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Abstract

:

The airborne Atmosphere Multi-angle Polarization Radiometer (AMPR) was employed to perform airborne measurements over North China between 2012 and 2016. Seven flights and synchronous ground-based observations were acquired. These data were used to test the sensor’s measurements and associated aerosol retrieval algorithm. According to the AMPR measurements, a successive surface-atmosphere decoupling based algorithm was developed to retrieve the aerosol optical depth (AOD). It works via an iteration method, and the lookup table was employed in the aerosol inversion. Throughout the results of the AMPR retrievals, the surface polarized reflectances derived from air- and ground-based instruments were well matched; the measured and simulated reflectances at the aircraft level, which were simulated based on in situ sun photometer observed aerosol properties, were in good agreement; and the AOD measurements were validated against the automatic sun-photometer (CE318) at the nearest time and location. The AOD results were close; the average deviation was less than 0.03. The MODIS AODs were also employed to test the AMPR retrievals, and they showed the same trend. These results illustrate that (i) the successive surface-atmosphere decoupling method in the retrieved program completed its mission and (ii) the aerosol retrieval method has its rationality and potential ability in the regionally accurate remote sensing of aerosol.
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1. Introduction


Aerosol has an impact on the Earth’s radiation budget and climate due to its absorption and its scattering of solar radiation [1]. Aerosol remote sensing is of great significance in the prevention and management of air pollution [2,3]. The monitoring of the physical parameters of aerosol and their spatial distribution is an important part of quantitative remote sensing [4,5].



The global distribution of aerosol over land and oceans can be obtained by satellite observation. The sensors of the Polarization and Directionality of the Earth’s Reflectance (POLDER) have been verified at both the regional and global scale [6,7,8]. The aerosol production resolution of POLDER is about 20 × 20 km2. Algorithms based on POLDER measurements to derive aerosol loadings were developed at different observational conditions [9,10]. The Moderate Resolution Imaging Spectroradiometer (MODIS) provides 10 × 10 km2 aerosol optical depth (AOD) data over the global land and sea area [11,12,13,14]. The Multi-angle Imaging SpectroRadiometer (MISR) [15], the Ozone Monitoring Instrument (OMI) [16], the Spinning Enhanced Visible and InfraRed Imager (SEVIRI) [17,18], and the Visible Infrared Imaging Radiometer Suite (VIIRS) [19] are also representative sensors used to derive the aerosol optical properties consistently. However, more detailed results are still needed for regional aerosol monitoring. An airborne radiometer can provide better spatial resolution and emergency observations [20,21], which are an important complement to satellite observations.



The land surface is more complex than the ocean surface and presents a larger range of reflectances. The diversity of the land surface makes it difficult to estimate the Bidirectional Reflectance Distribution Function (BRDF), which increases the uncertainty associated with aerosol retrieval [12,22]. The scattering of radiation by aerosols changes both the intensity and polarization of solar light. The normalized polarized radiation is sensitive to aerosol optical and microphysical properties. In addition, the polarized reflectance from the land surface is almost wavelength independent [23,24]. The development of polarized observation sensors also creates new opportunities for aerosol remote sensing over land [25,26].



The airborne downward looking multispectral micro-polarimeter (MICROPOL) is a single viewing angle prototype polarimeter [27]. It provides accurate polarized measurements in five spectral bands centered at 490, 670, 870, 1600, and 2200 nm. The MICROPOL has participated in several airborne campaigns with various surface types, aerosol loadings and types, and levels of solar radiation. In 2001, the MICROPOL airborne observations were dedicated to aerosol characterization over the Mediterranean Sea. Two days during the experiments were particularly relevant for maritime and mineral dust aerosol characterization. The flights on those two days were used to retrieve the properties of natural aerosols from MICROPOL and Lidar. The MICROPOL derived AOD was in excellent agreement with the coincident MODIS retrievals on both days. The effective radius retrieved by MICROPOL was also in good agreement with the value obtained from MODIS in the mineral dust case, while it was significantly underestimated by MICROPOL in the pure maritime case [28]. Between 2002 and 2005, seven flights were performed with the MICROPOL instrument integrated onto a lightweight aircraft in the North of France. The multiband polarized (MBP) algorithm was tested and verified. For the pollutant aerosol cases, the MBP approach retrieved AOD with an accuracy of 0.03 over both natural and urban surfaces [27].



The Research Scanning Polarimeter (RSP) provides multiple bands, multiple directions, and polarized observations [26,29]. Twelve flights were performed during the Aerosol Lidar Validation Experiment (ALIVE) in the Southern Great Plains in Oklahoma, USA. The RSP instrument used in this campaign was placed onboard an aircraft and acquired good quality data throughout all twelve flights performed between 12 and 22 September 2005. Data taken by the RSP instrument during ALIVE were analyzed, and the aerosol parameters were retrieved. In the RSP algorithm, 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 [30]. The retrievals were within the combined uncertainties of the retrieval, the AERONET products, and the Total Ozone Mapping Spectrometer Aerosol Index [31,32]. The RSP has also been used for atmospheric correction and cloud detection [33,34,35,36]. The Polarimeter Definition Experiment (PODEX) gathered a new class of instruments that aimed to reshape the next generation of atmospheric science. The Airborne Multi-angle SpectroPolarimetric Imager (AirMSPI), the Passive Aerosol and Cloud Suite (PACS) polarimeter, and the RSP were employed in the PODEX to derive the aerosol [37] and cloud [38] properties.



The Directional Polarized Camera (DPC) instrument is a POLDER-type polarized camera. The wide field of view (120° × 120°) enables it to measure the polarization and directionality of the solar radiation reflected by the Earth-atmosphere system over a wide range; thus one target can be detected at different times at different directions. The DPC covers the spectral interval of 400 to 900 nm with three polarized spectral bands (490, 665, and 865 nm) [39]. Between 3 and 4 December 2009, DPC observations were made over the Pearl River Delta, China. Using these data sets, Cheng et al. investigated the aerosol optical properties and obtained encouraging retrievals [20,40].



Hundreds of square kilometers are covered in haze every winter in North China. It is a densely populated and heavily polluted area. Environmental degradation and health problems have become increasingly prominent in recent years in these areas. Scientists have investigated the source, distribution, and constituents of air pollutants [41,42,43,44]. Although in situ observations from ground-based sensors and global observations from space-based sensors have provided large amounts of data, higher spatial resolution, and emergency observations, there has been almost a complete absence of aerosol remote sensing. Thus, the airborne Atmosphere Multi-angle Polarization Radiometer (AMPR) was designed by the Anhui Institute of Optics and Fine Mechanics, Chinese Academy of Science (AIOFM-CAS). The instrument has a highly polarized reflectance detection accuracy [45]. Multi-angular, multi-spectral, and polarized data can be provided by the AMPR. In recent years, seven flight campaigns have been performed to obtain polarized measurements over Beijing, Tianjin, and Hebei (BTH). The BTH region is the industrial and economic center of North China, and it was also emphasised as the area to be investigated [46]. Preparatory work in aerosol retrieval from AMPR measurements used measured polarized reflectance at 1640 nm as the estimation of the surface reflectance by assuming that the surface reflectance is dominant at 1640 nm [21,47]. This paper employs the AMPR measurements to derive the aerosol optical properties by the successive surface-atmosphere decoupling method without a priori knowledge of the land surface.




2. Experiments


This section focuses on the Multi-scale Observation of Aerosol (MOBA) experiment and the data collected by the AMPR instrument during the experiment in North China. The main purpose of the MOBA campaign was to acquire air- and ground-based observations to characterize the atmospheric aerosol from AMPR, Lidar, and the AERONET sun-photometer (CE318). The Chinese aircraft Yun-12 (Y12) participated in this campaign. Seven flights were conducted during the campaign to perform aerosol observations. The Y12 was equipped with the Lidar and AMPR, while the CE318 instruments were positioned in ground stations. The main characteristics of the flights during the MOBA experiment are reported in Table 1, where     θ v     is the viewing zenith angle and   ϕ   is the relative azimuth angle. UT refers to the Universal Time.



2.1. Instruments


The MOBA campaign employed a multitude of instruments (Table 2) on aircraft and land sites. The ground stations of Caofeidian (39.18°N, 118.34°E), Fengnan (39.55°N, 118.10°E), Yutian (39.67°N, 117.67°E), and Baodi (39.71°N, 117.30°E) are located in BTH. They were equipped with automatic CE318s and provided the spectral AOD, the aerosol complex refractive index, and the particle size distribution between 0.05 and 15 μm [48]. Measurements of the vertical distribution of the scattering layer were performed using the Lidar positioned on Y12 (Figure 1). The Lidar provided backscattering information of atmospheric molecules and aerosols at 532 nm. Images of the underlying surface were acquired by a charge-coupled device (CCD) camera, from which the type of land surface can be distinguished. A portable spectrometer (SVC HR-1024) was used to obtain an accurate reflectance of the land surface.



The polarized reflectance derived from the AMPR measurements was the focus of the study. The AMPR instrument (Table 3) uses two Wollaston prisms, which are fixed in a relative position, as polarization analyzers. The scanning of a scene occurs by means of a rotating polarization-insensitive two-mirror system that generally has its scanning plane oriented along the direction of travel of the aircraft. Four beams of linearly polarized light are derived from Wollaston prisms. This unique design allows the first three Stokes parameters (  I  ,   Q  , and   U  ) to be measured simultaneously in six spectral channels for each viewing angle. The normalized and polarized radiation and its intensity can be derived from the Stokes parameters. This design ensures that the spectral and polarimetric measurements in each instantaneous field of view (IFOV) detect the same scene even when the underlying surface varies rapidly or when the aircraft is moving. Limited by the size of the downward window, 67 out of a possible 111 viewing angles were available for each scan during the MOBA field experiment. For the 1° contiguous IFOVs of the AMPR, a limb-to-limb viewing angle range of FOV is provided. The scanning period of the AMPR is adjusted so that successive nadir views are one IFOV apart and the same point at the ground is seen from multiple viewing angles. The AMPR is equipped with a standard light source to monitor the status of the sensor. In a complete scanning period, the AMPR takes about 1/3 of the overall time to acquire the target information, with the remaining time was used for the dark current measurement and onboard calibration. The centers of the AMPR spectral bands were 490, 555, and 665 nm for visible light, where scattering by molecules and submicron aerosols is significant; 865 and 960 nm for near-infrared light where scattering by fine-mode and coarse-mode aerosols predominates; and 1640 nm for shortwave infrared light, which is dominated by coarse-mode aerosol scattering. The radiant measurement has a wide dynamic range (the effective number of bits is 14) and a high signal-to-noise ratio (102 to 103). For the measurements used during the MOBA campaign, the radiometric and polarimetric calibration uncertainties were below 5% and 0.5% for all bands, respectively.




2.2. Observations and Case Studies


The MOBA experiments took place between 10 August 2012 and 13 November 2016 over the BTH region. The typical continental monsoon climate makes it hot and rainy in summer but cold and dry in winter. The annual average temperature is 5 to 20 °C. The annual precipitation is 400 to 800 mm. The aerosols in Beijing and central Hebei were mainly from daily life and industrial combustion. Additionally, the marine aerosol sometimes spread over Tianjin and eastern Hebei. The campaign was designed to collect air- and ground-based remote sensing data using the group of sensors to perform an aerosol retrieval study and a preliminary monitoring of the aerosol distribution. Three routes were taken during seven flights. The first five flights were dedicated to aerosol characterization over Tianjin and Tangshan along the same route. The routes started from Tianjin Binhai airport and covered the area around Bohai Bay. Flight 6 was dedicated to aerosol characterization from Beijing to Caofeidian. The aircraft started from Tongzhou airport, and it was the base camp for this experiment. The last flight started from Shijiazhuang airport and observed the polarized atmospheric characteristics over Shijiazhuang, Baoding, and Beijing.



Both the airborne and ground-based observations were conducted simultaneously. The downward observation sensors, including the AMPR, the Lidar, and a CCD camera, were installed on the aircraft. The CE318s were distributed in various respective stations before the experiments. The SVC HR-1024 spectrometer, equipped with rotatable polarizers, was used to detect the surface polarized properties of the target zones. The AMPR instrument participated in this campaign and acquired good quality data throughout all seven flights. Figure 2 shows the experimental region and examples of flight track segments (30 April 2013, 18 September 2014, and 13 November 2016) performed during this campaign. The MODIS photographs from Terra were used as the background to show the experimental environment (https://earthdata.nasa.gov/labs/worldview/). The flights were performed with different aerosol loadings and sometimes were perturbed by haze and cloud. However, the scenes that were selected for the retrieval of aerosol were cloud free. The last flight was conducted on a hazy day, and the data were used to retrieve the AOD during the haze event. The type of land surface was determined from the underlying surface pictures taken by the CCD camera and the Normalized Difference Vegetation Index (NDVI) from the AMPR. Vertical profiles of the aerosol properties were derived with the Lidar, and the amount of column water vapor was determined using the CE318 measurements and AMPR measurements at 960 nm. The AMPR data were acquired at altitudes from 3.1 to 3.7 km. The profiles from Lidar showed that the aerosol particles were located primarily between the altitudes of 0 and 3 km in the atmosphere; these results indicated that the flight altitudes in the MOBA experiments were appropriate. Some spiral ascents and descents were also recorded and were also used to study the vertical distributions of the aerosol properties. The AMPR scan was oriented perpendicular to the aircraft’s track on the afternoon of 10 August 2012 (the second flight in Table 1). The perpendicular scanning mode turned the AMPR into a push-broom imager, and the multi-angle aerosol retrieval method degenerated into a single angle method. The large amount of data collected from these flights, including the clear sky and considerable haze burden, provided excellent conditions for validating the aerosol remote sensing products. The aircraft route was designed to cover the ground stations. To constrain the properties of aerosols that were close in space and time to those observed by the CE318s, files obtained near the transit time were used in the validation.



During the MOBA campaign, the AMPR observed heterogeneous scenes consisting of vegetated surfaces and bare soil. To study the angular and spectral behavior of the polarized properties of the land surface observed during the campaign, we selected two zones. One of them was uniformly covered by vegetation, while the other was bare ground. The surface polarized reflectances were obtained accurately from the SVC HR-1024 spectrometer. The airborne and ground-based observations were conducted at the same time. Figure 3 shows some scans of polarized reflectances over a single type of surface measured by the AMPR at 555, 665, and 865 nm as a function of the scattering angle. The repeated scattering angles, which were obtained from scanning near the back scattering direction, are not shown. It was found that, when the scattering angles were larger than 160°, the polarized reflectances at all three wavelengths lacked differentiation and were of larger noise. Measurements at this range were therefore not considered in the retrieval algorithm. It is important to note that the fluctuations in all spectral bands were strongly correlated. The spectral and angular behavior of the observed polarized reflectance was consistent with the observations reported in the literature [31,32].





3. Aerosol Retrieval Method


The retrieval scheme was built based on a lookup table approach. The radiative transfer model, RT3, [49] was used for the computation of the polarized radiation over the land surface. RT3 accounts for scattering by molecules and aerosol particles. As shown in Table 4, the lookup table computations were performed for several AOD (  τ  ) values, a set of aerosol types, solar zenith angles     θ s    , viewing zenith angles     θ v    , and relative azimuth angles   ϕ  . The aerosol types consisted of six fine and six coarse modes derived by Lee and Kim [50] from AERONET sun-photometer observations over East Asia, including the region of North China. The aerosol size distribution followed a bimodal size distribution, consisting of two lognormal models, and was defined as a volume distribution.


     d   V  ( r )    d   ln r   =    C f     σ  m ,   f     2 π     exp  [  −      (  ln r − ln  r  m , f    )   2    2   σ  m ,   f   2     ]  +    C c     σ  m ,   c     2 π     exp  [  −      (  ln r − ln  r  m , c    )   2    2   σ  m ,   c   2     ]    



(1)







The subscripts   f   and   c   refer to the fine and coarse mode aerosols;   r   refers to the aerosol particle radius;   C   is the volume concentration (     μ m  3  /   μ m  2    );     r m     denotes the mean radius of the number distribution; and     σ m     is the geometric standard deviation of    ln r   . Table 5 provides the     σ m    ,     r m     , and the complex refractive indexes of different aerosol types. The complex refractive indexes (including the real part   n   and imaginary part   k  ) were derived by reference to [50]. As reported in [51], the refractive index at 1640 nm was considered to be equal to 1020 nm, while, at 555 nm, it was calculated by linear interpolation. Here, we define    η =  C f  /  (   C f  +  C c   )     as the fine mode fraction of aerosol, and this will be used later.



The optical properties of the aerosols were computed using Mie theory [52,53]. Prior to this, a fine mode and the corresponding coarse mode (the same cluster number) were combined by the weight of the fine mode fraction.   τ   can be written in the following form:


   τ =    ∫    r  m i n      r  m a x      π  r 2   Q  e x t    (  λ ; n , k , r  )    d   V  ( r )    d   r   d   r   



(2)







    Q  e x t      is defined as the extinction coefficient, and can be calculated from Mie code, while   λ   refers to the wavelength. The AOD is interconvertible between certain band ranges through this function. Several discontinuous values of AOD from 0 (pure atmospheric molecular scattering) to 2.5 (turbid atmosphere scattering) were set. An interpolation method was used to cover the AOD between the discontinuous values. The scope of the sun zenith angle set in the lookup tables covered all of the observation conditions. The 16 discontinuous values of the viewing zenith angle were the Lobatto integral nodes. The relative azimuth angle was set with an appropriate scope and value to balance the accuracy and speed of calculation. A multidimensional interpolation method was used to approximate the polarized radiation corresponding to the actual viewing angles.



The main processes that generated the up-welling polarized reflectance for the surface-atmosphere reflection at the instrument level can be expressed as [31]:


    ρ λ  c a l   =  ρ λ  a t m   + (  t +   ρ  s u r f    t −  +  T +   ρ  s u r f    t −  +  t +   ρ  s u r f    T −  +  T +   ρ  s u r f    T −  )   



(3)







The subscripts    +    and   −   refer to the downward and upward directions, respectively.   T   corresponds to the diffuse transmission of the atmosphere, while   t   is a direct transmission term. Equation (3) is arranged in order to separate the terms that contribute to the observed reflectance. The first term     ρ λ  a t m      describes the contribution of the upwelling light scattered from the atmosphere without interactions with the surface.     ρ λ  a t m      is the combination of aerosol (    ρ λ  a e r     ) and molecular (    ρ λ  m o l     ) polarized reflectance as given in Equation (4) [6].     μ s     refers to the cosine of the solar zenith angle, and     τ λ  m o l      refers to the molecular optical depth. The second term, between brackets, describes the surface contribution transmitted directly through the atmosphere and the diffuse interactions between the land surface and the atmosphere.


    ρ λ  a t m   =  ρ λ  m o l   + exp  (  −  τ λ  m o l   /  μ s   )   ρ λ  a e r     



(4)







The combination of AOD and aerosol type was adjusted iteratively to minimize residual error. The combination that gave the smallest residual error (    ε  m i n     ) was selected. For   M   wavelengths and   N   viewing angles, the residual error can be defined as Equation (5) [28].     λ i     is the   i  th wavelength;     θ  s , j     ,     θ  v , j      , and     ϕ j     are the   j  th viewing geometries; and     ρ   λ i    m e a s      stands for the measured polarized reflectance from the Stokes parameters.


   ε =     ∑   i = 1  M    ∑   j = 1  N     (     ρ   λ i    c a l    (   θ  s , j   ,  θ  v , j   ,  ϕ j   )  −  ρ   λ i    m e a s    (   θ  s , j   ,  θ  v , j   ,  ϕ j   )     ρ   λ i    m e a s    (   θ  s , j   ,  θ  v , j   ,  ϕ j   )  + 0.001    )   2  / M N     



(5)







The measurements at 960 nm were designed to acquire water vapor information and determine its significant contribution at this spectral band. Since this may result in errors in the estimation of the aerosol contribution, the radiation at 960 nm was not used in this retrieval scheme. The measurements at 490 nm were also not used because the polarized radiation was similar and there was more Rayleigh scattering than at 555 nm. Waquet et al. [23] studied the sensitivity of surface polarization reflectance to wavelength. As reported in [24], the surface polarized reflectance was very slightly wavelength dependent (   d  ρ λ  / d λ ≈   10   − 6     nm   − 1     ). This allowed different wavelengths to share the same surface polarization reflectance [19,27], which leads to about 2% of AOD error at 665 nm and is suitable. The AOD obtained in the   n  th loop was defined as     τ n   (  n ≥ 1  )    , with     τ  n + 1   −  τ n     being the difference in the optical depth between adjacent loops. The program (Figure 4) could then be operated as follows:




	1.

	
Set    n = 1    and     ρ  s u r f   =  ρ  1640   m e a s     ;




	2.

	
Obtain the aerosol polarized reflectance from the lookup tables on the basis of viewing geometry angles and calculate the up-welling surface-atmosphere reflectance     ρ λ  c a l     ;




	3.

	
Calculate the residual error   ε   and the combination of AOD and aerosol type that gives the smallest residual error (    ε  m i n     ) is selected as the expected retrieval;




	4.

	
Reobtain the polarized reflectance of the land surface     ρ  s u r f      from measurements at 1640 nm by atmospheric correction. If    n = 1    go to step 2 and set    n = 2   , if    n > 1    go to step 5;




	5.

	
Judge two propositions (explained in detail below) about the smallest residual error and the differences of optical depth. If both the propositions are true, the expected AOD     τ n     is promoted to be the formal result and the program is ended. Otherwise, set    n = n + 1    and restart from step 2.









  λ   indicates wavelengths of 555, 665, and 865 nm. In the first cycle, the program runs from step 1 to step 4. From the second circle, it starts running from step 2. Steps 2 and 3 describe the normal procedure of aerosol inversion using a lookup table method.     ρ λ  a e r      is obtained on the basis of actual viewing geometries from a lookup table.     ρ λ  m o l      is calculated exactly by the RT3 code, and     ρ λ  c a l      is obtained using Functions (3) and (4). Function 5 provides the residual error. In step 4,     τ  1640 , n      is calculated from a combination of     τ n     and aerosol type by Function (2). Then, the atmospheric correction program provides the     ρ  s u r f      on the basis of the combination at 1640 nm. Step 5 enables a judgement to be made to guide the retrieval. Two propositions,     ε  min   <   10   − 4      and    | (  τ n  −  τ  n − 1   ) /  τ n  | < 0.01   , were selected to ensure a reasonable retrieved result. The first proposition provides a standard by which to judge if the calculated and measured radiations are coincident. In general, the     ε  m i n      of the polarized reflectance at the top of the atmosphere is between about 10−4 and 10−3, with 10−4 selected to guarantee the authenticity of the retrievals. The second proposition ensures that the retrieval process is convergent and provides the highest accuracy of retrieval. The    | (  τ n  −  τ  n − 1   ) /  τ n  |   value of 0.01 is a balance between the calculation speed and accuracy.




4. Results and Analysis


The surface polarized reflectance and AOD were obtained simultaneously. The AMPR retrievals were compared with in situ observations to be validated. The verification of the surface polarized reflectance was used to examine the successive surface-atmosphere decoupling; a comparison between the measured and simulated polarized reflectances at aircraft level provided logical support to AMPR measurements; and the AOD validation was used to test the overall accuracy of the inversion.



4.1. Surface Polarized Reflectances


The measurements taken over the selected zones of vegetated and bare soil surfaces were studied in this section. A spectrometer, a polarizer, and a standard reflector can accurately obtain the surface polarization properties. The measurements were planned to start around the time when the AMPR flew over the target to ensure that the ground and airborne observations were performed under the same surface and solar radiation conditions. The spectrometer measurements were performed more than 10 times over a number of samples from each zone to achieve more accurate reflectance. These measurements were averaged to eliminate the nonuniformity of the surface. Measurements at six viewing angles, corresponding to six scattering angles, were obtained to describe the land surface properties. These polarized measurements reflected the angular and spectral response characteristics. The surface polarized reflectances were averaged between 550 and 870 nm due to the independence of the wavelengths. The spectral range is consistent with the AMPR bands. The airborne observed surface polarized reflectances were obtained by atmospheric correction. The vegetated and bare soil surface polarized reflectances from both the ground and airborne observations are plotted in Figure 5 as functions of the scattering angle. The surface polarized reflectances of both types of surface decreased as the scattering angle increased due to the impact of Fresnel’s Law. The Nadal and Bréon [54] model results were also shown as a contrast with red lines. The Nadal and Bréon model followed the form of:


    ρ  s u r f   = α  [  1 − exp  (  − β    F p     μ s  +  μ v     )   ]    



(6)







    F p     is the Fresnel coefficient for polarized light.     μ v     is the cosine of the viewing zenith angle.   α   and   β   are the empirical coefficients determined by the NDVI and ground type classification. The NDVI was calculated based on the differences in reflectance at 665 and 865 nm. According to the NDVI and ground type of the two zones,   α   and   β   were designated as 0.95 × 10−2 and 120 for vegetated surfaces and 2.5 × 10−2 and 45 for bare soil surfaces, respectively. The surface polarized reflectances were well matched overall. This suggests that the surface-atmosphere decoupling used in the aerosol inversion program was reliable. Scattering angles bigger than 160° were not considered in this section for the reason referred to in Section 2.2.




4.2. Polarized Reflectances at Aircarft Level


The AMPR measured polarized reflectances were selected to match the time when the aircraft was over the ground station. They were corrected by the absorption of trace gases and the scattering of atmospheric molecules. Eight samples from the measurements near the station were used to study the angular and spectral responses of reflectances at the aircraft level. The second flight was not considered for perpendicular scanning, and no multi-angular measurements were obtained. RT3 simulated the polarized reflectances. The aerosol optical and microphysical parameters used in simulations were derived from the CE318s. The surface polarized reflectances were provided by the atmospheric correction of the AMPR measurements. The measured and simulated reflectances are plotted at 555, 665, and 865 nm as a function of the scattering angle in Figure 6. The surface polarized reflectances did not play a major role at the aircraft level and had less and less influence on the observed polarized reflectance as the wavelength decreased. The magnitude of the behavior related to different samples was different for the different aerosol loadings, with a positive correlation (i.e., the subgraphs (d), (g), and (h) correspond to higher AODs, while (c) and (e) corresponded to lower AODs). The measured and simulated results agreed quite well (with a maximum difference of 2.53 × 10−5), especially for scattering angles less than 145°.




4.3. Aerosol Optical Depth


The retrieved AODs (665 nm) were assessed using the in situ measured AOD (670 nm) and the size distribution (Figure 7) obtained by the CE318s. The CE318s derived the AOD of a time-series with high precision. Benefitting from the reasonable design of a route, the CE318 and the nearest (time and location) AMPR measurements were matched. Table 6 shows a comparison between the AODs from AMPR and the CE318s. The AMPR AOD values were systematically smaller, except for those calculated during the second flight, during which the scan was oriented perpendicular to the aircraft and the single angular retrieval method may have caused random error. The main causes of the results were: (i) polarized information from coarse particles may be missed in observations and inversions due to its weak polarized sensitivity and (ii) the depolarization of multiple scattering. However, the results from the AMPR and CE318s were close. The AMPR retrieved AODs along the route were matched with the MODIS images and eleven pairs of AODs were selected according to the transit time. Figure 8 provides the comparison between the AMPR retrieved AODs and the AODs from CE318 (a) and MODIS (b). The AMPR AOD trend was consistent with the CE318 and MODIS AOD production. The aerosol inversion errors gently increased with the increase of aerosol optical depth (Figure 9). The deviation was higher when the coarse particles were dominant. The deviation of Flight 5 (Caofeidian) was mainly caused by the wide range of its coarse mode. Both the fine and coarse mode size distribution of Flight 6 (Yutian) were bigger; thus the AOD was higher and more depolarization of multiple scattering lead to an error of 0.07. The deviation dispersed from 0.00 to 0.07 and the average error was about 0.03 through the nine verification points.



The retrieved AODs along the route are presented in Figure 10 together with the in situ AODs from the CE318s on a clear day (30 April 2013), a thin haze day (18 September 2014), and a haze day (13 November 2016). The AMPR results were averaged and reported over 10 s to clear random errors. The missing parts of the route correspond to measurements over urban areas and water bodies, as detected by the CCD camera, as well as non-convergence issues in retrieval. The AOD was dispersed from lower than 0.1 to near 0.85, with most aerosol loading cases included. The AODs over farmland near Caofeidian on 30 April 2013 are shown in Figure 10a. On the clear day, the AODs were slightly different and were below 0.2. On 18 September 2014, a thin haze pervaded Beijing and Tangshan. The AMPR started observations from an airport near Beijing, continued to Bohai Bay, and returned. The AODs obtained from 03:57 to 04:28 are presented in Figure 10b. These AODs show obvious variations over the time period. There was an obvious rise after 04:05 and a gentle descent after the aircraft flew over Yutian around 04:15. The results show a regional disparity. On the hazy day of 13 November 2016, haze and fog settled over North China. Although no in situ sun photometer measurements were recorded, we found the PM2.5 and PM10 in Baoding and Shijiazhuang. The PM2.5 and PM10 in Shijiazhuang on 13 November 2016 were 137 and 298 μg/m3, respectively. In Baoding, they were 187 and 277 μg/m3, respectively. AODs were obtained from the north of Shijiazhuang (04:20) to the south of Baoding (04:45), where there was no cloud. The AOD was distributed between 0.7 and 0.85, and there was little regional disparity. The trend of AOD retrievals was consistent with the particulate matter measurements. The results show the ability of AMPR to retrieve AOD over heavy haze and to display the spatial distribution of aerosol.





5. Conclusions


The MOBA campaign employed a multitude of instruments located on aircraft and land sites and was carried out from 2012 to 2016. The AMPR participated in the experiments many times as the main sensor. It was used to monitor the aerosol loading in North China. The long duration and large number of flights demonstrated the dependability of AMPR. In situ observations were synchronized with the airborne experiments. The CE318s and SVC HR-1024 played a useful supporting role in acquiring atmospheric and surface properties. A large amount of air- and ground-based data were obtained and analyzed. Data collected by the AMPR instrument during the experiment were used to study the aerosol optical properties with the help of Lidar and ground-based observations.



An aerosol retrieval algorithm was developed based on successive surface-atmospheric decoupling to retrieve the AOD from AMPR measurements without a priori knowledge of the land surface. Observations from seven flights over the BTH region were used to analyze AOD and surface polarized reflectances. Two flat zones along the route were selected. One was uniformly covered by vegetation and the other by bare soil. We designed air- and ground-based observations over both the surfaces to obtain the surface polarized reflectances. The results indicated that the successive surface-atmosphere decoupling method used in the aerosol retrieval method worked well. Then, CE318 AODs from the ground stations and MODIS measurements were used to validate the AMPR retrievals. The AMPR AOD values were systematically smaller, except for during the second flight. The average error for the nine verification points was about 0.03, with the AOD below 0.45. The depolarization is higher when the aerosol loading is larger. That is why the AOD was lower than expected. The aerosol inversion errors gradually increased with the increase of optical depth and the trend of AMPR retrieved AOD was consistent with the CE318 and MODIS AOD production. The measured and simulated polarized reflectances at the aircraft level were also in good agreement. Aerosol retrieval on a haze day was also attempted, and encouraging results were obtained. The results indicate the promising future of AMPR to determine AOD over land whenever there is a significant aerosol burden and to provide more accurate estimates of aerosol optical depth without a priori knowledge of the land surface.



We demonstrated the ability of AMPR to (i) acquire an accurate reflectance of the polarized radiation, (ii) use such reflectance to retrieve aerosol optical parameters, and (iii) show that the successive surface-atmosphere decoupling method is effective in aerosol retrieval. This algorithm provides fast AOD, but it could not provide as many parameters of aerosol as the Generalized Retrieval of Aerosol and Surface Properties (GRASP) method does [55,56]. The simultaneous inversion of AOD and other parameters is undergoing developments efforts. In future work, the sensitivity of AMPR observations to the polarization of various types of surface should be investigated. The polarized characteristics of an urban area are much more complex. Further observations and investigations over urban areas need to be performed in future studies.
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Figure 1. The profile of the aerosol extinction coefficient at 532 nm on 30 April 2013. The Lidar ratio of this sample was 34.2. 
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Figure 2. The geographical location of the experimental region (red quadrilateral in subgraph (a)) and flight track segments (red lines in subgraphs (b–d)). Subgraphs (b–d) cover the same area. The CE318 sites are indicated by green triangles. 
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Figure 3. Polarized reflectances measured at the aircraft level as a function of the scattering angle over a (a) vegetated surface and (b) bare soil surface. The wavelengths of the data at 555, 665, and 865 nm are indicated by blue, green, and red dots, respectively. 
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Figure 4. Flow chart of the AMPR algorithm. 
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Figure 5. Surface polarized reflectances derived from ground observations (blue symbols and lines), airborne observations (black symbols), and simulations (red lines) as a function of the scattering angle over a (a) vegetated surfaces and (b) bare soil surfaces. 
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Figure 6. Measured (colored symbols) and simulated (colored lines) polarized reflectances at the aircraft level as a function of the scattering angle. (a–h) correspond to polarized reflectances over Caofeidian (flights 1, 3, 4, 5, and 6), Fengnan (flight 6), Yutian (flight 6) and Baodi (flight 6), respectively. The wavelengths of 555, 665, and 865 nm are presented in blue, green, and red, respectively. The land surface polarized reflectances are shown by black lines. 
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Figure 7. Aerosol size distribution derived from CE318 at the time of AMPR flying past. The contents between the brackets in the legend are the CE318 stations. 
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Figure 8. The AMPR retrieved AODs versus the CE318 and Moderate Resolution Imaging Spectroradiometer (MODIS) AODs. 
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Figure 9. AOD errors as a function of AODs. 
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Figure 10. Aerosol optical depths (AOD) along the route, retrieved from the Atmosphere Multi-angle Polarization Radiometer (AMPR) at 665 nm, and the in situ AOD measured by a CE318 sun-photometer at 670 nm. The text in the figure indicates the CE318 station. 
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Table 1. Characteristics of the flights performed during the Multi-scale Observation of Aerosol (MOBA) experiment.
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Flight

	
Date

	
Time (UT)

	
Flight Altitude (km)

	
Area

	
Viewing Angles

	
AOD

(Aeronet Level 1.5, 670 nm)

	
Atmospheric

Characteristics






	
1

	
2012-08-10

	
01:49–02:53

	
3.1

	
117.3°–118.6°E

	
0 ≤     θ v     ≤ 38

	
0.24 (Caofeidian)

	
Thin haze




	
38.9°–39.21°N

	
0 ≤   ϕ   ≤ 180




	
2

	
2012-08-10

	
05:06–06:47

	
3.2

	
117.3°–118.6°E

	
0 ≤     θ v     ≤ 38

	
0.11 (Caofeidian)

	
Clear




	
38.9°–39.21°N

	
0 ≤   ϕ   ≤ 180




	
3

	
2013-04-29

	
02:31–04:38

	
3.7

	
117.3°–118.6°E

	
0 ≤     θ v     ≤ 38

	
0.23 (Caofeidian)

	
Clear




	
38.9°–39.21°N

	
0 ≤   ϕ   ≤ 180




	
4

	
2013-04-30

	
01:31–04:00

	
3.7

	
117.3°–118.6°E

	
0 ≤     θ v     ≤ 38

	
0.14 (Caofeidian)

	
Clear




	
38.9°–39.21°N

	
0 ≤   ϕ   ≤ 180




	
5

	
2013-05-01

	
01:53–04:18

	
3.7

	
117.3°–118.6°E

	
0 ≤     θ v     ≤ 38

	
0.33 (Caofeidian)

	
Thin haze




	
38.9°–39.21°N

	
0 ≤   ϕ   ≤ 180




	
6

	
2014-09-18

	
03:31–04:48

	
3.7

	
116.5°–118.5°E

39.02°–39.96°N

	
0 ≤     θ v     ≤ 36

0 ≤   ϕ   ≤ 180

	
0.15 (Caofeidian)

0.19 (Fengnan)

0.45 (Yutian)

0.32 (Baodi)

	
Thin haze




	
7

	
2016-11-13

	
03:55–06:37

	
3.1

	
114.3°–116.6°E

	
0 ≤     θ v     ≤ 35

	
-

	
Haze




	
38.03°–39.98°N

	
0 ≤   ϕ   ≤ 180
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Table 2. Instruments used in the Multi-scale Observation of Aerosol (MOBA) experiment.
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	Instrument
	Brief Introduction





	AMPR
	Multispectral polarimeter (Anhui Institute of Optics and Fine Mechanics (AIOFM), Hefei, China)



	Lidar
	Active atmospheric back scattering detector (AIOFM)



	SVC HR-1024
	Portable spectrometer (Spectra Vista, Poughkeepsie, NY, USA)



	CE318
	Automatic sun-photometer (Cimel, Paris, France)



	POS
	Position and pose recorder (Applanix, Richmond Hill, ON, Canada)



	CCD camera
	Color camera (Sony, Tokyo, Japan)
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Table 3. Atmosphere Multi-angle Polarization Radiometer (AMPR) parameters.
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	Parameter
	Specification





	Band/Width (nm)
	490/28, 555/34, 665/46, 865/45, 960/38 and 1640/44



	FOV/IFOV
	−55°–+55°/1°



	Optical aperture
	12 mm



	Detector
	Si-Pin (<1100 nm), InGaAs (>1100 nm)



	Dynamic range
	14 bits



	Data storage
	Hard Disk Drive



	Voltage/power
	28 VDC/350 W



	Volume/Weight
	0.14 m3/50 kg
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Table 4. Parameters of the lookup table.
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	Parameter
	Values
	No. of Values





	  τ  
	0.00, 0.05, 0.10, 0.20, 0.40, 0.80, 1.60, 2.50
	8



	    θ s    
	Interval [0°, 78°], with an increment of 2°
	40



	    θ v    
	0.00°, 6.97°, 12.76°, 18.51°, 24.24°, 29.96°, 35.68°, 41.40°, 47.12°, 52.84°, 58.56°, 64.28°, 69.99°, 75.71°, 81.43°, 87.14°
	16



	  ϕ  
	Interval [0°, 180°], with an increment of 5°
	37



	  η  
	Interval [0.0, 1.0], with an increment of 0.1
	11
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Table 5. Aerosol types used in the Atmosphere Multi-angle Polarization Radiometer (AMPR) retrieval.
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	Parameter
	Type 1
	Type 2
	Type 3
	Type 4
	Type 5
	Type 6





	    n  555     
	1.474
	1.481
	1.450
	1.463
	1.522
	1.549



	    n  665     
	1.480
	1.483
	1.458
	1.472
	1.535
	1.549



	    n  865     
	1.485
	1.483
	1.468
	1.482
	1.536
	1.537



	    n  1640     
	1.481
	1.476
	1.468
	1.481
	1.528
	1.525



	    k  555     
	0.0102
	0.0086
	0.0113
	0.0100
	0.0053
	0.0036



	    k  665     
	0.0086
	0.0074
	0.0100
	0.0088
	0.0037
	0.0024



	    k  865     
	0.0088
	0.0078
	0.0102
	0.0090
	0.0036
	0.0023



	    k  1640     
	0.0091
	0.0080
	0.0104
	0.0092
	0.0036
	0.0025



	    r  m , f     
	0.219
	0.257
	0.192
	0.177
	0.162
	0.208



	    σ  m , f     
	0.531
	0.535
	0.504
	0.474
	0.538
	0.619



	    r  m , c     
	2.724
	2.580
	2.915
	2.256
	2.286
	2.241



	    σ  m , c     
	0.583
	0.568
	0.618
	0.565
	0.594
	0.531
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Table 6. Comparison between the aerosol optical depths (AOD) from the Atmosphere Multi-angle Polarization Radiometer (AMPR) and the CE318 sun-photometer.






Table 6. Comparison between the aerosol optical depths (AOD) from the Atmosphere Multi-angle Polarization Radiometer (AMPR) and the CE318 sun-photometer.





	Flight
	Date (Station)
	Time
	CE318
	AMPR (Averaged)
	Deviation





	1
	2012-08-10 (Caofeidian)
	02:33
	0.24
	0.22
	0.02



	2
	2012-08-10 (Caofeidian)
	06:22
	0.11
	0.15
	0.04



	3
	2013-04-29 (Caofeidian)
	03:12
	0.23
	0.20
	0.03



	4
	2013-04-30 (Caofeidian)
	02:24
	0.14
	0.11
	0.03



	5
	2013-05-01 (Caofeidian)
	02:38
	0.33
	0.28
	0.05



	6
	2014-09-18 (Caofeidian)
	03:35
	0.15
	0.14
	0.01



	6
	2014-09-18 (Fengnan)
	04:01
	0.19
	0.19
	0.00



	6
	2014-09-18 (Yutian)
	04:15
	0.45
	0.38
	0.07



	6
	2014-09-18 (Baodi)
	04:22
	0.32
	0.31
	0.01
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