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ABSTRACT

An algorithm to retrieve aerosol optical properties using multi-angular, multi-spectral, and polarized data withouta priori
knowledge of the land surface was developed. In the algorithm, the surface polarized reflectance was estimated by elimi-
nating the atmospheric scattering from measured polarizedreflectance at 1640 nm. A lookup table (LUT) and an iterative
method were adopted in the algorithm to retrieve the aerosoloptical thickness (AOT, at 665 nm) and theÅngström exponent
(computed between the AOTs at 665 and 865 nm). Experiments were performed in Tianjin to verify the algorithm. Data
were provided by a newly developed airborne instrument, theAdvanced Atmosphere Multi-angle Polarization Radiometer
(AMPR). The AMPR measurements over the target field agreed well with the nearby ground-based sun photometer. An
algorithm based on Research Scanning Polarimeter (RSP) measurements was introduced to validate the observational mea-
surements along a flight path over Tianjin. The retrievals were consistent between the two algorithms. The AMPR algorithm
shows potential in retrieving aerosol optical properties over a vegetation surface.
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1. Introduction

Climate (Duan et al., 2012; Hansen et al., 1998) and en-
vironment (Brunekreef and Holgate, 2002) are affected by
aerosols because they change the energy cycle (Haywood and
Boucher, 2000). The quantity of aerosol is an important pa-
rameter. However, the large spatial and temporal variability
of aerosol properties (Dai et al., 2014) make assessing the ef-
fect of aerosol particles on the local air quality and globalcli-
mate difficult. Though scientists have made many attempts to
quantify aerosol properties, remote sensing is one of the most
useful methods to date.

Satellite remote sensing is a significant way to detect
global aerosol optical properties (Diner et al., 2005; Hauser
et al., 2005; Remer et al., 2005). The upwelling total radiance
which is used to derive the aerosol optical properties includes
atmospheric reflectance, land surface reflectance, and the
surface–atmosphere interactions (Waquet et al., 2009a). All
three parts need to be separated from the total reflectance,
since each part is the function of various parameters. Accu-
rate estimation of the land surface and aerosol reflectance is
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important in aerosol retrieval as it is a challenging problem
for intensity measurement. However, it can be better solved
by using a polarization measurement. Lower relative con-
tribution, less spectral dependence, and less spatial contrast
are three obvious advantages of using a polarization measure-
ment to estimate the surface contribution (Deuzé et al., 1993;
Waquet et al., 2007, 2009b). Moreover, many experimental
and theoretical studies have shown that polarization measure-
ments exhibit a higher sensitivity to aerosol properties than
to land surface (Mishchenko and Travis, 1997; Cairns et al.,
1997; Chowdhary et al., 2005).

Taking advantage of these features of polarization, Deuzé
et al. (2001) developed a method based on polarized radi-
ance measurements to retrieve the aerosol optical thickness
over lands at 670 and 865 nm with an a priori knowledge of
the land surface. The measurements were provided by the
Polarization and Directionality of the Earth Reflectance in-
struments (POLDER). Combined polarization and intensity
measurements were used to retrieve ocean aerosol proper-
ties from Polarization and Anisotropy of Reflectances for At-
mospheric Sciences Coupled with Observations from Lidar
(PARASOL) multi-angle photopolarimetric measurements
(Hasekamp et al., 2011) which improved the agreement with
the Aerosol Robotic Network (AERONET) retrievals com-
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pared to intensity-only retrievals. A general applied method
has been developed by Dubovik et al. (2011) in which both
the aerosol and surface models are used to simulate total and
polarized reflectance. It can be used to retrieve aerosol and
surface properties simultaneously from multi-spectral and
multi-angular data and is derived from POLDER measure-
ments. Before obtaining satellite observations, airbornemea-
surements are essential to develop and improve the retrieval
algorithms. Airborne simulators based on the Research Scan-
ning Polarimeter (RSP) (Cairns et al., 1997; Chowdhary et
al., 2002; Cairns et al., 2003; Waquet et al., 2009b) and the
microPOL (Waquet et al., 2005, 2007) have been developed.
The RSP provides multi-angular, multi-spectral, and polar-
ized data. Measurements at 2250 nm are used to estimate
the land surface polarized reflectance, and the aerosol optical
properties are retrieved using an optimal estimation method
(Waquet et al., 2009a). Knobelspiesse et al. (2008) intro-
duced an iterative method to solve the diffuse and multiple
interaction terms and the kernel values of the Ross–Li surface
reflectance model using RSP data. MICROPOL is a single
viewing and multi-spectral prototype polarimeter that pro-
vides accurate polarized measurements in five spectral bands.
The accuracy and stability of retrieval algorithms associated
with the single view angle operation of MICROPOL are lim-
ited by assuming aerosol microphysical models. In China,
Cheng et al. (2011) used a Directional Polarimetric Cam-
era (DPC) to retrieve aerosol optical properties over cities.
A DPC detects the same target twice, at 200 m and 4000
m to estimate the land surface and atmosphere, respectively.
However, more monitoring is needed over the vast regions in
China.

To better monitor aerosols in China, the Anhui Institute
of Optics and Fine Mechanics, Chinese Academy of Science
(AIOFM-CAS) has developed the Advanced Atmosphere
Multi-angle Polarization Radiometer (AMPR) with high po-
larized detection accuracy. It can obtain multi-angular, multi-
spectral and polarized data. A more detailed discussion of the
AMPR is found in section 2.

This paper focuses on the retrieval algorithm of aerosol
properties using multi-angular, multi-spectral, and polarized
data from the AMPR over vegetation without a priori knowl-
edge of land surface. We introduced an iterative method to
quantify the polarized reflectance of the land surface and
aerosol. The polarized reflectance at 1640 nm was selected
as the initial estimate of surface. Then, an iterative method
was adopted to obtain the reflectance of the land surface
and atmosphere step by step. Retrievals of the ground-based
sun photometer (CE318) were used to validate the algorithm
(Dubovik and King, 2000; Li et al., 2006). The algorithm,
based on RSP measurements (RSP algorithm) and developed
by Waquet et al. (2009a), was also used for the validation of
the AMPR algorithm.

2. Instrument, calibration and data selection
The AMPR sensor is currently a sub-orbital based pro-

totype that will eventually become space-based. The main

goal of the AMPR is to retrieve a suite of aerosol and cloud
optical thicknesses and parameters over land. The spectral
and spatial responses of radiance measurements are complex,
so the AMPR has six polarized spectral channels with cen-
ter wavelengths at 490, 555, 665, 865, 960, and 1640 nm.
Measurements at 665, 865, and 1640 nm were used to re-
trieve aerosol properties in this paper where the molecular
and aerosol optical thicknesses were small. Accordingly, the
multiple scattering influences were less and the single scat-
tering approximation is realistic (Bréon et al., 1997). The
960 nm measurements were used to estimate the water vapor
column amounts.

The AMPR scan starts from−55◦ to +55◦ of nadir with a
sampling interval of 1◦. Thus, each scan contains 111 instan-
taneous samples at every wavelength. Two Wollaston prisms
were used to detect the polarization in the 0◦, 90◦, 45◦, and
135◦ directions. The subastral point spatial resolution was
about 52 m at an altitude of 3 km with a scan period of 0.8630
s. About one-third of the time was used to scan the target and
the remaining time was reserved for calibration purposes.

Calibration of the AMPR was based on Song et al. (2012)
in order to eliminate the instrumental polarization effects and
to derive the calibrated polarization parameters. Before and
after the flight experiment, the AMPR was calibrated twice
in the laboratory. There were 15 days between these two
calibrations. The accuracy of the degree of linear polariza-
tion (DoLP) was better than 0.01. The calibration lamp at-
tached to the AMPR instrument functioned while measure-
ments were being taken. Data show that the AMPR was in
normal operating conditions.

The measured polarized reflectance of a scan period was
the input of the algorithm. The relative polarized radiance
of the vegetation surface had less spectral dependence (Wa-
quet et al., 2007, 2009b). All three wavelengths shared the
same surface polarized reflectance. We assumed that the at-
mospheric conditions did not change during the scanning pe-
riod. Hence, we can obtain the multi-angular scattering infor-
mation of aerosol. When the scattering angle was larger than
160◦, the spectral responses of polarized reflectance were
negligible and thus, the data were omitted.

3. Aerosol retrieval algorithm of AMPR

3.1. Polarized reflectance at viewing level

The normalized total radiance,R, and normalized polar-
ized radiance,Rp, are defined from Stokes’ vector:

R =
πI

µsE0
, (1)

Rp =
π
√

Q2 +U2

µsE0
, (2)

whereE0 is the flux density at the top of atmosphere andµs

is the cosine of the solar zenith angle. Thus, the upward po-
larized reflectance at the viewing altitude can be simulatedin
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Fig. 1. Complex refractive index of aerosol at the moment of plane transit on 10 August 2012 over target field (TF).

the following form (Cairns et al., 1997; Deuzé et al., 2001):

Rp,simu(λ ,θs,θv,ϕ ,a) = Rp,atmo(λ ,θs,θv,ϕ ,a)

+T1(λ ,θs,θv,ϕ ,a)Rp,surf(θs,θv,ϕ)T2(λ ,θs,θv,ϕ ,a) , (3)

whereθv is the viewing zenith angle,θs is the solar zenith an-
gle, andϕ is the relative azimuth angle.λ is the wavelength.
The letter “a” represents the atmospheric optical properties,
which include the molecular and aerosol optical properties.
Rp,atmo is the contribution of the atmosphere polarized re-
flectance andRp,surf is the bidirectional polarized reflectance
factor. T1 andT2 are the downward and upward transmission
terms, respectively:

T1 = exp

[

−

(

ψτmole+ ςτaero

µs

)]

, (4)

T2 = exp

{

−

[

ψτmole(z)+ ςτaero(z)
µv

]}

. (5)

Here,ψ andς are estimated by Lafrance (1997),z is the view-
ing altitude andµv is the cosine of the viewing zenith angle.
The molecule and aerosol optical thickness below levelz can
be calculated as

τmole(z) = [1−exp(−z/Hm)]τmole , (6)

τaero(z) = [1−exp(−z/Ha)]τaero , (7)

whereτmole andτaeroare the whole optical thicknesses of the
molecule and aerosol, respectively.Ha and Hm are set to
approximately 2 km and 8 km, respectively (Waquet et al.,
2007, 2009b).

3.2. Aerosol retrieval scheme

We report the results of the CE318 retrievals on 10 Au-
gust 2012. These results demonstrate the temporal variability
of the aerosol optical properties over the target field. Figure 1
shows the complex refractive index of the aerosols at the mo-
ment of plane transit, including the real and imaginary parts.
Both the real and imaginary parts are nearly steady at the dif-
ferent wavelengths but change after a period of time. Figure

2 shows the size distribution of the aerosols at the same time
with the refractive index. The amount of small aerosol par-
ticles decreased and the center of the first peak moved left
in the afternoon. As polarization is more sensitive to small
particles than large ones (Deuzé et al., 2001), these changes
are reflected by the aerosol optical thickness (AOT) and the
Ångström exponent. The aerosol distribution is time-varying
and is considered in the retrieval.

A lookup table (LUT) approach was adopted in the al-
gorithm to retrieve the AOT and the̊Angström exponent.
The Ångström exponent was introduced as an incarnation
of the aerosol size distribution and the refractive index.
Low Ångström exponent values correspond to large parti-
cles, while large values correspond to small particles, as the
Ångström exponent is a function of the size distribution and
refractive index. The aerosol scattering phase function is
related to these two parameters as well and is therefore re-
lated to theÅngström exponent. The̊Angström exponent is

0 . 1 1 1 00 . 0 00 . 0 10 . 0 20 . 0 30 . 0 4
Si zedi st rib uti on(dV/dl nR)

R a d i u s ( m i c r o n )
M o r n i n gA f t e r n o o n

Fig. 2. Size distribution of aerosol at the moment of plane tran-
sit over TF on 10 August 2012.
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calculated from the AOTs at 665 and 865 nm as follows:

α = −

log(τ1/τ2)

log(λ1/λ2)
, (8)

whereλ1 andλ2 are two wavelengths,τ1 andτ2 are the rela-
tive AOTs of the wavelengths.

The polarized phase function (P) and single scattering
albedo (SSA) are calculated using the Mie theory (Bohren
and Huffman, 1983; Grainger et al., 2004) by assuming
spherical aerosol particles. The LUT structure is summa-
rized in Table 1. The polarized reflectance was calculated
using a vector radiative transfer model called successive or-
der of scattering (SOS) (Lenoble et al., 2007). In the AMPR
method, the LUT is used to store the aerosol polarized re-
flectance only, thus the surface polarized reflectance is not
included. The simulated polarized reflectance at the instru-
ment level was calculated using Eq. (3).

Figure 3 shows the aerosol retrieval scheme. A least-
square fitting method was used to search for the simulated
polarized reflectance,Rp,simu, that best matches the measured
polarized reflectance,Rp,meas. The aerosol properties and sur-
face reflectance converge to the actual value. In the condition
of M wavelengths andN viewing angles, the residual term

Table 1. Structure of LUT.

Variable Entries Number of Entries

Wavelength 665, 865, and 1640 nm 3
AOT 0 : 0.01 : 0.99 100

Ångström exponent 0.1 : 0.1 : 2 20
Solar zenith angle 0◦ : 1◦ : 70◦ 71
View zenith angle −60◦ : 1◦ : 60◦ 121

Relative azimuth angle 0◦ : 5◦ : 180◦ 37

can be defined as:

∆ =
M

∑
i=1

N

∑
j=1

[Rp,simu(λi,θsj,θv j,ϕ j,a)−

Rp,meas(λi,θsj,θv j,ϕ j,a)]2 , (9)

whereλi is the ith wavelength.θsj,θv j and ϕ j are the jth
viewing geometry.

The AMPR measured polarized reflectance at 1640 nm
was used as the initial estimation of the land surface by as-
suming that the aerosol and atmospheric molecule scattering
were small (Wang et al., 2005). The flow chart (Fig. 3) mech-
anism can be summarized as follows:

(1) Input the estimation of surface reflectance into the al-

Fig. 3. Flow chart of AMPR retrieval algorithm.
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gorithm;
(2) CalculateRp,simu from the LUT and the surface re-

flectance using Eq. (3);
(3) Calculate the least residual term using Eq. (9) and

search the least one. The aerosol properties at 665 and 865
nm were obtained synchronously;

(4) Can the difference between the last steps be ignored?
If no, work through steps 5 to 7. If yes, the aerosol properties
have been obtained, so go to step 8;

(5) Estimate the aerosol properties at 1640 nm from the
properties at 665 and 865 nm using Eq. (8) and calculate the
aerosol polarized reflectance at 1640 nm from the LUT;

(6) Calculate the surface polarized reflectance (Rp,surf) by
eliminating the aerosol polarized reflectance from the mea-
sured polarized reflectance at 1640 nm using the derivative
of Eq. (3);

(7) The surface polarized reflectance from step 6 is used
as the input of the surface reflectance and start over from steps
1 to 3;

(8) Calculate the surface polarized reflectance (Rp,surf) us-
ing the derivative of Eq. (3).

3.3. Surface contribution to upwelling polarized radiance

The surface polarized reflectance was obtained in step 8.
At the same time, the surface polarized model [Eq. (10)], de-
veloped by Nadal and Bréon (1999), was used to estimate the
surface polarized reflectance for validation:

Rp,surf(θs,θv,ϕ) = ρ
{

1−exp

[

−β
Fp(γ)

µs+ µv

]}

, (10)

whereγ = (π −Θ)/2 is the incident angle on the reflected
element,Θ is the scattering angle, andFp is the Fresnel coef-
ficient for polarized light.ρ andβ are empirical coefficients
that are determined from the normalized difference vegeta-
tion index (NDVI) of the observed surface and the ground-
type classification.

The NDVI was computed using the reflectance at 665
and 865 nm. Parametersρ andβ are from Nadal and Bréon
(1999). Figure 4 shows the surface polarized reflectance cal-
culated by the two methods. It can be found that the angu-
lar responses of surface polarization are at the same current.
The differences between these two methods are in the order
of magnitude of 10−4, less than 1/10 of the total polarized
reflectance. That is to say, an accurate surface polarized re-
flectance can be obtained from the AMPR algorithm.

4. Experiments

To validate the algorithm and monitor the aerosol distri-
bution over the Beijing–Tianjin–Tangshan region, the AMPR
experiment was conducted in Tianjin on 10 August 2012. The
area covered east of Tianjin, south of Tangshan, and a corner
of Bohai Bay as shown in Fig. 5. A large area of farmland
in Tangshan, primarily covered by plants, was chosen as the
target field (TF). Haze was present in this area during the
morning but disappeared in the afternoon.

Two experimental flights (Y-12 airplane) were performed
in the morning and afternoon along the same path. The sum-
maries of the flights are presented in Table 2. In the morning,
the AMPR scan direction was along the flight track while it
was across the track in the afternoon. The AMPR scan an-
gle was limited to between−38◦ and+29◦ because of the
smaller dimensions of the downward window in the plane. A
POS AV (position and attitude recorder made by Applanix
Company) was used to record the position and attitude of the
AMPR.

Figure 5 shows a map of the local conditions and flight
track. The red line is the segment of the flight track. The
white square is the TF, which is mainly covered by plants.
The ground-based CE318 is situated in Qichang (39.1773◦N,
118.3404◦W, the white star) south of the TF. It provided the
spectral AOT, the aerosol complex refractive index, and par-
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Fig. 4. Surface polarized reflectance over vegetation computed using AMPR algorithm and Nadal
and Bréon (NDVI> 0.3, ρ = 0.007, andβ = 140) method: (a) solar zenith angle = 32.0◦, in the
morning; (b) solar zenith angle = 37.2◦, in the afternoon.
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Fig. 5. Map of experimental field and flight track segment in Tianjin experiment.

Table 2. Main characteristics of the flight on 10 August 2012.

Time (UTC) Flight area Altitude Scan angle Weather

Morning 0149–0253 117.3◦–118.6◦E 3.1 km −38◦ to +29◦ Sunny, cloudless
38.9◦–39.21◦N

Afternoon 0506–0647 117.3◦–118.6◦E 3.2 km −38◦ to +29◦ Sunny, cloudless
38.96◦–39.21◦N

ticle size distribution.

5. Results

A case study of the AMPR observations performed in the
TF is presented. The AOT at 665 nm and theÅngström expo-

nent (computed between AOTs at 665 and 865 nm) were re-
trieved from the AMPR measurements. The same constraints
(AOT at 670 nm and the̊Angström exponent, which was com-
puted between AOTs at 670 nm and 870 nm) from the CE318
measurements in the TF were used to validate the AMPR re-
trievals.

Figure 6 shows the simulated and measured polarized re-
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Fig. 6. Simulated, measured and surface polarized reflectance at the aircraft altitude: (a) solar zenith
angle = 32.0◦ in the morning; (b) solar zenith angle = 37.2◦ in the afternoon. Green (665 nm) and
red (865 nm) lines are the simulated polarized reflectance. Dark gray (665 nm) and dark cyan
(865 nm) symbols are the measured polarized reflectance. Black line and symbols are the surface
polarized reflectance.
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Table 3. AOT andÅngström exponent retrieved from AMPR and CE318.

Morning Afternoon

Instrument Time (UTC) AOT Ångström exponent Time (UTC) AOT Ångström exponent

CE318 0231 0.243 1.33 0612 0.109 1.61
AMPR 0233 0.21 1.5 0622 0.1 1.7
CE318 0234 0.231 1.35 0633 0.103 1.50

flectance at the height of the aircraft. The atmospheric po-
larized reflectance was computed using the SOS model with
a black surface. The aerosol microphysical properties were
derived from the CE318 measurement. The surface polar-
ized reflectance was derived from the AMPR calculation pro-
cess. The simulated polarized reflectance (atmosphere +sur-
face) was calculated from Eq. (3) and has good agreement
with the measurements.

Retrievals of CE318 (before and after the overflight) and
AMPR in the morning and afternoon are reported in Table 3.
The AMPR retrieved AOT was smaller than the CE318 re-
trieved AOT while theÅngström exponent was larger. One
of the reasons is that polarized light stems mainly from small
particles (Deuzé et al., 2001). Another reason may be the
overestimation of the land surface albedo by using the re-

flectance of 1640 nm as the initial estimate of the land sur-
face.

The RSP algorithm was used to verify the AMPR algo-
rithm. Measurements at 1640 nm were substituted for the
2250 nm wavelength retrievals in the RSP algorithm (Fig. 7).
Retrievals of CE318 at the moment of the plane transit were
used to verify the results. On the whole, the retrievals of both
the algorithms were consistent and close to the retrievals of
CE318.

Aerosols over the TF appear to be a mixture of differ-
ent types (e.g., urban-industrial and oceanic). The fine mode,
urban-industrial aerosols correspond to largeÅngström ex-
ponent values, while the coarse mode marine aerosols cor-
respond to smaller̊Angström exponent values. The marine
aerosols and morning haze were dominant during the morn-

0 2 4 6 8 1 00 . 1 00 . 1 20 . 1 40 . 1 60 . 1 80 . 2 00 . 2 20 . 2 40 . 2 60 . 2 80 . 3 0

T i m e ( m i n )T i m e ( m i n )

0 2 4 6 8 1 00 . 0 00 . 0 20 . 0 40 . 0 60 . 0 80 . 1 00 . 1 20 . 1 40 . 1 60 . 1 80 . 2 0

0 2 4 6 8 1 01 . 01 . 11 . 21 . 31 . 41 . 51 . 61 . 71 . 81 . 92 . 0 ( d )
0 2 4 6 8 1 01 . 01 . 11 . 21 . 31 . 41 . 51 . 61 . 71 . 81 . 92 . 0

( a ) ( b )
( c )

Fig. 7. Retrieved AOT and̊Angström exponent over TF from the AMPR algorithm (line
and squares), RSP algorithm (line and triangles), and CE318(the black star). (a) AOT
in the morning; (b) AOT in the afternoon; (c)̊Angström exponent in the morning; and
(d) Ångström exponent in the afternoon. Time = 0 is the CE318 results. Time = 1 is
0827 LST in the morning and 1418 LST in the afternoon.
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ing hours, but in the afternoon the dominant mode shifted to
the urban-industrial aerosols. The AOT became smaller as
the morning haze disappeared. These results suggest a diur-
nal cycle in aerosol variability.

6. Conclusions

The AMPR is a newly developed instrument. It provides
directional, polarized, and multi-spectral measurements. We
developed an algorithm to retrieve the aerosol optical thick-
ness and the̊Angström exponent based on the AMPR mea-
surements. The algorithm is based on a LUT and an iterative
method. Experiments in Tianjin were conducted to validate
the algorithm.

Using the aerosol retrieval algorithm for the AMPR mea-
surement, the temporal variability of the aerosol optical prop-
erties over the TF were analyzed. The results in the morning
and afternoon were analyzed and compared with CE318 mea-
surements. Agreement between the retrievals of the AMPR
and the nearby CE318 is adequate. Along the flight line, the
retrievals of the AMPR algorithm match the retrievals of the
RSP algorithm and CE318 well, which demonstrates the po-
tential of the AMPR algorithm. The preliminary validation is
encouraging.

However, limited cases make further comparisons diffi-
cult. More experiments (currently in progress) will yield fu-
ture valid results as new equipment designed to obtain the sur-
face bidirectional polarization distribution function (BPDF)
of land surfaces is being developed. The degree of overesti-
mation of land surface properties when using the AMPR can
be reduced by using this equipment. Combining this new ap-
proach with LIDAR will enhance the ability of the AMPR
to quantify particle size and will also be addressed in future
studies.
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