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Abstract: An improved aerosol retrieval algorithm based on the Advanced Multi-angular 

Polarized Radiometer (AMPR) is presented to illustrate the utility of additional 1640-nm 

observations for measuring aerosol optical depth (AOD) over land using look-up table 

approaches. Spectral neutrality of the polarized surface reflectance over visible to  

short-wavelength infrared bands is verified, and the 1640-nm measurements corrected  

for atmospheric effects are used to estimate the polarized surface reflectance at shorter 

wavelengths. The AMPR measurements over the Beijing-Tianjin-Hebei region in north 

China reveal that the polarized surface reflectance of 670, 865 and 1640 nm are highly 

correlated with correlation slopes close to one (0.985 and 1.03) when the scattering angle is 
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less than 145°. The 1640-nm measurements are then employed to estimate polarized 

surface reflectance at shorter wavelengths for each single viewing direction, which are then 

used to improve the retrieval of AOD over land. The comparison between AMPR retrievals 

and ground-based Sun-sky radiometer measurements during three experimental flights 

illustrates that this approach retrieves AOD at 865 nm with uncertainties ranging from 0.01 

to 0.06, while AOD varies from 0.05 to 0.17. 

Keywords: aerosol optical depth (AOD); polarized surface reflectance; 1640 nm; airborne 

Advanced Multi-angle Polarized Radiometer (AMPR) 

 

1. Introduction 

The interactions of aerosols with atmospheric composition and radiation are complex. Aerosols 

scatter and/or absorb solar and terrestrial radiation and act as cloud condensation nuclei, modifying the 

properties of clouds and their lifetimes, and thus influence the terrestrial climate system. Aerosols are 

generated both naturally and anthropogenically and exhibit large spatial and temporal variability in 

their concentrations and physico-chemical properties. The direct and indirect effects of aerosol 

continue to contribute the largest uncertainty of the total radiative forcing estimate [1]. 

Satellite remote sensing offers global and quasi-continuous monitoring of aerosol properties. The 

development of space-borne sensors has provided a considerable amount of observations on global 

aerosol in the past few decades. Satellites derive information on aerosol load, microphysical 

parameters and chemical compositions by detecting the sunlight reflected from the Earth-atmosphere 

system at specific bands. One of the challenges in aerosol remote sensing from space is separating 

aerosol contribution from that of the underlying surface. This separation is critical to obtain accurate 

aerosol parameters. The retrieval of aerosols over the ocean, on which the surface is dark enough, can be 

reasonably estimated in terms of the variability of chlorophyll concentration [2,3]. However, aerosol 

retrieval over land surfaces is much more difficult, because the aerosol contribution is generally smaller 

than that of the surface, and the surface albedo strongly depends on the land surface type and 

vegetation coverage. Several methods have been developed for aerosol retrieval over land. The dark 

surface target approach, which was first developed for the Moderate-resolution Imaging Spectrometer 

(MODIS), retrieves aerosol optical depth (AOD), where the surface contribution is minimized [4]. This 

approach was further extended to brighter surfaces using correlations between the surface reflection in 

the visible and short-wave infrared (SWIR) bands for many surface types [5]. The Along-Track Scanning 

Radiometer (i.e., ATSR [6] and AATSR (Advanced Along-Track Scanning Radiometer) [7]) and the 

Multiangle Imaging Spectroradiometer (MISR) [8] take advantage of differing angular reflectance 

signatures of the surface and atmosphere to accomplish retrieval of aerosol properties over land. The 

Total Ozone Mapping Spectrometer (TOMS) and the Ozone Monitoring Instrument (OMI), taking the 

advantages of the low surface albedo at near-ultraviolet (UV) bands and the larger sensitivity to 

aerosol absorption in the near-UV, were developed to study absorbing aerosols, such as dust and 

biomass burning aerosols [9–11]. The use of a pre-estimated surface reflectance database is another 

approach to estimate surface contribution [12]. Each approach mentioned is successful either for 
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specific aerosols or certain surface types, both of which influence the retrieval accuracy. Highly 

accurate satellite remote sensing of aerosol over land remains a challenge. 

Polarized measurements provide an alternative and robust approach to the study of aerosols over 

land. Using polarized radiances, compared with total radiances, has several advantages. The polarized 

surface contribution is usually smaller than that of the atmosphere and is observed with minimal 

spectral dependence and generally weak spatial contrast [13–15]. Moreover, polarized measurements 

exhibit high sensitivity to aerosol properties [16]. The series of Polarization and Directionality of Earth 

Reflectance instruments (i.e., POLDER I, II and POLDER on board PARASOL (Polarization & 

Anisotropy of Reflectances for Atmospheric Sciences coupled with Observations from a Lidar) [17]) 

collected angular measurements of both total and polarization radiances from visible to near-infrared 

bands to retrieve AOD, particle size parameters [17] and even the information on particle shapes and 

aerosol layer height [18]. Airborne prototypes, such as the Micropolarimeter (MICROPOL) [19], the 

Research Scanning Polarimeter (RSP) [16] and the Airborne Multiangle Spectropolarimetric Imager 

(AirMSPI) [20], are essential to the study of the polarization properties of the surface-atmosphere system 

and to test or improve the aerosol retrieval algorithms. MICROPOL is a single viewing angle prototype 

polarimeter developed by the Laboratoire d’Optique Atmosphérique, Université de Lille, France. This 

polarimeter can provide accurate polarized measurements at five spectral bands from 490 nm to 2200 

nm, from which AOD and size parameters are derived [14,19]. RSP is an airborne simulator for the 

advanced Aerosol Polarimetry Sensor (APS) that was expected to launch on board the NASA Glory 

satellite. RSP provides polarized observations over a broad spectral range from 410 nm to 2250 nm and 

152 viewing angles, scanning continuously over a range of ±60° around nadir [21]. RSP (or APS) aims 

to accurately retrieve a set of aerosol and cloud parameters using optimal retrieval algorithms [22]. 

AirMSPI is an airborne prototype of a future satellite-borne MSPI instrument for obtaining multi-angle 

polarization imagery. It is an eight-band (with a spectral range from 355 nm to 935 nm) pushbroom 

camera that measures polarization at the 470-, 660- and 865-nm bands, while acquiring multiangular 

observation over a ±67° along-track range, which enables retrieval of aerosol and cloud microphysical 

properties and cloud 3D spatial distributions [20]. MICROPOL and RSP evaluated the surface 

contribution from 2250-nm band polarized measurements, because its atmospheric contribution is 

negligible; thus, the limitation of using a semi-empirical model for surface correction in aerosol retrieval 

over land can be overcome [23]. However, spaceborne polarized measurement at a wavelength of 2250 

nm remains a challenge in terms of instrumental aspects, because the detectors used in infrared channels 

usually need to be passively cooled and controlled to a stable temperature; otherwise, the measurement 

accuracy is compromised. The present study focuses on using an alternative shorter wavelength (1640 

nm) to estimate polarized surface reflectance for aerosol retrieval, which is significantly easier to achieve 

without cooling detectors. 

To study aerosol and surface-polarized properties and to monitor aerosol and clouds, Anhui Institute  

of Optics and Fine Mechanics, Chinese Academy of Sciences (AIOFM, CAS), developed an RSP-like 

instrument named the Advanced Multi-angular Polarized Radiometer (AMPR) [24]. The detection 

approaches and capabilities of AMPR are similar to that of RSP, except that its longest operating 

wavelength is 1640 nm, where the atmospheric contribution is small, but not negligible. In recent 

years, AMPR had participated in several aircraft and ground-based remote-sensing experiments in the  

Beijing-Tianjin-Hebei region in the north of China. This study presents and evaluates the capacity of 
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1640-nm polarized measurements to estimate polarized surface reflectance in retrieving aerosol 

properties over land. A multiband polarized algorithm was employed to retrieve AOD over land using 

the polarized radiance measurements from 670 nm to 1640 nm. First, we investigated and validated the 

spectral neutrality of polarized surface reflectance within the range from 670 nm to 1640 nm. The 

algorithm was then presented to retrieve AOD from AMPR measurements over vegetated surfaces, and 

the results were compared to observations from ground-based CE318 (CIMEL company) Sun-sky 

radiometers to test the capacity of the AMPR in deriving aerosol properties over land. 

2. Field Experiment 

2.1. AMPR Instrument 

AMPR is an airborne polarimeter with 6 spectral bands centered at 490 (30), 555 (30), 670 (40), 865 

(40), 960 (40) and 1640 (40) nm (the full width at half maximum of each band is also given inside 

parentheses). All of these bands are designed to detect aerosol and cloud, except for the water vapor 

band centered at 960 nm, where a major water vapor absorption band is located. Two Wollaston 

prisms are used to simultaneously detect the polarization states at 4 azimuths of 0°, 45°, 90° and 135°. 

Total radiances and polarized radiances are measured at all bands. Multi-angular measurements are 

acquired by scanning the fields of view through ±55° around nadir, with a sampling interval of 1°, 

thereby yielding 111 scattering angles per scanning course. AMPR can be operated to scan in along-track 

mode or cross-track mode depending on the mounting type on the aircraft. AMPR in along-track mode 

provides multi-angular detection to pixels along the ground track, whereas that in cross-track mode 

provides single viewing measurements over the image covering the scanning swath. During a scan 

course of 0.863 s, the scene signals, calibration records and dark references are collected. The 

instantaneous field of view of AMPR is 1°, and the pixel size is approximately 60 m, which 

corresponds to a standard flight altitude of 3.6 km. 

The first three Stokes parameters [I, Q, U] [25] can be derived from AMPR measurements, where I 

represents total radiance and Q and U describe the intensity and direction of linear polarization. In 

aerosol retrieval, the observed radiance is usually converted to reflectance. The total and polarized 

bidirectional reflectance factors are calculated as follows: 
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where E0 is the extraterrestrial solar spectral irradiance and μ0 is the cosine of the solar zenith angle. 

2.2. Field Experiments 

On 10 August 2012 and 18 September 2014, the AMPR instrument was integrated onto an aircraft, 

and three flights were performed in the Beijing-Tianjin-Hebei region, the north of China. The main 

purpose of the experiments was to acquire AMPR aircraft observations and characterize aerosol and 

surface optical properties. All three flights were performed in sunny and clear weather conditions. The 
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flight track of the first and second flights on 10 August 2012 is indicated by the green line in Figure 1; 

the track starts from Binhai airport in Tianjin city, covering the east of Tianjin, south of Tangshan and 

a corner of Bohai Bay. The track of the third flight on 18 September 2014 is illustrated by the red line, 

which starts from Caofeidian on the edge of Bohai Sea, passes over Fengnan in Hebei province and 

ends at Xianghe in Beijing. Additional information on the three flights, including date and time, area, 

altitude and scanning modes, is listed in Table 1. The scanning modes of the first and third flights are  

along-track, whereas the second one is cross-track. Pre- and post-flight calibrations were implemented 

in the laboratory to guarantee measurement accuracy. The calibration results show that the radiometric 

measurement accuracy of AMPR is better than 5%, and the polarimetric accuracy is better than 0.005 

in the degree of linear polarization [26,27]. 

 

Figure 1. Flight tracks of the first and second flights on 10 August 2012 (green line) and 

that of the third flight on 18 September 2014 (red line). Star symbols indicate ground-based 

CE318 Sun-sky radiometer sites for validation. The dashed square is the research area for 

Flights 1 and 2. 

Table 1. Flight information of AMPR test experiments. 

Flight Date Time (G + 8) Flight Area Flight Altitude (km) Scan Mode 

1 2012.8.10 09:50 to 10:53 117.3° to 118.6°E, 38.9° to 39.21°N 3.1 Along Track 

2 2012.8.10 13:42 to 14:47 117.3° to 118.6°E, 38.9° to 39.21°N 3.2 Cross Track 

3 2014.9.18 11:32 to 12:48 116.7° to 118.5°E, 38.8° to 39.8°N 3.6 Along Track 

Several temporal ground-based stations of the Sun-sky Radiometer Observation Network  

(SONET) [28] were set up in the experiment areas, equipped with automatic Sun-sky radiometer CIMEL 

CE318, which is also the standard instrument of the Aerosol Robotic Network (AERONET) [29]. The 

locations of these stations are presented in Figure 1. On 10 August 2012, the ground-based validation 
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station is Qichang site (39.1773°N, 118.3404°E), located northeast of the flight area, approximately  

1 km away from the flight track. On 18 September 2014, the corresponding station is Fengnan site 

(39.5464°N, 118.0964°E), located on the flight track. The CE318 worked continuously during the 

experiments; the operational process of SONET provided reference spectral AOD from 340 nm to 1640 

nm (with uncertainties of 0.01 to 0.02), the aerosol complex refractive indices and the particle size 

distribution [28]. These aerosol parameters were used to constrain and validate the AMPR retrievals. 

Several vegetated surface areas from the three AMPR observations were selected as the research 

areas, where the surface cover is relatively homogeneous. The research areas for the first and second 

flights are marked in Figure 1 with a dashed square, and that for the third flight is the section from 

Caofeidian to Fengnan. Details on the selected study areas are provided in Table 2. The Sun-sky 

radiometer observations on the second flight suggested a very clear sky condition with very low AOD 

at 870 nm (about 0.06), whereas the sky is also clear, but with higher AOD around 0.15 on the first and 

third flights. The available scanning zenith angle range was from −38° to 29° for the first and second 

flights and from −38° to 25° for the third flight, because of a partly blocked instrument field of view by 

the airplane body, yielding 68 and 64 viewing angles, respectively. The range of the scattering angles for 

the three selected study flights depended on the solar position, flight direction and scanning mode, which 

are also presented in Table 2. 

Table 2. Characteristics of the selected research areas. 

Flight Time (G + 8) Solar and Viewing Geometry Scan Numbers 
CE318’s AOD 

(870 nm) 
1 10:25:19 to 10:40:26 θs: ~32°; θv: –38°–29° φr: 40°, 140°; Θ: 110°–160° 815 ~0.15 
2 14:15:30 to 14:28:54 θs: ~37°; θv: –38°–29° φr: 60°, 120°; Θ: 110°–155° 715 ~0.06 
3 11:38:13 to 12:01:37 θs: ~37°; θv: –38°–25° φr: 20°, 160°; Θ: 115°–170° 1145 ~0.14 

Notes: θs, θv, φr and Θ are the solar zenith angle, viewing zenith angle (i.e., scanning zenith angle), relative 

azimuth angle and scattering angle, respectively. 

3. Aerosol Retrieval Method 

In this study, we use the polarization measurements at the 670-, 865- and 1640-nm bands to retrieve 

AOD over land, based on the look-up table (LUT) approach. The 1640-nm measurements are 

specifically focused on providing the polarized surface information at shorter wavelengths, whereas the 

670- and 865-nm measurements are simultaneously used to retrieve AOD based on the work of  

Deuzé et al. [23]. The 490-nm and 555-nm measurements are discarded because the molecular optical 

depths are much higher at shorter wavelengths, and the aerosol contributions are relatively lower in 

weight [23]. AOD and aerosol model associated with the best fit between the measurements of polarized 

atmosphere-only reflectance and the pre-calculated one in the LUT are accepted as retrieval results. 

3.1. Modelling of Polarized Reflectance 

The upwelling polarized radiance at the top of atmosphere (TOA) can be modelled as the sum of the 

polarized radiance generated by atmospheric and single reflection of the surface [14,23]. The upward 

polarized reflectance measured at the sensor level z can be expressed as: 

( , , , ) ( , , , ) ( , , ) ( ) ( , )meas atm surf
s v r s v r s v r s vRp z Rp z Rp T T z 

                    (3)
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where λ is the wavelength; and θs, θv and φr are the solar zenith angle, viewing zenith angle and 

relative azimuth angle, respectively. The first term Rpλatm on the right side is the polarized atmospheric 

path reflectance (i.e., the polarized reflectance for an atmosphere above a black surface), and the Rpλsurf 

in the second term is the bidirectional polarized reflectance of the surface. T↓ 
λ  and T↑ 

λ  are the downward 

and upward transmission terms, respectively, and can be computed using the following equations [30]: 
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where τ(0) and τ(z) are optical depth from the ground to TOA and altitude z, respectively. The 

superscripts m and a represent molecules and aerosols, respectively. The coefficients ψ and ζ account for 

diffuse transmission contributions of light from aerosols and molecules, which are not accounted for in 

Equation (3). ψ is equal to 0.9. ζ depends on the aerosol model. Lafrance [31] developed the 

empirical expression: 

20.3658 0.1023 0.0080      (6)

where α is the Ǻngström coefficient defined by the AODs at 670 nm and 865 nm. It is worth noting 

that the Ǻngström coefficient here may cause uncertainty in ζ and then in T↓ 
λ  and T↑ 

λ , because of the 

relatively small AOD difference between these two nearby wavelengths. Based on the estimation of 

Lafrance [31] and Waquet et al. [14], Equation (3) can model the polarized reflectance with an 

absolute error less than 0.0002 for AOD smaller than 0.1 at 670 nm when the viewing and illumination 

angles are smaller than 60°. The accuracy of Equation (3) decreases with the increase of optical depth. 

Laboratory and airborne measurements indicate that the polarized reflectance from several kinds  

of surfaces, such as forest, vegetation and bare soils, are spectrally neutral from the visible to SWIR  

bands [13–15,32–34], which is consistent with the hypothesis that the surface reflected polarization is 

generated mainly by the specular reflection at the surface interface, and it can be approximately 

modelled based on the Fresnel reflection [30]. Consequently, the polarization measurements at  

near-infrared or SWIR bands (i.e., 1640 nm) corrected for atmospheric effect can derive the polarized 

surface reflectance at shorter bands. 

3.2. Look-Up Table 

A pre-computed LUT of atmospheric polarized reflectance is used to derive AOD considering a set 

of assumed aerosol models. Omar et al. [35] classified global atmospheric aerosols into six clusters 

using a clustering algorithm based on the complete archive of the AERONET dataset for nearly 10 years. 

Six significant aerosol models were then established from the clusters and denote desert dust aerosol, 

biomass burning aerosol, background/rural aerosol, polluted continental aerosol, polluted marine aerosol 

and dirty pollution aerosol. Desert dust is coarse mode dominant and assumed to be mostly mineral 

soil. Biomass burning aerosol is predominantly fine mode aerosol, consisting primarily of soot and 

organic carbon with an average single scattering albedo (SSA) of 0.8. Polluted continental aerosol and 

dirty pollution aerosol have a similar size distribution that is fine mode dominant, whereas the dirty 
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pollution aerosol has a larger imaginary index of refraction and smaller SSA (0.72). Polluted marine 

aerosol is marine aerosol (coarse mode) mixed with biomass burning smoke or industrial pollution 

(fine mode). Background/rural aerosol usually occurs in clean continental and rural background areas 

and is characterized by low optical depth [35]. The detailed microphysical and optical properties of 

these models, including the complex refractivity index, size distribution, Ǻngström coefficient and 

SSA, are listed in Table 2 of [35]. These models were employed in the present study to construct LUT, 

and Mie theory is used to calculate the optical parameters (i.e., scattering matrix) of the models. 

In this paper, the atmosphere is considered to be plane-parallel, and the optical properties vary only 

in the vertical direction. The extinction coefficients of aerosols and molecules exponentially decrease 

with height. The molecular scale height is set to the standard value of 8 km, whereas the aerosol scale 

height is assumed to be 2 km, which is a reasonable value for a typical boundary layer in our research 

region [36]. The polarized atmospheric path reflectance (i.e., Rpλatm in Equation (3)) at the sensor level 

is accurately calculated using a doubling and adding method code, radiative transfer model RT3 [37], 

setting the surface reflectance to 0 (i.e., black surface). The LUT setting parameters are listed in Table 

3, including wavelength, aerosol model, AOD and illumination-viewing geometry. 

Table 3. Parameter setting for LUT. AOD, aerosol optical depth. 

Dimensions Values Number of Values 

Wavelength (nm) 670, 865 and 1640 3 

Aerosol model 
Desert dust, biomass burning, background/rural,  

polluted continental, polluted marine and dirty pollution 
6 

AOD (865 nm) 

Interval [0.02, 0.5], increments of 0.02,  

interval (0.5, 1.0], increments of 0.05,  

interval (1.0, 1.5], increments of 0.1 

40 

Surface reflectance 0.0 1 

Solar zenith angle 0° to 74°, increments of 1° 75 

Relative azimuth angle 0° to 180°, increments of 3° 61 

Viewing zenith angle (°) 
3.4, 7.81, 12.24, 16.68, 21.12, 25.56, 30.01, 34.45,38.89, 43.34,  

47.78, 52.23, 56.67, 61.11, 65.56, 70.00, 74.45, 78.89, 83.33 and 87.78 
20 

3.3. Retrieval Scheme 

A cost function CF is defined as follows: 

, ,
2

,
1 1

1 1
[ ]

atm meas atm calNangNwl

atm meas
m n

Rp Rp
CF

Nwl Nang Rp 


     (7)

,atm meas meas surfRp Rp T Rp T    (8)

where Nwl and Nang are the numbers of wavelengths and viewing directions used in the AOD 

retrieval, and m and n denote the wavelengths and viewing directions, respectively. The superscripts meas 

and cal represent the measured and calculated polarized reflectance, respectively. Given a combination of 

aerosol model and AOD, CF means the least squares fitting residual between the measurements of 

polarized atmospheric reflectance (i.e., the measured polarized reflectance Rpmeas corrected for the 

surface contribution via Equation (8)) and that calculated by LUT. The flowchart in Figure 2 shows the 
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calculation of CF for a given combination of the aerosol model and AOD. First, the 1640-nm polarized 

reflectance measurement is corrected for atmospheric effect using the following equation: 

,
1640 1640

1640 1640

meas atm cal
surf Rp Rp

Rp
T T 





 (9)
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,
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Figure 2. Flowchart for calculation of the cost function CF (i and j denote the aerosol 

models and AOD nodes in LUT, respectively). 

The polarized surface reflectance is obtained. The measured polarized reflectances at visible and  

near-infrared bands are then corrected for surface contribution using the obtained Rpsurf (Equation (8)), 

and the measured atmospheric polarized reflectances are estimated. Lastly, the estimated Rpatm,meas is 

compared to the simulated Rpatm,cal in LUT via Equation (7), and CF is calculated. Looping on all of the 

combinations of aerosol models and AODs in LUT, the AOD that minimizes the CF value is accepted as 

the final retrieval result. The scheme attempts to simultaneously optimize the AOD retrieval and 

atmospheric correction of 1640-nm polarized surface reflectance (Figure 2). That is to say, by looping 

on all combinations of (AOD, model) couples, the best case to minimize the residual on the atmospheric 

items of the polarized reflectance (670 nm and 865 nm) is selected, and the surface reflectance 

subtraction is optimized by 1640-nm measurements. 
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4. Results and Discussion 

4.1. Polarized Surface Reflectance 

Figure 3 shows two examples of the polarized reflectance measured by AMPR at the 670-, 865- and  

1640-nm bands, plotted as a function of viewing angles. These two examples were acquired during the 

first and second flights on 10 August 2012. Different viewing directions during one scan view different 

parts of the surface, and the observed polarized reflectance varies with both the angular-dependent 

radiation and the spatial variation of the surface properties. From these raw scans, we can perform 

preliminary identification of the surface variety. In Figure 3a, the polarized reflectance smoothly varies 

with viewing angle, whereas Figure 3b displays several spikes with higher variability. This condition 

indicates that the surface type is relatively uniform for the scan (a), whereas different surface types are 

viewed in the scan (b). However, the polarized reflectance shows a similar decrease with the increase 

of scattering angles, and the fluctuations in the three bands are always highly correlated. The spectral 

dependence of the TOA polarized reflectance is similar to that of pure atmospheric scattering (i.e., it 

decreases as the wavelength increases), which is consistent with the hypothesis that the polarized 

surface reflectance is spectrally neutral in Section 3.1. 
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Figure 3. Examples of polarized reflectance measurements of AMPR at 670, 865 and 1640 nm 

plotted as a function of the viewing zenith angle. (a) Case of Flight 2; and (b) case of Flight 1. 

To study the surface optical properties and to validate the applicability of the assumption that the 

surface polarization is spectrally neutral, a typical part of AMPR data (14:16:09 to 14:18:50 on  

10 August 2012, a total of 165 scans with scattering angles ranging from 110° to 150°) was selected, 

which was obtained in very clear sky conditions from observations of the second flight. All 165 

measurements were corrected for molecular and aerosol scattering based on the aerosol optical 

thickness (0.05 at 865 nm on average) and the microphysical model derived from the simultaneous 

Sun-sky radiometer measurements at the Qichang site. The polarized surface reflectance at 670, 865 and  

1640 nm were then obtained from calculations by RT3. Figure 4 shows scatter plots of polarized surface 

reflectance at 1640 nm against that at 670 nm and 865 nm. The red solid lines indicate the linear 

regressions. The associated scattering angles in (a) and (b) are smaller than 145°, whereas the angles in 

(c) and (d) are larger than 145°. In Figure 4a,b, the polarized surface reflectances at 670 nm and 865 nm 

and that at 1640 nm are highly correlated, and both fitting lines are close to the 1:1 line. The slope 

values (1.03 and 0.985) indicate that the average spectral variation of the polarized surface reflectance 
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is not larger than ±3%, and the root-mean-square error (RMSE) is 0.0006 and 0.00046, respectively. 

The deviations of the slopes from one can be attributed to the fixed input AOD and microphysical 

parameters for all samples during atmospheric correction. In Figures 4c and 4d, which are associated 

with larger scattering angles (greater than 145°), the spectral correlations of polarized surface reflectance 

at three bands are poor (i.e., the surface polarization is no longer spectrally invariant). A similar 

phenomenon was observed by Nadal and Bréon [38], Cairns et al. [32] and Elias et al. [13]. Therefore, 

the hypothesis on the spectral characteristic of surface reflected polarization in Section 3.1 is 

inapplicable to cases where the scattering angle is larger than 145°. A generally accepted interpretation 

is that a simple front-facet Fresnel reflection mechanism is not adequate for these larger scattering 

angles, and higher orders of scattering models might be necessary [39]. 
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Figure 4. Scatter plots of polarized surface reflectance at 670 and 865 nm against  

1640 nm, respectively, based on 165 scans during Flight 2. (a,b) Scattering angle smaller 

than 145°; (c,d) scattering angle larger than 145°. R is the correlation coefficient, and 

RMSE represents root-mean-square error. 

4.2. Surface Contribution Correction Using 1640-nm Measurements 

In this section, we examine how well the polarized atmospheric reflectance at visible and  

near-infrared bands can be estimated using the 1640-nm measurement. Figure 5 shows the measured 

polarized atmospheric reflectance at 670 nm and 865 nm (lines with solid symbols), which are the AMPR 

measurements corrected for surface polarization based on the 1640-nm measurements. The simulated 

polarized atmospheric reflectance (lines with empty symbols), based on the Sun-sky radiometer 

measurements and radiative transfer model RT3, is also presented for comparison. The AOD is set to 

0.04 and 0.14 for scans in (a) and (b), respectively, and the polluted marine aerosol model introduced in 
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Section 3.2 is employed, considering that its Ǻngström coefficient is the nearest to the observation. 

Equation (9) is used to correct the atmospheric contribution of the 1640-nm measurements to obtain the 

polarized surface reflectance. After the surface reflectance is corrected using 1640-nm information, the 

measured polarized atmospheric reflectance at 670 nm and 870 nm agrees well with simulations, except 

for the near backscattering direction (Figure 5). The agreement in (a) is excellent, whereas the 

dispersion in (b) is relatively larger, although they matched on the whole. The reason may be the quick 

spatial variability in the sampled surfaces, which might have resulted in registration bias among four 

polarized measurement elements. Although the four polarization detectors of AMPR for one band were 

designed to simultaneously observe the same scene, a slight spatial mismatch may still exist among 

them (maximum 10%), which would introduce false polarization errors in the estimated Stokes vector 

elements. The errors are insignificant for a uniform surface, but arise for a highly varied surface. 

Moreover, the scene mismatch is expected to be optimized for the satellite observation. Furthermore, 

its observing pixel is significantly larger (usually several kilometers in the case of polarimetry). Thus, 

the effects of surface spatial variability are averaged. 
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Figure 5. AMPR polarized reflectance measurements corrected for surface contribution 

based on measurements at 1640 nm and comparison with radiative transfer model RT3 

calculations using Sun-sky radiometer AOD and polluted marine aerosol model as inputs. 

(a,b) These correspond to the two scans in Figure 3. 

4.3. AOD Retrieval Results and Validation 

According to the analysis in Section 4.1, AMPR measurements with scattering angles less than 145° 

were used to retrieve AOD. First, the AOD retrieval scheme described in Section 3.3 was executed for 

every single angle observation in the scan course, for which the Nwl = 2 and Nang = 1. To reduce AOD 

noise caused by the surface spatial variability and instrumental false polarization errors, the retrieved  

AOD was averaged over a scan course (covering about 5 km cross-track or along-track, depending on the 

scanning mode) and then averaged over 10 s (about 10 scan courses, covering about 0.5 km along-track). 

It is noteworthy that the average over so many pixels may be unnecessary for the satellite observations, 

for which the pixel size is approximately 10-times larger, and the false polarization errors would have 

been reduced to a certain extent. Figure 6 shows AOD at 865 nm retrieved from AMPR observations 

in the research areas of the three flights. The Sun-sky radiometer measurements are also presented for 

comparison. The AMPR retrievals agree well with Sun-sky radiometer measurements both for the 
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clear condition (Figure 6a,c) and very clear condition (Figure 6b). The AMPR AOD, whose observed 

time is closest to that of site measurements, is chosen to calculate the errors by ignoring AOD spatial 

changes between the AMPR flight track and the ground-based site. The selected site measurements and 

AMPR retrievals of AOD are listed in Table 4. We estimated the uncertainties ranging from 0.01 to 0.06 

and an average absolute error of approximately 0.03 in AOD for the improved algorithm with polarized 

surface reflectance estimated by 1640-nm measurements. For much higher AOD levels, which are 

common in the Beijing-Tianjin-Hebei region, the uncertainty in retrieved AOD may be higher. 
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Figure 6. AMPR retrievals (AOD at 865 nm) compared with Sun-sky radiometer 

measurements at Qichang and Fengnan sites. (a) Flight 1; (b) Flight 2; (c) Flight 3. 

Table 4. List of ground-based measurements and AMPR retrievals of AOD for comparison. 

Flight Time (G + 8) CE318 Time (G + 8) AMPR Retrievals Differences 

1 

10:31:18 0.173 10:31:14 0.17 −0.003 

10:33:55 0.164 10:33:56 0.102 −0.062 

10:36:56 0.152 10:36:51 0.128 −0.024 

10:39:59 0.152 10:39:55 0.142 −0.01 

2 
14:12:49 0.052 14:15:30 0.1 0.048 

14:31:24 0.067 14:28:42 0.087 0.02 

3 

11:40:57 0.173 11:40:53 0.18 0.007 

11:45:57 0.142 11:45:53 0.179 0.037 

11:48:07 0.148 11:48:03 0.186 0.038 

11:50:56 0.151 11:50:53 0.196 0.045 

11:55:57 0.137 11:56:43 0.122 −0.015 

12:00:56 0.135 12:00:54 0.131 −0.004 

Maximum absolute error 0.062 

Average of absolute error 0.026 
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5. Conclusions 

We present the AOD retrieval results based on AMPR multispectral angular polarization 

measurements, in which the 1640-nm observations were employed to estimate the polarized surface 

reflectance and the 670-nm and 865-nm band measurements were used to derive AOD at 865 nm. 

The AMPR measurements of three flights over the Beijing-Tianjin-Hebei region in north China 

were utilized to demonstrate the capacity of 1640-nm polarized measurements to evaluate surface 

polarization and the use in AOD retrievals. As suggested by these preliminary AMPR measurements, 

the spectral variability of polarized surface reflectance from 670 nm to 1640 nm is less than 3% on 

average when the scattering angle is less than about 145°. The measurement at 1640 nm is able to 

estimate the polarized surface reflectance at a shorter wavelength for every single viewing angle, and 

AOD can then be retrieved by single-angle measurement. By taking the average of AOD over  

multi-viewing directions and scan courses, the retrieval noise caused by instrument and polarization 

registration errors during the flight experiment was reduced. The noise was expected to be decreased in 

satellite observations. An average AOD error of approximately 0.03 (maximum of 0.06) at 865 nm is 

preliminarily obtained from three flights (AOD varies from 0.05 to 0.17) by comparing with the 

ground-based Sun-sky radiometer measurements. 

Further observations and investigations over various surface types (e.g., soil and urban) and high 

polluted conditions (e.g., larger AOD) are expected to be performed in future studies to explore the 

robustness of the aerosol retrieval using additional polarized 1640-nm measurements. 
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