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We have built an aerosol retrieval algorithm which combines the Look Up Table (LUT)

and least squares fitting methods. The algorithm is based on the multi-angle multi-

wavelength polarized reflectance at the Top Of the Atmosphere (TOA) measured by

the Research Scanning Polarimeter (RSP). The aerosol state parameters are the aerosol

particle effective radius, effective variance, complex index of refraction, and aerosol

column number density. Monomodal aerosol size distribution is assumed. The Cost

Function (CF) of the least squares fitting is designed in consideration of the RSP

instrumental characteristics. The aerosol retrieval algorithm inherently assumes one

layer of aerosols within the atmosphere. Synthetic polarized radiance data at the TOA

have been created assuming either one or two layers of aerosols using the vector

radiative transfer code based on successive order of scattering method. Test cases for

one-layer aerosol systems show great performance. Around 90% of the total 1200 test

cases have CF values smaller than 50. For these cases, the correlation coefficients of the

input and retrieved parameters are generally around or larger than 0.98. The effective

variance is slightly worse with the correlation coefficient of 0.76938. On the other hand,

test cases for two-layer aerosol systems show that only 50% of the total (also 1200)

tested cases have final CFs smaller than 50. Among these successful cases (CFr50), the

retrieved optical depth can still be interpreted as the total column optical depth, though

the correlation coefficient is decreased in comparison with the one-layer aerosol

cases. We propose to interpret other retrieved aerosol parameters as the average of

corresponding parameters for each layer weighted by its optical depth at 865 nm. The

retrieved effective radius and complex refractive index can be explained by this scheme

(correlation coefficient around 0.9). The effective variance, however, shows decreased

performance with the correlation coefficient of 0.46421. This may be due to the strong

nonlinearity dependence of the scattering properties on the effective variance.

& 2012 Elsevier Ltd. All rights reserved.
ll rights reserved.

. Zhai).
1. Introduction

The Earth’s climate is affected by the radiative forcing
associated with various sources, including total solar
irradiance, the absorption of greenhouse gases (GHG),
and scattering by cloud and aerosol particles. Among
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these sources the aerosol radiative forcing is one of the
leading factors whose magnitude is comparable with that
of GHG. The uncertainty of aerosol radiative forcing is far
greater than that of the GHG [1]. Part of the reason for this
is the lack of global aerosol measurements of sufficient
content and quality: the number of required aerosol
parameters exceeds the number of observables from the
current generation of sensors. Ideally, the aerosol shape
and size distribution, composition, spectral index of
refraction, and spatial distribution of aerosol concentra-
tion throughout the atmosphere should be known to
accurately model the aerosol radiative forcing. In order
to do meaningful retrievals on a few important aerosol
parameters, one normally has to assume prescribed con-
ditions. The number of predetermined conditions and
specific ways to implement them depends on the types
of satellite platforms and the difference between the
numbers of unknown parameters and satellite observa-
bles. Each of these assumptions will inevitably cause
some uncertainties on the aerosol retrievals. It is very
important to quantify these uncertainties through theo-
retical and experimental analysis in order to understand
and properly use the satellite aerosol data products. There
are many research efforts devoted to this subject, for
instance, Refs. [2–4], and the references within.

There are two types of satellite observation instru-
ments: active and passive. Active systems use active
electromagnetic wave sources and measure signals back-
scattered from targets. The Cloud-Aerosol Lidar and Infra-
red Pathfinder Satellite Observations (CALIPSO), one of the
most successful missions of this type, is equipped with a
backscatter lidar working at two wavelengths (0:532 mm
and 1:064 mm). Cloudsat, another active satellite mission,
employs a radar system at 94 GHz mainly targeting
clouds and precipitation. Active systems have the unique
capability of obtaining vertical distribution information of
aerosol or cloud particles. Passive systems, on the other
hand, measure either the scattered solar light or thermal
emission at the TOA. Notable instruments of this type
include the MODerate resolution Imaging Spectroradi-
ometer (MODIS), Multi-angle Imaging SpectroRadiometer
(MISR), POLarization and Directionality of the Earth’s
Reflectances (POLDER), and Aerosol Polarimetry Sensor
(APS) onboard the Glory satellite.1

The four representative passive instruments show a
progressive trend of including multi-angle and polarime-
try capability to satellite remote sensors. The MODIS
measures radiance at the top of the atmosphere at one
viewing angle with wide spectral coverage. The MISR
instrument observes the radiance at four wavelength
bands with added multi-angle viewing capabilities. The
POLDER has multispectral bands, polarization capability
at three wavelengths, and multi-angle coverages. Last
but not least, the APS measures the linearly polarized
radiances (Stokes parameters I, Q, U) at wide spectral
range at as many as 250 viewing angles. The Research
Scanning Polarimetry (RSP) [5] is the airborne version of
1 The Glory satellite unfortunately failed to reach orbit on March 4,

2011.
the APS, which can be used to explore the advantages
and potential of the environmental remote sensing com-
bining multispectral, multi-angle, polarimetry measure-
ments. The RSP takes measurements at nine wavelengths
of 0.41027, 0.46913, 0.55496, 0.67001, 0.86351, 0.96,
1.59351, 1.88 and 2:26351 mm. The scanning range of
the RSP is 7601 from the nadir, and the instantaneous
field of view (IFOV) is 14 mrad.

The radiance acquired by passive sensors at the TOA is
the integration of scattered light from the whole column
of atmosphere. Normally, it is very difficult to get the
vertical distribution of aerosol properties from passive
sensors. Due to the limitation of passive sensors, the
aerosol vertical distribution is often prescribed as a single
layer in aerosol remote sensing algorithms [6–9]. In
reality there are often situations where multilayer aerosol
distribution is present [10–12]. Fig. 1 shows an example
of the aerosol extinction and lidar ratio (ratio between the
extinction and backscatter coefficients) vertical profiles
measured by the NASA Langley High Spectral Resolution
Lidar (HSRL) on August 2, 2007 over the Atlantic ocean to
the east of Norfolk, VA, USA. The case shown in Fig. 1 has
been described in greater details in [12] (see Fig. 7). The
extinction and lidar ratio profiles clearly indicate two
layers of aerosols in the atmosphere. The lidar ratio
profile, containing information on aerosol type, shows
that the two layers of aerosols are of different aerosol
types. Indeed, they are a smoke layer originating from
forest fires in Montana and Idaho, aloft above urban
aerosols near the surface. Questions arise naturally when
retrievals that assume a single aerosol layer with verti-
cally uniform optical properties are applied to scenes
exhibiting multiple aerosol layers of different types:

Question I: Can the aerosol retrieval algorithm be used
to retrieve aerosol properties for a multi-layer aerosol
system? If yes, what is the uncertainty introduced by
this underlying assumption?
Fig. 1. Layered aerosol distribution taken by the NASA HSRL over the

Atlantic ocean at east of Norfolk, VA, USA on August 2, 2007.



P.-W. Zhai et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 114 (2013) 91–100 93
Question II: How to interpret the retrieved aerosol
properties in terms of the true aerosol optical
properties?

This paper addresses both of these questions. We have
developed an aerosol retrieval algorithm based on the
measurements of the RSP. The algorithm assumes that the
aerosol is located in a single layer. A set of cases with two
layers of aerosols is simulated by the Vector Radiative
Transfer (VRT) code based on the successive order of
scattering (SOS) method [13,14]. The polarized radiances
for these two-layer cases are used by the aerosol retrieval
algorithm to get retrieved aerosol parameters, which are
compared with the input aerosol parameters to study and
interpret the retrieved parameters and associated uncer-
tainties. One caveat in our aerosol retrieval algorithm is
that the monomodal size distribution is assumed for
aerosol. This does not affect our analysis within the
problem defined. Also the fact is that one mode generally
dominates and that it is that mode which will dominate
the retrieved microphysics [15].

There are a few studies on remote sensing uncertainty
due to vertical inhomogeneity, mostly focusing on the
cloud parameter retrieval and polarization information
is not included [16–19]. Recently Ref. [20] presented a
sensitivity study on aerosol remote sensing using multi-
angle polarimetry at a single wavelength (0:446 mm).
No retrieval algorithm performance was evaluated in
Ref. [20]. In this paper we adopt a more comprehensive
method to evaluate aerosol remote sensing uncertainty
with a retrieval algorithm based on the RSP instrument.
This paper is organized in the following way: Section 2
describes the method we used in this study; Section 3
shows the results and discussion; and finally, Section 4
presents the summary and conclusions.

2. Methodology

The methodology can be described in the following
three steps:
Step I:
 An aerosol retrieval algorithm is built with the
assumption that the aerosol is distributed in a
single layer. The inputs of the retrieval algorithm
are the RSP or APS observables, which are the
reflected Stokes parameters I, Q, U at the TOA at
multiple observation angles and wavelengths.
The outputs are the aerosol state vector com-
posed of the effective radius and variance of the
size distribution, the complex refractive index,
and aerosol column number density. The optical
depth at any wavelength can be derived from
these parameters.
Step II:
 The observables for cases with multi-layer aero-
sols are generated by the SOS VRT model. These
observables are then used as inputs to the aero-
sol retrieval algorithm to derive retrieved aerosol
parameters.
Step III:
 The retrieved aerosol parameters are compared
with the true aerosol parameters to answer the
questions posed in the introduction.
RSP are scaled by the incident solar irradiance F0:

In practice, the Stokes parameters measured by the

RI ¼
Ipr2

0

F0 cos ys
, RQ ¼

Qpr2
0

F0 cos ys
, RU ¼

Upr2
0

F0 cos ys
, ð1Þ

where r0 is the solar distance in AU and ys is the solar
zenith angle. The quantities RI, RQ, and RU are the func-
tions of wavelength, the solar/viewing geometry, and
aerosol state vectors, respectively. We choose the RSP
scanning plane that coincides with the solar principle
plane, i.e., the plane formed by the solar incident and local
zenith directions. The main consideration is that the
scattering angle range is the largest by this choice. In
addition, RU¼0 in the principle plane, which simplifies
some computational aspects. The viewing angle resolu-
tion used in this work is 11� 17:45 mrad, i.e., a total
number of 2�60þ1¼121 viewing angles are used within
the range of 7601. The angular resolution of the RSP is
14 mrad which is slightly finer than that used here. The
RSP has nine wavelengths ranging from 0:41027 mm to
2:26351 mm. We use three wavelengths in this retrieval,
0:41027 mm, 0:67001 mm, and 2:26351 mm, to simplify
the computation burden while maintaining the ability to
retrieve aerosol size information. In this study we use the
VRT model to simulate the observables of the RSP instru-
ment as inputs to the retrieval algorithm. Inevitably,
measurement errors are always associated with real
measurements from instruments. In order to study the
uncertainty due to the vertical distribution assumption,
we need to minimize the random or systematic measure-
ment errors. Using synthetic simulation data from accu-
rate VRT model achieves this purpose. In addition, the
aerosol information used in the simulation can be further
employed to do comparison with the retrieved aerosol
information, by which the retrieval uncertainty can be
assessed.

The aerosol retrieval algorithm is based on the Leven-
berg–Marquardt algorithm [21,22] for least squares fitting
to minimize the following Cost Function (CF):

F¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
i

½Rl
IðiÞ�Rm

I ðiÞ�
2

Cm
I ðiÞ

þ
½Rl

Q ðiÞ�Rm
Q ðiÞ�

2

Cm
Q ðiÞ

 !vuut ð2Þ

where the superscript m and l are used to denote the
input and fitted reflectances, respectively; CI

m
and CQ

m
are

the error covariance for RI and RQ, respectively [23,15]

Cm
I ðiÞ ¼ 10�7 cos ysR

m
I ðiÞþ½0:03Rm

I ðiÞ�
2, ð3aÞ

Cm
Q ðiÞ ¼ 10�7 cos ysR

m
I ðiÞþ½0:03Rm

Q ðiÞ�
2

þf0:001½Rm
I ðiÞþ9R

m
Q ðiÞ9�g

2, ð3bÞ

and i is used to denote the functional dependence on
wavelengths, scanning angle, and aerosol state vectors.
The error covariance CI

m
and CQ

m
are designed to conform

the instrumental characteristics of the RSP [23,15]. As we
have emphasized before, Rm

U ¼ 0 in the principle plane and
the input field RI

m
and RQ

m
are generated by the VRT model

in accordance with the RSP designs. Eq. (3) are used to
take the RSP sensitivities into account.
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For the description of the aerosol state, the monomo-
dal log-normal size distribution is used

NðrÞ ¼
n0ffiffiffiffiffiffi

2p
p

ln sgr
exp

�ðln r�ln rgÞ
2

2 ln2 sg

 !
, ð4Þ

where n0 in the unit of m�3 is the particle number
density; rg and sg are related to reff and veff by:

reff ¼ rg exp 5
2ln2 sg

� �
, ð5aÞ

veff ¼ expðln2 sgÞ�1: ð5bÞ

The column number density N0 can be defined for a
homogenous aerosol layer with the thickness of dl:

N0 ¼ n0 � dl: ð6Þ

The aerosol extinction and scattering optical depths text,a

and tscat,a are the products of aerosol cross sections
and N0

text,a ¼N0Cext,a, tscat,a ¼N0Cscat,a, ð7Þ

where Cext,a and Cscat,a are the extinction and scattering
cross sections, respectively. They are implicit functions
of reff , veff , mr, mi, and incident light wavelength l. The
extinction cross section Cext,a, as well as the scattering
cross section Cscat,a and the aerosol scattering matrix Pa

are calculated by the Mie theory [24,25].
In this work the aerosol state vector contains the

aerosol effective radius reff and variance veff of the size
distribution, the real mr and imaginary mi refractive index,
and the aerosol column number density N0. The retrieval
algorithm has assumed that aerosol is confined within
one homogeneous layer in the altitude range from 0 to
2 km (adjustable if needed). Within the aerosol layer, the
light scattering properties are mixed from aerosols and
molecules

text ¼ text,aþtscat,r , ð8aÞ

tscat ¼ tscat,aþtscat,r , ð8bÞ

P¼
tscat,aPaþtscat,rPr

tscat
, ð8cÞ

o¼ tscat

text
, ð8dÞ

where the subscripts a and r stand for aerosol and
Rayleigh (molecular) scattering, respectively; tscat and
text are the total optical depths due to scattering and
extinction, respectively; o is the overall single scattering
albedo; and P is the scattering matrix. We have assumed
that molecular scattering is conservative, i.e., no absorp-
tion for molecular scattering. Trace gas absorption is
neglected. Above the aerosol layer, the atmosphere is
assumed to be a single layer Rayleigh scattering medium.

For a set of virtual measurements RI
m

and RQ
m

, the
Levenberg–Marquardt algorithm starts with an initial
guess of the aerosol state vector x0 and calls the VRT
model to calculate RI

l
and RQ

l
. The CF F is then calculated

based on Eq. (2). A perturbation to the state vector x0 is
made based on the Jacobian matrix, which is the deriva-
tive of the polarized radiance field with respect to the
state vector components. A new set of RI

l
and RQ

l
are
calculated using the VRT model based on the new state
vector. The CF is then updated with the new RI

l
and RQ

l
. The

new state vector is kept/discarded if the CF decreases/
increases. If the state perturbation increases or does not
decrease the CF, then the perturbation bound is adjusted
(usually within 10% of the previous value), and a new
perturbation will be calculated. If the number of attempts
exceed a threshold value MAXFEV (MAXFEV¼50 is used
in this work), the algorithm will be terminated and the
retrieval is marked unsuccessful. A convergence test is
performed for each iteration based on the difference
in the state vectors and CFs for consecutive steps. If a
convergence is reached the algorithm will exit the itera-
tion and report the final state vector. The readers are
referred to Refs. [21,22] for details of the mathematical
aspects of the Levenberg–Marquardt algorithm. Pre-
viously Refs. [23,15] have published similar aerosol retrie-
val algorithms. A few additional examples can be found in
Refs. [6,8].

The selection of the initial state vector x0 is very
important for cases with multiple local CF minimum
and can reduce the possible number of iterations. We
use a Look-Up Table (LUT) method to fulfill this purpose.
The LUT is built in terms of optical thicknesses at 555 nm
(0.05, 0.1, 0.2, 0.4, 0.8, 1.0), real index of refraction (1.3,
1.38, 1.46, 1.54, 1.62), imaginary index of refraction (0.01,
0.02, 0.04, 0.08, 0.16), effective radius (0.1, 0.2, 0.4, 0.8,
1.6, 3.2), and effective variance of the size distribution
(0.1, 0.2, 0.4, 0.8, 1.6). The total number of cases for the
LUT is 6� 5� 5� 6� 5¼ 4500. For a case to be retrieved,
the aerosol state vector with the minimum CF in the LUT
is used as the initial guess of the Levenberg–Marquardt
algorithm.

The VRT model used in this study is the SOS code
developed at the NASA Langley Research Center [13,14].
The original code was designed to solve the VRT for
coupled atmosphere and ocean systems. Here we use a
simplified version of the code to calculate the vector
radiance field for the atmosphere bounded by a black
surface, i.e., no lower boundary. The SOS method decom-
poses the total polarized radiance field into the contribu-
tions from different orders of scattering [26,27]. The
first order of scattering is predicted exactly. The second
or higher order contributions are expressed as successive
integrals of optical depth and angular integrations.
The SOS code converges fast for cases of thin optical
depth or absorptive media. It also works fine for thick
optical depth cases due to the geometric series approx-
imation [13]. For phase function with large forward
peaks, we use the delta-fit technique to truncate the
phase function as well as other phase matrix elements
[28,13].
3. Results and discussion

First, the aerosol retrieval algorithm needs to be
validated. We use the SOS VRT model to simulate the
polarized field RI

m
and RQ

m
for Ntotal ¼ 1200 test cases

assuming a one-layer aerosol system in the atmosphere.
In these test cases, the state vector is specified in the
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following way:

reff ¼ rminþZ1nðrmax�rminÞ,

veff ¼ vminþZ2nðvmax�vminÞ,

mr ¼mr,minþZ3nðmr,max�mr,minÞ,

mi ¼mi,minþZ4nðmi,max�mi,minÞ,

t865 ¼ t865,minþZ5nðt865,max�t865,minÞ, ð9Þ

where rmin ¼ 0:05 mm, rmax ¼ 3:05 mm, vmin ¼ 0:05, vmax ¼

0:65, mr,min ¼ 1:3, mr,max ¼ 1:6, mi,min ¼ 0, mi,max ¼ 0:16,
t865,min ¼ 0, t865,max ¼ 1:2, and Zi, i¼ 1�5, are random
numbers evenly distributed within the interval of [0,1].
The minimum and maximum values of each quantities
are set so that nearly all possible scenarios could be
included.

These RI
m

and RQ
m

are then used by the aerosol retrieval
algorithm to retrieve aerosol parameters. For an ideal
aerosol retrieval algorithm, retrieved parameters should
be exactly the same as the input parameters within the
VRT code numerical accuracy. However, this may never be
achieved due to the local minimum of the CFs and high
dimensions of parameter space. Note that the instrumen-
tal noise is not included in this work because we use the
VRT simulated data as inputs to the aerosol retrieval
algorithm. Fig. 2 shows NðFoFcÞ=Ntotal as a function of
Fc , where F is the CF evaluated with the retrieved aerosol
state vector; Fc is a CF filter; NðFoFcÞ is the number of
cases with FoFc. The interpretation of Fig. 2 is the
success rate of the retrieval algorithm as a function
of some critical filter. It shows that nearly 80% of the
cases have final CF smaller than 20; and around 90% of the
total 1200 cases have Fo50. The CF at the retrieved
aerosol state is a good indicator of how well the polarized
radiances are fitted, which in turn shows the validity of
the retrieval. Hereafter, we use Fc ¼ 50 as a critical filter
value to discriminate a successful or failed retrieval.

The comparison of the retrieved and input parameters
for all the successful cases (Fo50) are plotted in Figs. 3
and 4. Fig. 3 shows the scatter plot of the input and
retrieved optical depth at 865 nm as well as the linear fit
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Fig. 2. NðFoFc)/Ntotal as a function of Fc , where F is the CF evaluated

at the retrieved aerosol state vector; Fc is a critical CF filter. The input

parameters are assuming an one-layer aerosol, which is the same as the

aerosol retrieval algorithm.
of the retrieved and input parameter. Note that the
865 nm channel is not used in the current retrieval
algorithm. Instead, the optical depth at 865 nm is derived
from the basic aerosol state vectors (see Eq. (7)). Later
in this paper we will propose an interpretation of the
retrieved aerosol parameters for a multi-layered media
which uses the optical depth at 865 nm as a weighting
function. This is the prime reason of presenting the optical
depth at 865 nm. It is also worth noting that 865 nm is
close to the geometric mean of the three wavelengths
used in this work. The slope and bias are almost perfect
(0.99997, and 5.7e�5, respectively); and the correlation
coefficient (‘‘Corr Coeff’’ in the figure) between the input
and retrieved optical depth at 865 nm is 0.99797. The size
distribution (effective radii and variances) and complex
index of refraction for the same cases are plotted in Fig. 4.
It is shown that the effective variance has the worst
performance among these parameters. The reason is that
the aerosol scattering properties are least sensitive to the
effective variance, and that the effective variance is
correlated with the effective radius in its mathematical
definition. Other parameters generally show the correla-
tion coefficients are around or larger than 0.98. The slope
and bias are close to 1 and 0, respectively. The results set
a base performance standard for one-layer system which
will be compared with the two-layer system results.

The next step is to study the uncertainty of the aerosol
algorithm due to the vertical layer assumption. We have
simulated Ntotal ¼ 1200 random cases in which a two-
layer aerosol medium is used. The aerosol parameters for
each layer are set in a way similar to Eq. (9), with the
exception that t865,max is now equal to 0.5. This way the
total optical depth of the two layers does not exceed 1.
The TOA polarized radiance fields are used as inputs to the
aerosol retrieval algorithm based on the RSP instrument.
The retrieved parameters are then compared with the
input parameters to study the uncertainty. Fig. 5 shows
the success rate as a function of the CF critical filter Fc for
the two-layer aerosol cases. It shows that the success rate
curve is much flatter than the one in Fig. 2. The number of
cases with Fo50 is only around 50% of the total tested
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cases, which is much less than the one-layer cases (more
than 90%). This means that the retrieval success rate is
generally lower if the vertical layer assumption is not
correct. On the other hand, there are 50% of the two-layer
aerosol cases which could be fitted by adjusting one-layer
aerosol state vector with the final CF smaller than 50.

Fig. 6 shows the total retrieved aerosol optical depth at
865 nm versus the input values for all the successful cases
(Fo50). The correlation coefficient for this case degrades
from 0.99997 (Fig. 3) to 0.94904. The slope and bias are
now 0.9748 and �9.48e�5, respectively. It is straightfor-
ward to compare the input and retrieved total optical
depths. However, it is not so easy to interpret other
retrieved parameters. How is the retrieved effective
radius related to the true input effective radii? What
about the index of refraction? To answer this, we need
to perform some physical analysis.
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For simplicity, we start with the SOS formulas and
assume the total radiance field is dominated by the single
scattering contribution. The first order radiance vector
L1 ¼ ðI1,Q1,U1,V1Þ for the two-layer aerosol system can be
written as

L1 ¼

Z tmax

0
expð�t0=mÞS1ðt0,m,fÞ dt0=9m9, ð10Þ

where

S1ðt,m,fÞ ¼
oðtÞ
4p expð�t=9m09ÞPðt,m,f,m0,f0ÞE0 ð11Þ

is the first order source function; m and f are the cosine of
viewing zenith and azimuth angle, respectively; m0 and f0

are similar to m and f but pertain to the solar incident
direction; and E0 is the solar irradiance. The maximum
optical depth tmax is the summation of the two layer
optical depths tmax ¼ t1þt2, where t1 and t2 are the
optical depths for the top and bottom layers, respectively.
Furthermore, we note Pðtot1Þ ¼ P1 and Pðt1oto
tmaxÞ ¼ P2. The same rule applies to the single scattering
albedo. We have the following equation:

L1 ¼
o1

4p

Z t1

0
exp �t0 1

9m9
þ

1

9m09

 !" #
P1E0 dt0=9m9

þ
o2

4p

Z tmax

t1

exp �t0 1

9m9
þ

1

9m09

 !" #
P2E0 dt0=9m9, ð12Þ

where the angular dependence for the phase matrices has
been made implicit for brevity. The optical depth integration
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Fig. 7. The comparison of retrieved effective radius with the corresponding tr

denotes the top or bottom layer, respectively.
can be evaluated considering that P1 and P2 are not a
function of the optical depth:Z t1

0
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We further use the following small optical depth approx-
imations:

exp �ti
1

9m9
þ

1

9m09

 !" #
� 1�ti

1

9m9
þ

1

9m09

 !
, ð15Þ

where i¼1, max. The first order radiance vector can be
simplified as

L1 �
o1

4pmP1E0t1þ
o2

4pmP2E0t2: ð16Þ

Under the small optical depth approximation, Eq. (16)
shows that the first order radiance vector is a linear
combination of the contributions from the two layers,
weighted by the optical depth. If we further assume the
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following linearization relation:

f iðxÞ ¼oiPi

f iðxÞ ¼ f 0iðxpÞðx�xpÞ ð17Þ

where x is the state vector and xp is some priority state
vector; we could generally interpret the retrieved aerosol
state vector as the linear combination of the state vector of
each layer.

Fig. 7(a)–(c) shows the comparison of the retrieved
effective radius Reff with Reff ,1, Reff ,2, and ðt865,1Reff ,1þ

t865,2Reff ,2Þ=ðt865,1þt865,2Þ, respectively. The subscripts 1
and 2 are referring to the top and bottom layers, respec-
tively. For convenience, we here use Corrðx,yÞ to denote
the correlation between variables x and y. It is observed
that CorrðReff ,Reff ,1Þ and CorrðReff ,Reff ,2Þ are quite small.
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Fig. 9. The comparison of retrieved imaginary refractive index and effective var

two aerosol layers used.
The correlation CorrðReff ,ðt865,1Reff ,1þ t865,2Reff ,2Þ=ðt865,1þ

t865,2ÞÞ ¼ 0:89625, however, is larger than both CorrðReff ,
Reff ,1Þ ¼ 0:71355 and CorrðReff ,Reff ,2Þ ¼ 0:50333. The slope
and bias for the linear fit between Reff and ðt865,1Reff ,1þ

t865,2Reff ,2Þ=ðt865,1þt865,2Þ are reasonably close to 1 and 0,
respectively. This confirms our first order analysis that the
retrieved aerosol state vector for multi-layer system can
be approximately interpreted as the average of the aero-
sol states weighted by the optical depth of each layer.
Fig. 8(a)–(c) shows the comparison of the retrieved
real refractive index mr with mr,1, mr,2, and ðt865,1mr,1þ

t865,2mr,2Þ=ðt865,1þt865,2Þ. The same conclusion for the
real refractive index could be drawn as the effective
radius. In addition, the statistics of imaginary refractive
index mi and effective variance neff are shown in Fig. 9.
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Fig. 10. The relation of retrieved real refractive index with the weighted average of the two layers grouped by the optical depth of the top layer.
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The imaginary refractive index shows similar perfor-
mance as Reff and mr. The effective variance correlation
coefficient, however, is relatively small Corrðneff ,ðt865,1

neff ,1þt865,2neff ,2Þ=ðt865,1þt865,2ÞÞ ¼ 0:46421. Recall from
the results for single layer aerosol cases that the effective
variance performance is also worse than other para-
meters. It should be noted that the retrieval of effective
variance is tightly interlinked with the effective radius,
which makes it a strong nonlinear relationship with the
aerosol phase matrix. Readers may refer to Ref. [29] for
further discussions on effective variance.

For a two-layer aerosol system, the top layer will
contribute to the total radiance more directly, while the
bottom layer has to undergo attenuation from the top
layer. Therefore, it should be expected that the bottom
layer effect should be less if the top layer optical depth is
larger. In other words, the inhomogeneity effect will be
less as the top layer optical depth increases. Fig. 10 shows
the statistics of real index of refraction grouped by the top
layer optical depth. Fig. 10(a)–(c) is for the top layer
optical depth at 865 nm less than 0.2, between 0.2
and 0.4, and larger than 0.4, respectively. The correlation
coefficient is larger for the larger optical depth group,
which meets our expectations.

4. Summary

We have studied the uncertainty and interpretation of
the aerosol retrieval for multi-layer aerosol systems. The
aerosol retrieval algorithm uses reflectance data measured
by the RSP. The scanning plane of the RSP coincides with the
solar principle plane. Viewing angle zenith angle is in the
range of 7601. Three wavelengths are used, which are
0:41027 mm, 0:67001 mm, and 2:26351 mm. The aerosol
state vector is composed of the aerosol particle effective
radius, effective variance, complex index of refraction, and
aerosol column number density. Other aerosol parameters
can be derived from these five free parameters. The Leven-
berg–Marquardt algorithm for the least squares fitting
technique is used for fitting the polarized reflectance at
the TOA by adjusting the aerosol state vector. The aerosol
retrieval algorithm assumes a one-layer aerosol in the
atmosphere. Two sets of test cases calculated by the VRT
model are used to test the aerosol algorithm; one set
assumes one-layer aerosols and the other assumes two-
layer aerosols. For polarized reflectance for one-layer aero-
sol systems, the aerosol retrieval algorithm shows great
performance. Nearly 90% of the one-layer test cases have the
CFs for the retrieved aerosol state vector smaller than 50.
The correlation between the input and retrieved aerosol
parameters for these cases (CFr50) are generally around or
higher than 0.98, with the exception of effective variance
(correlation is 0.76938 between the input and retrieved
effective variance). On the other hand, only 50% of the
two-layer test cases have CFs for the retrieved aerosol state
vector smaller than 50. Among the successful cases
(CFr50), the retrieved optical depth at 865 nm can still
be closely related to the total input optical depth at 865 nm
with the correlation coefficient equal to 0.949. The other
retrieved parameters, however, have to be interpreted as the
average of the corresponding aerosol parameters of each
layer, weighted by the optical depth. The effective variance
has the worst performance due to the strong nonlinearity
dependence of the scattering properties on the effective
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variance. The top layer has larger impacts on the retrieved
parameters. This study could help to understand the aerosol
retrieval for complex multi-layer systems and assess the
uncertainty due to this complexity.
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