosol DFS
values can reach 4.5 to 5.9, an increase of 0.8 to 1.6 as compared to
the retrieval from CAPI-only measurements including DOLP. When
fmfv increases, this increase of DFS becomes less, similar to the variation
of DFS fromCAPI-onlymeasurements (Fig. 7f). If fmfv is very low (b0.1),
addingAODobservationmakes little difference. In addition, addingAOD
observation reduces the dependence of DFS on SZA. The increase of DFS
from AOD observation shows negligible dependence on SZA especially
for fmfv from 0.2 to 0.8 (Fig. 7f). Similarly, this improvement as a func-
tion of fmfv and AOD is displayed in Fig. 9d–f. The increased DFS reaches
the largest with small AOD (b0.2) and demonstrates independence on
fmfv in addition to fmfv b 0.1 or fmfv N 0.9 (Fig. 9f). When AOD N 0.2,
the improvement from AOD observation is independent on AOD.

The right columns of Figs. 8 and 10 show a posteriori error for each
retrieved aerosol parameter by includingAOD in the observation vector.
It is clear that the addition of AOD observations reduces the a posteriori
error by 50% for total aerosol volume and 40% for fmfv. For aerosol vol-
ume, the a posteriori error is reduced more for larger fmfv, which is
mainly caused by stronger sensitivity of AOD to fine-mode aerosols. Al-
though the improvement of the a posteriori error for other parameters is
less significant, the dependence of errors on SZA are reduced (Fig. 8i, l, o,
r, u and x). According to Fig. 10f, i, l and o, the addition of AOD observa-
tions slightly reduces the dependence of the a posteriori error on AOD
for fine-mode parameters. Oppositely, the errors reduction for coarse-
mode ar and br are more dependent on AOD.
Overall, if we use AOD observation at four wavelengths from other
A-train satellites, we can gain more information about aerosol parame-
ters, especially for total aerosol volume and fmfv. The dependence of
posterior error of each parameter on light path is also reduced so that
retrieval is robust, regardless of the time and the season. In addition to
small AOD with the largest additional DFS from AOD observation, the
improvement of DFS keeps independent on AOD.

7. Summary and discussions

We estimate the aerosol microphysical property information con-
tent contained in the synthetic observations for CAPI. The top-of-the-at-
mosphere (TOA) reflectance and the degree of linear polarization
(DOLP), as well as their weighting functions with respect to retrieved
parameters, are simulated by the UNified Linearized Vector Radiative
Transfer Model (UNL-VRTM). Our simulation considers aerosols mixed
by fine and coarse particles with various volume fractions over both
vegetation and soil surfaces characterized by the Ross-Li Bidirectional
Reflectance Distribution Function (BRDF). The information content of
measurements can be interpreted by the degree of freedom for signal
(DFS) and a posteriori error, which can be calculated from the a priori
and measurement errors using the optimal estimation theory. To dis-
play the angular dependence of aerosol information content, observa-
tions at viewing zenith angle from 0° to 75° and relative azimuth
angle from 0° to 180°, are simulated. Information content analysis is



Fig. 9. Same as Fig. 7 but for DFS as a function of AOD and fmfv. SZA and VZA are 50° and 0°, respectively.
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conducted for various CAPI's observationmodes (especially itsmain op-
erational mode of principal-plane nadir observation) with the focus on
the benefits of adding polarization measurements and the synergy of
AOD from other A-train satellites.

Simulations show that both TOA reflectance and DOLP as well as
their Jacobians changewith the viewing geometry. At directions around
backscattering, large surface reflectance leads to small DFS for retrieving
aerosol information. Because of weak polarization of aerosol near back-
scattering angles, the sensitivity of TOA DOLP to aerosol volume is close
to zero, leading to a ring of least DFS values at these directions even
when DOLP measurements are added. Among those fourteen parame-
ters defining bi-mode aerosol characteristics, large information content
is found for aerosol total volume, imaginary part of refractive index of
coarsemode (bi) and finemode volume fraction (fmfv), with DFS larger
than 0.4 at most angles. Adding DOLP measurements can provide addi-
tional 1 to 1.8 independent pieces of information at most angles, indi-
cating that DOLP has the similar or more sensitivity than reflectance
to aerosol properties; the increment arises mostly due to the high sen-
sitivity of DOLP to aerosol volume, fmfv, ar and br of fine aerosol,
whose DFS values all increase by 0.2 or more.

Detailed analysis is conducted for the most common observation
mode of CAPI, the principal-plane nadir mode. In this mode, polarized
measurements of CAPI can provide additional 1.3 to 1.7 independent
pieces of information for aerosol, depending on the solar zenith angle,
AOD, and fmfv. In the range of SZA in our simulation (40°–75°), the scat-
tering phase function of coarse aerosols is always less than that of fine
aerosols. Thus, large information content for fine aerosol parameters is
always retained in the CAPI measurements. Consequently, when fmfv
decreases, aerosol DFS increases mainly for coarse-mode aerosol pa-
rameters. At larger solar zenith angle, the longer light path results in
larger aerosol information content. When AOD is small (b0.2), aerosol
DFS is relatively small regardless of the change of fmfv. Although obser-
vation with larger AOD generally contains more aerosol information
content, a threshold of AOD (0.5 to 1.6) exists, beyond which no more
aerosol information content can be obtained. The additional informa-
tion content from polarization reaches the largest (1.7 DFS) when fmfv
ranges from 0.2 to 0.4. The larger fmfv cause more information content
and smaller posterior error for fine aerosol parameters but opposite pat-
terns for coarse mode. In addition to ar and br of coarse mode, posterior
errors of other parameters are independent on solar zenith angle, albeit
that DOLP can lead to some fluctuations.

Finally, we study the potential improvement for aerosol retrieval if
AOD observations are available from other A-train satellites. AODs at
four CAPI wavelengths are added into the CAPI measurement vector,
which can result in the increase the DFS by 0.8 to 1.6. And the increased
DFS shows smaller variation with SZA, indicating the dependence of
aerosol retrieval accuracy on light path is reduced. The increase of DFS
values due to the use of AOD data from other A-Train satellites are near-
ly constant regardless of AOD values except for small AOD conditions
where the increase is the largest. The most significant reduction of a
posteriori error by synergistic AODobservations is found for total aerosol
volume and fmfv among all of the retrieval parameters. The analysis in
this paper illustrates the high potential of CAPI on TanSat for character-
izing aerosol properties, especially fine-mode aerosols, due to its inclu-
sion of polarization measurements. Synergistic use of AOD products
fromother satellites can further improve CAPI's capability in the retriev-
al of aerosol microphysical properties. As a theoretical preparation for
CAPI's algorithm for aerosol retrieval, this study only considered the
most common land surface types, soil and vegetation, in the analysis.
Deriving aerosol information over bright surface, such as desert and
ice, is still important and difficult, and future analysis of CAPI's informa-
tion content for aerosols over these bright surfaces will be conducted
with real CAPI data. Realistic data from CAPI measurement can prove
the conclusion of our manuscript. As of March 2017, CAPI is still subject
to the orbiting test and onboard calibration (with solar and lunar
sources).While CAPI has been collecting global data of all nine channels
in normal condition, more calibration efforts are needed than expected.
The TanSat research team plans to deliver L1B (radiance and



Fig. 10. Same as Fig. 9 but for a posteriori error as a function of AOD and fmfv. SZA and VZA are 50° and 0°, respectively.
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georeferenced) data of CAPI within six months after the calibration pro-
cess is completed. The processes for conducting retrieval of aerosols will
subsequently follow, and a combined use of radiance data from MODIS
(as in (Tang et al., 2005) and others sensors on A-Train with the CAPI's
measurements to retrieve aerosols will also be further studied (as in
Wang et al., 2014).
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