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Abstract

:

Satellite remote sensing has been providing aerosol data with ever-increasing accuracy, representative of the MODerate-resolution Imaging Spectroradiometer (MODIS) Dark Target (DT) and Deep Blue (DB) aerosol retrievals. These retrievals are generally performed over spectrally dark objects and therefore may struggle over bright surfaces. This study proposed an analytical TERRA-AQUA MODIS relationship in the reflective solar bands for aerosol retrieval. For the relationship development, the bidirectional reflectance distribution function (BRDF) effects were adjusted using reflectance ratios in the MODIS 2.13 μm band and the path radiance was approximated as an analytical function of aerosol optical thickness (AOT) and scattering phase function. Comparisons with MODIS observation data, MODIS AOT data, and sun photometer measurements demonstrate the validity of the proposed relationship for aerosol retrieval. The synergetic TERRA-AQUA MODIS retrievals are highly correlated with the ground measured AOT at TERRA MODIS overpass time (R2 = 0.617; RMSE = 0.043) and AQUA overpass time (R2 = 0.737; RMSE = 0.036). Compared to our retrievals, both the MODIS DT and DB retrievals are subject to severe underestimation. Sensitivity analyses reveal that the proposed method may perform better over non-vegetated than vegetated surfaces, which can offer a complement to MODIS operational algorithms. In an analytical form, the proposed method also has advantages in computational efficiency, and therefore can be employed for fine-scale (relative to operational 10 km MODIS product) MODIS aerosol retrieval. Overall, this study provides insight into aerosol retrievals and other applications regarding TERRA-AQUA MODIS data.






Keywords:


TERRA; AQUA; MODIS; aerosol retrieval; BRDF effect; path radiance








1. Introduction


Aerosol is a major atmospheric variable that can affect the transfer of radiative energy and the formation of precipitation. The characterization of aerosol is highly needed for the study of energy and water balance. Remote sensing technique provides a useful tool to obtain spatial distribution and track temporal variation of aerosol optical thickness (AOT) and other optical properties. On a global scale, inversion of long-term remotely sensed data has generated multi-decadal aerosol climatology [1,2]. Recently, the Intergovernmental Panel on Climate Change Fifth Assessment Report indicates that aerosol may play more crucial roles in short-term climate projections than greenhouse gases, particularly on regional scales and for hydrological cycle variables [3]. Therefore, more and more efforts are being directed toward accuracy assessment of global aerosol data [4] and quantitative retrieval of regional aerosol data [5,6].



Satellite remote sensing of aerosol in the reflective solar bands is generally based on radiative transfer theory. Under the assumption of Lambertian surface, the TOA signal recorded by satellite sensors can be written as [7]:


     ρ  T O A    (   τ a  ,  ω 0  , μ ,  μ 0  , ϕ  )  =  ρ a   (   τ a  ,  ω 0  , μ ,  μ 0  , ϕ  )  +   ρ  T g  T  (   τ a  ,  ω 0  ,  μ 0   )  T  (   τ a  ,  ω 0  , μ  )    1 − ρ S  (   τ a  ,  μ 0   )     ,   



(1)




where ρTOA is top-of-atmosphere (TOA) reflectance, ρa is atmospheric path radiance in reflectance units, ρ is surface reflectance, Tg is transmittance due to atmospheric absorption, T is transmittance due to atmospheric scattering, S is spherical albedo, τa is aerosol optical thickness (hereinafter refers to AOT at 550 nm), ω0 is single scattering albedo, μ is the cosine of view zenith angle (VZA), μ0 is the cosine of solar zenith angle (SZA), and φ is relative azimuth angle (RAA) between the sun-target direction and the target-sensor direction.



The path radiance and the transmittance caused by atmospheric scattering are highly dependent on AOT, which forms the theoretical basis for remote sensing of aerosol in the reflective solar bands [8]. Based on Equation (1), retrieval methods have been evolving over the past decades. In the beginning, the single-channel method retrieved aerosol data over dark surfaces by assuming a linear dependence between path radiance and AOT [9]. Recently, numerical iteration has been used to solve Equation (1) for AOT. For instance, Li et al. [10] retrieved AOT data from historical Advanced Very High Resolution Radiometer (AVHRR) images with a stated uncertainty of ±0.05 ± 0.20τ (R = 0.88 and RMSE = 0.07; R denotes correlation coefficient and RMSE denotes root mean square error). For the single-channel method, other aerosol properties (usually aerosol model) should be specified prior to aerosol retrieval. The main optical properties of aerosol include the single scattering albedo (SSA) and the asymmetry parameter (g), and they are generally categorized to several aerosol types [11,12]. The multi-channel method, however, enables simultaneous retrieval of AOT and other aerosol optical properties. The MODerate-resolution Imaging Spectroradiometer (MODIS) Dark Target (DT) and Deep Blue (DB) algorithms belong to this method. The DT algorithm assumes the surface reflectances of dark targets (e.g., dense dark vegetation) in the visible bands (0.47 μm and 0.66 μm) as proportional to those in the shortwave bands (2.1 μm and 3.8 μm) [13]. Compared to Aerosol Robotic Network (AERONET) data, the retrieved AOT data have an overall uncertainty of ±0.05 ± 0.15τ [14]. Oo et al. [15] further revised the reflectance ratios and derived more accurate aerosol data over urban areas. The DB algorithm improves aerosol retrieval over bright surfaces where the surface reflectances are much darker in the blue bands (419 nm and 490 nm) than in the red and near-infrared bands [16,17]. The expected error of the retrieved AOT data is estimated to be better than ±0.05 ± 0.20τ [17]. Because these multi-channel satellite data are not sufficiently sensitive to SSA, the expected aerosol model should be assigned a priori to aerosol retrieval [12].



The operational MODIS DT and DB algorithms have generated global aerosol data since 1998, and the quality of aerosol data is ever-improving. The MODIS Collection 005 (C005) DT retrievals are reported to overestimate AOT over the bright surfaces while underestimating AOT over the extremely dark surfaces [18]. A recent validation study reports that the Collection 006 (C006) retrievals outperform the C005 retrievals, especially for the DB algorithm [19]. With regard to C006 retrievals, the performances of DB and DT algorithms are regionally dependent [20]. The DT retrievals are generally higher than the DB retrievals over the eastern China and the DB retrievals exhibit obvious underestimates in southern China [21]. Even for these operational MODIS products, the accuracy needs improvement, especially over the vast eastern and southern China. Meanwhile, the MODIS operational retrievals have a spatial resolution of ~0.1° × 0.1° (10 × 10 km) that is inadequate for monitoring and understanding the behavior of atmospheric aerosols at local scales. Therefore, several new MODIS algorithms have been developed in an effort to derive finer-scale aerosol data. Li et al. [22] modified the MODIS DT algorithm and derived 1 × 1 km aerosol retrievals with overall uncertainty of 0.10~0.20τ. Wong et al. [5] employed the seasonally dependent minimum reflectance technique to obtain 500m AOT retrievals. These retrievals are well correlated with ground aerosol measurements (R2 > 0.76, R2 denotes coefficient of determination). Wang et al. [23] applied prior knowledge for aerosol retrieval and retrieved 500 m AOT data with an overall uncertainty of ±0.10 ± 0.20τ. Bilal et al. [6] proposed a Simplified high resolution MODIS Aerosol Retrieval Algorithm (SARA). The algorithm directly solved radiative transfer codes for aerosol, supported by AERONET aerosol properties and daily MODIS surface reflectance data [24]. The retrievals were in good agreement with ground measurements (R = 0.964 and RMSE = 0.077).



Remote sensing of aerosol using a single-view direction (including single-channel and multi-channel methods), as a common practice for a vast array of satellite sensors has limited information content, even when a large number of spectral bands are available [8,25]. Therefore, it is natural to imagine that data from multi-view sensors, such as MISR (Multi-angle Imaging SpectroRadiometer), POLDER (POLarization and Directionality of the Earth's Reflectances) and Compact High Resolution Imaging Spectrometer (CHRIS), would generate more accurate aerosol products [26,27,28,29,30]. Due to large data volume, the retrieval algorithms generally rely on lookup tables of atmospheric radiative parameters and predetermined aerosol models to carry out radiative transfer calculations [31]. Meanwhile, the analytical methods have also been applied to aerosol retrieval, especially for two-view sensors [32,33]. Nevertheless, there are currently only a few sensors that have the ability to conduct multi-angle imaging. For this reason, synergistic use of spectrally similar sensors, for instance, TERRA and AQUA MODIS sensors, offers new opportunity to retrieve aerosol distribution and properties. For instance, Tang et al. [34] proposed an analytical SYNergy of TERRA and AQUA MODIS (SYNTAM) algorithm. The retrieved AOT data were demonstrated as being in good agreement with AERONET measurements. Assuming relatively stable aerosol conditions during sensor overpasses, the daily TERRA and AQUA MODIS data are fictitious two-view measurements. As other multi-angle sensor data, the TERRA-AQUA MODIS data may minimize the sensitivity of aerosol retrievals to the brightness of underlying surfaces [27], which may provide a supplement to the MODIS operational DT and DB algorithms.



Assuming invariant AOT, Equation (1) applies to both TERRA and AQUA MODIS sensors. If other atmospheric parameters are known, the unknown parameters are AOT and the bidirectional surface reflectances. First, the relationships between path radiance/atmospheric scattering transmittance and AOT should be determined. The radiative codes are generally used to specify the relationship in the form of look-up tables and numerical iterations [31,32]. For operational use, the relationships are also quantified using analytical functions. The atmospheric scattering transmittance can be accurately modeled as a rational polynomial of AOT [35]. However, it is more difficult to model atmospheric path radiance in a similar fashion. When confined to a given observational geometry, path radiance can be modeled as a logarithmic function [36] or a linear function [37] of AOT. In our recent studies, we demonstrated that linear function also applied when the SZA and VZA were relaxed (SZA = 0–60° and VZA = 0–10°) [38,39]. Despite all this, modeling path radiance is still non-trivial for arbitrary observational geometries [40]. Second, treating bidirectional reflectance distribution function (BRDF) effects is important to separate the atmospheric contribution from the surface contribution. Generally, the treatment includes band ratioing technique and BRDF modeling. To deal with this effect, Martonchik et al. [31] specified the shape of surface reflectances, and allowed the absolute reflectance in the blue and red bands to vary as free parameters. Veefkind et al. [32] assumed that surface reflectances in the visible bands were proportional to that in the mid-infrared (1.6 μm) band. Based on these studies, Tang et al. [34] exploited daily TERRA and AQUA MODIS images and used reflectance ratio in the MODIS 2.13 μm band to characterize BRDF effects in the visible bands. For polarized sensor data, Deuzé et al. [41] employed Bidirectional Polarization Distribution Function (BPDF) models to quantify the surface contribution. Although the predefined BRDF models can provide relatively accurate boundary conditions for aerosol retrieval, the band ratioing technique is more simple and practical.



The primary objective of this study is to retrieve fine-scale (relative to operational 10 km MODIS product) AOT data from daily collocated TERRA and AQUA MODIS sensor data with a computationally efficient method, in an effort to complement operational MODIS retrievals. Initially, an analytical relationship between TERRA and AQUA MODIS images in the reflective solar bands was developed. The relationships between path radiance/atmospheric scattering transmittance and AOT were specified and the BRDF effects were quantified using the band ratioing technique in the MODIS 2.13 μm band. The TERRA-AQUA relationship was then solved for AOT, and the retrievals were validated using MODIS aerosol retrievals and sun photometer measurements. Finally, the angular parameters, surface conditions, and BRDF effects were investigated for their respective effects on aerosol retrieval. The current study provides insight into remote sensing of aerosol and also has implications for other applications regarding the synergetic use of TERRA and AQUA data.




2. Methodology


2.1. Atmospheric Absorption and Scattering


In the reflective solar bands, the major atmospheric absorbents are ozone and water vapor. The transmittances due to their absorptions can be approximated as follows [42]:


    T g  (   O 3   )  = exp  (  a × T O C /  μ  s  ( v )     )   ,   



(2)






    T g  (   H 2  O  )  = exp  (  − exp  (  b + c × ln  (  T P W /  μ  s  ( v )     )  + d ×   ln  2   (  T P W /  μ  s  ( v )     )   )   )   ,   



(3)




where TOC denotes total ozone concentration in cm·atm−1, TPW denotes total precipitable water vapor in g·cm−2, θs, and θv are SZA and VZA, μs and μv are the cosine of θs and θv, and a, b, c, d are sensor dependent coefficients that can be determined using radiative transfer calculations.



Rahman and Dedieu [35] approximated atmospheric scattering transmittance as a function of AOT and the observational geometries:


    T  (   θ  s  ( v )     )  =  a 0  +  a 1   τ a  /  μ  s  ( v )    +  a 2  /  (  1 +  μ  s  ( v )     )   ,   



(4)




where T is atmospheric scattering transmittance, τa is AOT at 550 nm, and a0, a1, a2 are sensor dependent coefficients that can be determined using radiative transfer calculations.




2.2. Analytical Representation of Path Radiance


In the case of low aerosol loadings, Rayleigh and aerosol scattering reflectances can be expressed as [40]:


     ρ  a s  [  r s  ]     (  λ ,  θ s  ,  θ v  , Δ φ  )  =  τ  a  [ r ]     ( λ )   ω  a  [ r ]     ( λ )   p  a  [ r ]     (  λ ,  θ s  ,  θ v  , Δ φ  )  / 4  μ s   μ v   ,   



(5)




where


     p  a  [ r ]     (  λ ,  θ s  ,  θ v  , Δ φ  )  =  P  a  [ r ]     (  λ ,  γ −   )  +  [   ρ F   (   θ s   )  +  ρ F   (   θ v   )   ]   P  a  [ r ]     (  λ ,  γ +   )   ,   



(6)




where the definitions of symbols are shown in Table 1.



Although developed for low AOT/Rayleigh optical thickness and over water surface, Equation (5) is used here for aerosol retrieval over land surface and its viability will be validated in the following. In Equation (5), path radiance depends on AOT/Rayleigh optical thickness, scattering phase functions, SZA, and VZA. The phase function in Equation (5) is generally difficult to solve [43]. Among numerous analytical approximations, Draine [44] proposed the one with two parameters:


     P D   ( θ )  =  1  4 π     1 −  g 2       (  1 +  g 2  − 2 g cos θ  )    3 / 2       1 + α   cos  2  θ   1 + α  (  1 + 2  g 2   )  / 3    .   



(7)







This function considers both aerosol scattering and Rayleigh scattering. With Equations (5)–(7), path radiance can be approximated. Initially, the first term in the right-hand side of Equation (6) is substituted by Equation (7). Because we primarily focus on the scattering angle in the backward directions (γ-), the second term in the right-hand side of Equation (6) is considered negligible. Then the phase function term in Equation (5) is substituted by Equation (6). Finally, Equation (5) is reformed as


     ρ  p a t h   = A ×    τ a     μ s   μ v     [   1  4 π     1 −  g 2       (  1 +  g 2  − 2 g cos  γ −   )    3 / 2       1 + α   cos  2   γ −    1 + α  (  1 + 2  g 2   )  / 3    ]  + B  ,   



(8)




where    cos  γ −  = − cos  (   θ s   )  cos  (   θ v   )  − sin  (   θ s   )  sin  (   θ v   )  cos  (  Δ φ  )    , and A, B are the regression coefficients to be determined. The coefficients are used to compensate for factors that are unconsidered.




2.3. Treatment of BRDF Effect


Flowerdew and Haigh [45] approximated surface reflectance as a part describing the variation with wavelength and a part describing the variation with observational geometry. Vermote et al. [46] also assumed that the shape of the BRDF model varied much more slowly than the reflectance magnitude. Therefore, for two observational geometries, the reflectance ratio in band 1 can be approximated as that in band 2:


     f  B R D F   =   ρ  (   λ 1  ,  θ s  ,  θ v  , Δ φ  )    ρ  (   λ 1  ,   θ ′  s  ,   θ ′  v  , Δ  φ ′   )    =   ρ  (   λ 2  ,  θ s  ,  θ v  , Δ φ  )    ρ  (   λ 2  ,   θ ′  s  ,   θ ′  v  , Δ  φ ′   )     ,   



(9)




where fBRDF denotes BRDF adjustment factor, λ1 and λ2 denote two spectral bands, and the superscript denotes the difference in observational geometry.




2.4. TERRA-AQUA MODIS Relationship and AOT Retrieval


We have previously derived a relationship between nadir-looking MODIS and AVHRR images in the reflective solar bands [38]. In that relationship, inter-sensor spectral band difference is adjusted using the spectral band adjustment factor (fSBAF). Similarly, a MODIS-MODIS relationship can be derived by substituting fSBAF for the BRDF adjustment factor (fBRDF). Thus, the final form is


     ρ  T O A , 2   =  f  B R D F        |  T g T  (   θ s   )  T  (   θ v   )   |   2       |  T g T  (   θ s   )  T  (   θ v   )   |   2     ρ  T O A , 1   + T  g 2   (   ρ  p a t h , 2   −  f  B R D F        |  T  (   θ s   )  T  (   θ v   )   |   2       |  T  (   θ s   )  T  (   θ v   )   |   1     ρ  p a t h , 1    )   ,   



(10)




where subscripts 1 and 2 denote the reference (AQUA) and subject (TERRA) sensors. Definitions of other variables in Equations (7)–(10) can be found in Table 1.



Using Equation (7), AOT can be retrieved when the following conditions are satisfied.

	(1)

	
Daily cloud-free TERRA and AQUA MODIS observations (ρTOA) are available;




	(2)

	
Ozone and water vapor data are available to calculate Tg;




	(3)

	
The BRDF effects are accounted for by fBRDF;




	(4)

	
The relation between atmospheric scattering transmittance (T) and AOT is specified;




	(5)

	
The relation between path radiance (ρpath) and AOT is specified.










2.5. Sensitivity Analysis


Because ρTOA,2 is an analytical function of AOT in Equation (10), the derivation of ρTOA,2 with respect to AOT (τa) should be also in an analytical form, which can be written as


    β = d  ρ  T O A , 2   / d  τ a  = f u n  (   ρ  T O A , 1   , G E O ,  f  B R D F   , A T M  )   ,   



(11)




where β denotes partial differential equation; GEO denotes observational geometry including SZA, VZA, and RAA; and ATM denotes atmospheric parameter including TOC, TPW, and AOT. Because the partial differential equation is complicated, we use fun instead of the full equation.



The value of β is jointly controlled by TOA reflectance at the reference sensor (AQUA), SZA, VZA, RRA, the BRDF adjustment factor and the atmospheric parameters (including AOT). The index mathematically represents the sensitivity of TOA reflectance at the subject sensor to AOT. High β value implies that minor variations in AOT correspond to major variations in ρTOA,2. Therefore, high β value shows strong sensitivity of TOA reflectance to AOT, and thus indicates better accuracy of aerosol retrieval.





3. Study Materials and Data Preprocessing


3.1. Radiative Transfer Calculations


The radiative transfer calculations were performed to solve the coefficients in Equations (2)–(4) and Equation (8). The 6S (Second Simulation of the Satellite Signal in the Solar Spectrum) radiative transfer code [7,47,48] was used to simulate atmospheric absorptions due to ozone and water vapor, atmospheric scattering transmittances and path radiances at different SZA, VZA, RAA, and AOT values. For each 6S simulation, the aerosol was fixed as continental type, and the spectral response functions were set as the MODIS red band (0.645 μm) and near-infrared band (0.859 μm). In this study, we proposed the TERRA-AQUA synergetic algorithm and performed a preliminary validation in southern China, while we did not publish a worldwide operational algorithm. Therefore, the best matched continental aerosol model was used. SZAs and VZAs varied between 0° and 60° (5° increment), and the solar and view azimuth angles varied between 0° and 360° (30° increment), and AOT varied between 0 and 1 (0.2 increment). Using the simulated data, the coefficients in Equations (2)–(4) and Equation (8) were solved for both MODIS bands. The solutions were constrained by the law of least squares.




3.2. Processing of BRDF Data


The BRDF data were used to validate the ratioing technique for BRDF characterization. The original data include bidirectional reflectances of the bog and forest land cover types in the 429 nm, 521 nm, 606 nm, 866 nm, 1243 nm, 1660 nm, and 2200 nm bands. The two land cover types are common in the southern China. The SZAs and VZAs vary from nadir to 90° (10° increment) and the RRAs range between 0 and 180° (30° increment). Initially, the data records were discarded when SZA > 60° or VZA > 60°. This treatment eliminated the observational geometries that were not covered by MODIS and ensured the quality of spectral measurements. Because the MODIS spectral bands did not coincide with those of the BRDF data, the 606 nm band was substituted as the MODIS red band (0.645 μm), and the 866 nm band as the MODIS near-infrared band (0.859 μm), and the 2200 nm band as the MODIS 2.13 μm band.



To validate the band ratioing technique, reflectance ratios were calculated. Initially, a reference observational geometry was arbitrarily selected as (SZA = 30°, VZA = 0°, RAA = 0°). Then, the original reflectances were divided by the reference reflectance at each of the three bands. Finally, the ratios at the 606 nm and 866 nm bands were plotted respectively against those at the 2200 nm band. The fittings were evaluated to determine whether it was suitable to treat BRDF effects with the band ratioing technique. Note that the selection of reference geometry did not affect the evaluation.




3.3. Validation of TERRA-AQUA MODIS Relationship


The validation was divided into three parts. First, TOA reflectances (modelled TERRA) were calculated using Equation (10) and compared with the corresponding TERRA MODIS observations. The TERRA MODIS observations were acquired from TERRA MOD021KM L1B images (DOY = 2006308; Time = 0250 & 0255), and the AQUA MODIS observations from AQUA MOD021KM L1B image (DOY = 2006308; Time = 0605). These collocated totally cloud free images covered most of southern China. The MODIS 0.645 μm, 0.859 μm, and 2.13 μm bands were converted to TOA reflectances using the corresponding calibration coefficients, and aggregated into 3 × 3 km to reduce the effects of spatial misregistration between TERRA and AQUA MODIS images. The BRDF adjustment factors were then calculated by ratioing the TERRA MODIS 2.13 μm band over the AQUA MODIS 2.13 μm band. Meanwhile, the ozone (‘Total_Ozone’) and water vapor (‘Water_Vapor’) products were acquired from the MODIS atmospheric profile dataset (MOD07 & MYD07), and the aerosol (DT algorithm) products from the MODIS aerosol dataset (MOD04 & MYD04), and the observational geometry data from the MODIS geolocation dataset (MOD03 & MYD03). All the products were collected from the MODIS C006 database. The mean difference and standard deviation were used to show the differences between the calculated and observed TERRA MODIS reflectances. Second, AOT data were retrieved using Equation (10) and compared with both TERRA and AQUA MODIS retrievals (DT algorithm). The input data were also acquired from MOD02, MOD03, and MOD07 datasets. Similarly, the mean difference and standard deviation were used to show the differences between the TERRA-AQUA MODIS retrievals and the MODIS DT retrievals.



It is reported that the MODIS C006 aerosol data are not accurate over southern China [21]. Therefore, a third validation was performed to compare TERRA-AQUA MODIS retrievals with the CE318 sun photometer measurements. The sun photometer was located near the Poyang Lake, China (29.45°N, 116.05°E) and has operated since February 2015. In this study, the data collected in 2016 were used for validation purposes. All the observed data were artificially screened for cloud effects, and the days with continuous observations were reserved. Then the remaining data were retrieved for AOT at 1640 nm, 1020 nm, 870 nm, 670 nm, 500 nm, 440 nm, 380 nm, 340 nm, and the Ångström coefficient (α). AOT at 550nm was calculated as follows:


    τ  a , 550   =  τ  a , 500   ×    (  550 / 500  )    − α   ,   



(12)




where τa,550 and τa,500 are AOT at 550 nm and AOT at 500 nm.



Correspondingly, the cloud free TERRA and AQUA MODIS data covering the sun photometer site were acquired. The data including MOD02/MYD02, MOD03/MYD03, and MOD07/MYD07 were used for TERRA-AQUA MODIS aerosol retrievals. The retrievals were the same as those in the second validation. In addition, the operational TERRA and AQUA MODIS aerosol data, both DT and DB retrievals, were compared with our retrievals. R2 and RMSE were used to evaluate the comparisons. For clarity, the abovementioned validations were presented in Table 2.




3.4. Assignments for Sensitivity Analysis


Equation (11) served as the basis for sensitivity analyses. Three major factors including angular difference, surface condition, and BRDF effects were simulated for their effects on aerosol retrieval. For angular difference, only VZA differences were considered because SZAs were generally similar for dual sensors. For surface condition, TOA reflectance was considered since it was difficult to derive surface reflectance. The BRDF effects were characterized by the variations in BRDF adjustment factor. For each simulation, the parameters were assigned as SZA = 30°, VZA = 0–60°, RAA = 0°, TOA reflectance = 0.05, fBRDF = 1.0, TOC = 0.35 cm·atm−1, TPW = 1.0 g·cm−2, and AOT = 0.50. SZA = 30° represents a median SZA value, and VZA = 0–60° covers the MODIS observational geometry, and RAA = 0° represents a simplified observational geometry, and TOA reflectance = 0.05 (red band) represents a typical vegetation surface, and fBRDF = 1.0 represents a weak BRDF effect. TOC = 0.35 cm·atm−1, TPW = 1.0 g·cm−2, and AOT = 0.50 represent a relatively dry and clear atmosphere.



For simulation of angular difference and surface condition, SZA = 60° was also included, in order to investigate the possible SZA dependence. For simulation of surface condition, TOA reflectance varied from 0.05 to 0.25, representing a dark to a bright surface. For simulation of BRDF effects, fBRDF varied in between 0.8 and 1.2, representing a very weak BRDF effect (fBRDF = 1.0) to a very strong BRDF effect (fBRDF = 0.8 and fBRDF = 1.2). In some cases, AOT varied in between 0.05 and 0.50, representing a light aerosol loading to a heavy aerosol loading.





4. Results


4.1. Validation Results of the Ratioing Technique


Performances of the band ratioing technique are shown in Figure 1. For the bog land cover type (non-vegetated), the reflectance ratios at the 2200 nm band are highly correlated with those at the 606 nm band (y = 1.567x − 0.451, R2 = 0.856) and also those at the 866 nm band (y = 0.944x + 0.199, R2 = 0.815). The reflectance ratios at the 2200 nm band are in better agreement with those at the 866 nm band, while they are generally lower than those at the 606 nm band. For the forest land cover type (vegetated), however, the reflectance ratios at the 2200 nm band are weakly correlated with those at the 606 nm band (y = 0.225x + 1.400, R2 = 0.006). This also applies to the 866 nm band although there are some improvements in statistical values (y = 0.509x + 0.641, R2 = 0.331). Notably, the abnormally large ratio values at the 606 nm band cannot be approximated by those at the 2200 nm band. Overall, the band ratioing technique performs better in the near-infrared band than in the red band and over non-vegetated surfaces than over vegetated surfaces.




4.2. The Performance of Path Radiance Approximation


Comparisons of the calculated path radiances (6S model) and the estimated (analytical model) path radiances are shown in Figure 2. The 6S path radiances are calculated with AOT = 0–1, SZA = 0–60°, VZA = 0–60°, solar azimuth angle = 0–360° and view azimuth angle = 0–360°. For the continental aerosol type, the optimal values of the two parameters α and g in Equation (8) are 0.55 and 0.35 for both MODIS bands. Generally, path radiance can be accurately modeled with Equation (8). Statistical analyses reveal that the calculated and approximated path radiances are highly correlated for both the red band (y = 0.965x + 0.002; R2 = 0.965; RMSE = 0.007; N = 41405) and the near-infrared band (y = 0.929x + 0.005; R2 = 0.977; RMSE = 0.004; N = 41405). Slightly better statistical values (in terms of R2 and RMSE) are observed for the near-infrared band than the red band. It is worth noting that path radiance is also smaller for the near-infrared band than the red band.




4.3. Validation Results of the MODIS-MODIS Relationship


4.3.1. Comparisons with MODIS Reflectances


Figure 3 shows comparisons of TERRA MODIS observations, AQUA MODIS observations, and the modelled TERRA MODIS reflectances in the visible and near-infrared bands. There are marked differences between the corresponding bands of daily TERRA and AQUA MODIS. For the red band, AQUA MODIS observes lower (higher) reflectances than TERRA MODIS in the western (eastern) areas. While for the near-infrared band, the BRDF effects are relatively weaker than the red band. AQUA MODIS observes lower reflectances in the western and southern areas than its TERRA counterpart. These differences are largely reduced when AQUA MODIS band reflectances are transformed to mimic TERRA MODIS observations. The spatial patterns are in better agreement between TERRA MODIS observations and the simulated TERRA MODIS reflectances. The reflectance difference decreases from −0.0025 ± 0.0149 to −0.0013 ± 0.0070 reflectance units (N = 1204916) for the red band, and decreases from −0.0126 ± 0.0244 to −0.0103 ± 0.0222 reflectance units (N = 1204916) for the near-infrared band. Overall, the relationship performs better for the red band than the near-infrared band.




4.3.2. Comparisons with MODIS AOT Retrievals


Figure 4 shows comparisons of TERRA MODIS aerosol retrievals, AQUA MODIS aerosol retrievals, and the retrieved AOT data in this study. Overall, the TERRA and AQUA MODIS aerosol retrievals are similar in both spatial pattern and magnitude, although there are approximately three hours apart during TERRA and AQUA overpasses. This partly demonstrates that aerosol distribution remains relatively stable during a short time interval (e.g., three hours). The TERRA-AQUA MODIS retrievals are generally in agreement with the MODIS products. High AOT values are observed in the southern and western areas, while low AOT values are observed in the eastern areas. However, our retrievals are 0.013 ± 0.311 higher than the TERRA MODIS retrievals, and 0.033 ± 0.313 higher than the AQUA MODIS retrievals. Note that the strip-like abnormal values occur where there are similar TERRA and AQUA MODIS view zenith angles.




4.3.3. Comparisons with Sun Photometer AOT Retrievals


Comparisons of the TERRA-AQUA MODIS retrievals and the measured AOT data are shown in Figure 5. Due to frequent cloud coverages, there are only 15 cloud-free matches that can be used in 2016. At the TERRA overpass time, aerosol retrievals and measurements are highly correlated (y = 0.934x + 0.133; R2 = 0.617; RMSE = 0.043). Slightly better correlation can be found at the AQUA overpass time (y = 0.785x + 0.224; R2 = 0.737; RMSE = 0.036). The close similarities between aerosol measurements at TERRA and AQUA overpass time evidence the validity of our assumption that aerosol properties remain stable during dual sensor overpasses. The collocated comparisons between MODIS DT/DB retrievals and the TERRA-AQUA retrievals are shown in Figure 6. There are only four matches of DT retrievals and TERRA-AQUA retrievals due to the dense dark vegetation assumptions. Overall, both the DT and DB retrievals largely underestimate AOT. The underestimation is more significant for the MODIS DB retrievals.





4.4. The Sensitivity of Aerosol Retrieval to Critical Factors


4.4.1. Angular Difference


In most cases, SZAs are similar for TERRA and AQUA MODIS sensors. Therefore, differences in VZAs determine most of the differences in atmospheric scattering and path radiance. The effects of VZA differences on aerosol retrieval are shown in Figure 7. Three major findings can be observed. First, the index β increases with absolute VZA difference. The value maximizes when AQUA VZA = 0° (minimized) and TERRA VZA = 60° (maximized). Specifically, when AQUA VZA = TERRA VZA, β = 0. In this case, satellite signals are insensitive to aerosol variation. Second, the index β increases with AOT. When other conditions remain unchanged, high AOT may correspond to a large β value. Third, the index β increases with SZA. Relative to the case of SZA = 30°, the index β exhibits an overall increase for the case of SZA = 60°. This can be observed when AOT = 0.05, AOT = 0.10, and AOT = 0.50. Overall, high index values generally occur when there are considerable VZA differences, high AOTs, or large SZAs.



RAA affects the bidirectional reflectance and the path radiance. The former effect can be treated using the band ratioing technique, and therefore the latter effect should be considered. The effects of RAA differences on aerosol retrieval are shown in Figure 8. For SZA = 30°, the index β is almost insensitive to RAA difference and independent of AOT. This also applies to SZA = 60° when AQUA RAA lies within 0–90°. While for AQUA RAA within 90–180°, the absolute value of index β increases with AQUA RAA. As a result, aerosol retrievals tend to be more accurate when the reference sensor (here referring to AQUA MODIS) observes in backward directions. However, the tendency is not significant for low SZAs.




4.4.2. Land Surface


Land surface is complicated and, in this study, it is approximated as TOA reflectance. The effects of land surface on aerosol retrieval are shown in Figure 9. Two major findings can be observed. First, the index β increases gradually with TOA reflectance when ρTOA = 0.05, ρTOA = 0.15 and ρTOA = 0.25. The increases are independent of SZA (SZA = 30° and 60°). Therefore, the satellite signal is more sensitive to aerosol variation over bright surfaces (e.g., bare soils) than dark surfaces (e.g., vegetated surfaces). Second, for the same underlying surface, the index β increases with SZA, indicating that TOA reflectance is more sensitive to aerosol variation at high SZAs. Overall, high β values occur over bright surfaces and at high SZAs.




4.4.3. BRDF Characterization


BRDF characterization is a critical step for separation of land surface contribution. The effects on aerosol retrieval are shown in Figure 10. Overall, the index β increases with the BRDF adjustment factor. To characterize the effects of BRDF characterization, the absolute difference of index values (when fSBAF = 0.8 and 1.2) is calculated. The maximum difference is 0.0301, 0.0396, 0.0490, and 0.0585, respectively for ρTOA = 0.05, ρTOA = 0.15, ρTOA = 0.25, and ρTOA = 0.35. Therefore, the effects of BRDF characterization are more significant for the bright surfaces (e.g., bare soils). Overall, minor differences in index β occur over dark surfaces.






5. Discussion


5.1. The Band Ratioing Technique for Aerosol Retrieval


The band ratioing technique is widely used for quantifying BRDF effects in dual-view aerosol retrieval algorithms. This technique can be also derived from the single-view MODIS operational DT algorithm. For DT algorithm, surface reflectances in the 0.47 μm and 0.66 μm bands are approximated as ρ0.47 = 0.25ρ2.13 and ρ0.66 = 0.5ρ2.13 [13]. Supposing that the relationships are independent of BRDF effects, the reflectance ratio in the 0.47 (0.66) μm band should be equated to that in the 2.13 μm band. However, Remer et al. [49] reveal that the specular reflection can severely corrupt these relationships. This may cause the significant scattering for the forest land cover type in Figure 1b. In general, the vegetated surfaces exhibit strong and complicated BRDF effects. Specifically, for the low reflective red band, it is more likely to generate abnormal ratio values (extremely large ratio values in Figure 1b). Except for extreme cases, the ratioing technique can still have a good performance over vegetated surfaces. The reflectance ratios at 0.645 μm, 0.859 μm, and 2.13 μm bands are shown in Figure 11. The BRDF effects in the visible and near-infrared bands are well characterized by the 2.13 μm band ratios. The relative difference is 0.05 ± 0.26 and 0.07 ± 0.25, respectively, for the 0.645 μm and 0.859 μm bands.



Because the ratioing technique may sometimes perform unsatisfactorily over vegetated surfaces, the effects on aerosol retrieval should be carefully investigated. In Figure 10, the variation range of index β implies the effect of biased BRDF adjustment factor on aerosol retrieval. Overall, the variation range increases with TOA reflectance. That is, for a vegetated (non-vegetated) surface, the effect of BRDF characterization is relatively minor (major). In summary, the BRDF effects may not be properly characterized over vegetated surfaces, however, the resulting effects on aerosol retrieval may not be so critical. On the contrary, the BRDF effects may be properly characterized over non-vegetated surfaces, however, the resulting effect on aerosol retrieval can still be considerable.




5.2. The Expalantions of Path Radiance Approximations


Path radiance results from Rayleigh scattering and aerosol scattering. The former depends on atmospheric molecules that are relatively stable in concentration, while the latter depends on aerosol properties that may vary in space and over time. The varying sun-target-sensor geometries further complicate path radiance approximations. Mathematically, Equation (5) provides a simple description of this complicated physical process. Equation (8) omits the forward atmospheric scattering and simplifies the effect of single scattering albedo to derive a regression model. In Equation (8), path radiance is linearly related to AOT, and inversely proportional to μs and μv. For a specific geometry, such as SZA = 60° and VZA = 0° in [37], μs, μv and the scattering angle (γ-) in Equation (8) are constant values. Therefore, linear functions can provide good approximations. To compensate for other unaccounted factors, the nonlinear functions in Kaufman [36] can be more accurate.



Path radiance approximation is generally complicated because solar zenith angle and view zenith angle may vary significantly. The varying angles not only have a direct impact on μs and μv, but also have an indirect impact on the phase functions and Fresnel reflection coefficients. Therefore, the existing linear and nonlinear functions may no longer apply to the cases of relaxed solar zenith angles, view zenith angles, and relative azimuth angles. Nevertheless, linear functions can still work when the variation ranges of solar zenith angles and/or view zenith angles are narrowed. For instance, linear functions are used when SZAs are confined to 0–60° and VZAs are confined to 0–10° in [38]. It is confirmed that linear functions are more accurate for small SZAs or VZAs. This is partly due to the weak dependence between the scattering angle and RAA. Note that the coefficients α and g in Equation (8) would be equated to zero when linear function is used for path radiance approximation. While in this study, the coefficients α and g are 0.55 and 0.35 for the continental aerosol model. These values vary with the aerosol model and a new set of values should be determined for other aerosol models.




5.3. Examination of the Continental Aerosol Model for Aerosol Retrieval


The microphysical properties of aerosol affect the calculation of atmospheric scattering in Equation (4) and the calculation of path radiance in Equation (8). Previous studies have investigated the effects of these properties on satellite observations [50] and atmospheric correction [51]. Because the microphysical properties of aerosol vary significantly in space and with time, aerosol models are predefined through cluster analysis [11,12]. The assumed aerosol models generally have an impact on aerosol retrieval from ground measurements [52] and on atmospheric correction of satellite images [53]. With regard to MODIS aerosol product, aerosol models include continental (Type 1), moderate absorption fine (Type 2), strong absorption fine (Type 3), weak absorption fine (Type 4), and dust coarse (Type 5). According to Mielonen et al. [54], non-absorption fine aerosol type corresponds to clean and polluted continental aerosols. Figure 12 shows time series of aerosol type information collected from TERRA and AQUA MODIS aerosol products. In spring and summer, aerosols belong to the moderate absorption type. While in autumn and winter (and probably early spring), aerosols belong to the weak absorption type. Therefore, it is likely that the assumed continental aerosol type is more suitable for aerosol retrieval in autumn and winter (and early spring). The aerosol map in Figure 4 is derived from TERRA/AQUA MODIS at DOY308. Most of the retrievals in Figure 5 are performed in the second half of 2016, because later spring and summer are rainy seasons over the validation site. The considerable accuracies may be consistent with the time when aerosols belong to the weak absorption type. It is speculated that the impact of the assumed aerosol type is seasonally dependent.




5.4. Contributions and Limitations of the Synergetic Method


This study proposes a synergetic TERRA-AQUA MODIS method for aerosol retrieval, assuming that aerosol properties undergo no abrupt changes during dual sensor overpasses. The retrievals are theoretically more accurate over the non-vegetated surfaces than the vegetated surfaces. Compared to the MODIS operational retrievals, the current method overcomes the general underestimation problems associated with DB and DT algorithms. Although further validations need to be performed over more AERONET sites, the preliminary validation results show the potential of this method. In an analytical form, the proposed method is computationally efficient and the uncertainties can be readily traceable using partial differential equations. As a result, MODIS aerosol products can be efficiently retrieved with a spatial resolution of 500m, or even 250m. These products are useful for monitoring regional aerosol generations and variations. In addition to spatially detailed aerosol retrievals, the method can be extended for historic aerosol retrievals. Because AVHRR sensor bands are spectrally similar within the second generation (AVHRR/2) and the third generation (AVHRR/3) [55], the within-generation AVHRR sensors can be synergized for aerosol retrieval. The synergies may improve the characterization of long-term aerosol properties and trends.



Despite all the advantages, the method in its current form still has some limitations and needs further improvements. First, the primary assumption is that aerosol properties remain stable during TERRA and AQUA MODIS overpasses. This assumption is dependent on the atmospheric situation, such as weather, wind, and temperature. For example, the assumption is false during the initial period or the ending period of a dust storm. Second, the current method predefines the continental model for aerosol retrieval, which is only valid for our study area. While an operational retrieval method should cover all aerosol properties. Future directions can be focused on simultaneous retrieval of AOT and the coefficients α and g. Third, our relationship is developed based on a Lambertian assumption, which may cause inaccurate estimates of surface reflectances. As a result, the differences in band ratio of the visible band and that of the 2.13 μm band may introduce additional uncertainties. Furthermore, the proposed method should be validated using more ground measurements.





6. Conclusions


This study proposed an analytical TERRA-AQUA MODIS relationship in the reflective solar bands for aerosol retrieval. The BRDF effects were treated using the band ratioing technique in the MODIS 2.13 μm band. The treatment generally performed better over non-vegetated than vegetated surfaces that have complicated BRDF effects. The path radiance was approximated as an analytical function of AOT and scattering phase function. By reference to the data from the 6S radiative transfer calculations, the approximation was promising for both the visible and near-infrared bands (R2 > 0.97; RMSE < 0.007). Subsequently, comparisons with MODIS TOA observations, MODIS operational aerosol retrievals, and ground measurements demonstrated the validity of the proposed relationship for aerosol retrieval. The TERRA-AQUA MODIS aerosol retrievals were generally higher than TERRA and AQUA MODIS operational retrievals, and temporally in agreement with ground measurements at the TERRA overpass time (R2 = 0.617; RMSE = 0.043) and the AQUA overpass time (R2 = 0.737; RMSE = 0.036).



Sensitivity analyses show that the proposed synergetic method has good performance over bright surfaces, which may provide a candidate complement to the MODIS operational DT and DB algorithms. In an analytical form, the method is computationally efficient that can be appropriate to generate fine-scale MODIS aerosol products at spatial resolutions of 500 m and 250 m. Meanwhile, we are aware that the current method is far from being operational. Future directions should include simultaneous retrieval of AOT and other aerosol properties and more comprehensive validations. It is anticipated that the proposed TERRA-AQUA MODIS relationship can provide insight into other applications regarding dual-MODIS images.
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Figure 1. The performances of reflectance ratios at the mid-infrared band (2200 nm) to approximate those at the red band (606 nm) and those at the near-infrared band (866 nm) for (a) the bog and (b) the forest land cover types. 
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Figure 2. Comparisons of the calculated path radiances (6S model) and the estimated path radiances (analytical model) in (a) the red and (b) the near-infrared bands. 
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Figure 3. Comparisons of TOA reflectances in (a) the red and (b) the near-infrared bands. The left frame denotes TERRA MODIS band reflectances, the middle frame denotes the corresponding AQUA MODIS band reflectances, and the right frame denotes the modeled TERRA MODIS band reflectances. 
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Figure 4. Comparison of AOT data at 550 nm. The left frame denotes TERRA MODIS aerosol retrieval, the middle frame denotes AQUA MODIS retrieval, and the right frame denotes the aerosol retrievals in this study. 
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Figure 5. Comparisons of the TERRA-AQUA aerosol retrievals and the sun photometer aerosol measurements at (a) the TERRA overpass time and (b) the AQUA overpass time. 
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Figure 6. Comparisons of the TERRA-AQUA aerosol retrievals and (a) the TERRA MODIS retrievals and (b) the AQUA MODIS retrievals. DT represents dark target algorithm and DB represents dark blue algorithm. 
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Figure 7. The effects of VZA difference on aerosol retrieval under different levels of AOT (AOT = 0.05; 0.10; 0.50) for (a) SZA = 30° and (b) SZA = 60°. 
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Figure 8. The effects of dual-view RAA difference on aerosol retrieval under different levels of AOT (AOT = 0.05; 0.10; 0.50) for (a) SZA = 30° and (b) SZA = 60°. 
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Figure 9. The effects of land surface (TOA reflectance = 0.05; 0.15; 0.25) on aerosol retrieval for (a) SZA = 30° and (b) SZA = 60°. 
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Figure 10. The effects of BRDF adjustment factor (fBRDF = 0.8; 0.9; 1.0; 1.1; 1.2) on aerosol retrieval for (a) TOA reflectance = 0.05; (b) TOA reflectance = 0.15; (c) TOA reflectance = 0.25; and (d) TOA reflectance = 0.35. 
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Figure 11. Comparisons of TERRA and AQUA MODIS band ratios in the (a) 0.645 μm, (b) 0.859 μm, and (c) 2.13 μm bands. 
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Figure 12. Time series (January 1–September 30, 2016) of aerosol type information collected from (a) TERRA and (b) AQUA MODIS aerosol products. 
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Table 1. Symbols and definitions.
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Symbols

	
Definitions

	
Dimension/Units






	
ρas, ρrs

	
Single scattering reflectance of aerosol and Rayleigh

	
Dimensionless




	
τa, τr

	
Optical thickness of aerosol and Rayleigh scattering

	
Dimensionless




	
ωa, ωr

	
Single scattering albedo of aerosol and Rayleigh scattering

	
Dimensionless




	
Pa, Pr

	
Scattering phase function of aerosol and Rayleigh scattering

	
sr−1




	
pa, pr

	
Intermediate variables related to Pa and Pr

	
sr−1




	
θs, θv

	
Solar zenith angle (SZA) and sensor zenith angle (VZA)

	
Degrees




	
μs, μv

	
μs = cos(θs) and μv = cos(θv)

	
Dimensionless




	
ρF(θ)

	
Fresnel reflection coefficient for angle θ

	
Dimensionless




	
PD(θ)

	
Draine’s phase function at angle θ

	
sr−1




	
γ±

	
Scattering angle in forward (+) and backward (-) directions

	
Degrees




	
α, g

	
Parameters of Draine’s phase function

	
Dimensionless




	
ρ

	
Surface reflectance

	
Dimensionless




	
ρpath

	
Total path radiance caused by aerosol and Rayleigh scattering

	
Dimensionless




	
ρTOA

	
Top-of-atmosphere reflectance

	
Dimensionless




	
λ

	
Wavelength

	
nm




	
Δφ

	
Difference between solar and view azimuth angles

	
Degrees




	
T

	
Atmospheric scattering

	
Dimensionless




	
Tg

	
Atmospheric absorption

	
Dimensionless




	
TOC

	
Total ozone concentration

	
cm·atm−1




	
TPW

	
Total precipitable water vapor

	
g·cm−2




	
BRDF

	
Bidirectional reflectance distribution function

	
Dimensionless




	
fBRDF

	
BRDF adjustment factor

	
Dimensionless
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Table 2. Summary of the validations in this study. R2 is coefficient of determination, RMSE is root mean square error, ME is mean error, and SD is standard deviation.
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Validation Items

	
Data Sources

	
Data for Comparison

	
Metrics






	
Band ratioing technique

	
BRDF dataset

	
Band ratios

	
R2




	
Path radiance approximation

	
6S calculations

	
Path radiances

	
R2, RMSE




	
TERRA-MODIS relationship

	
MOD(MYD) 02/03/04/07

	
TOA reflectances

	
ME ± SD




	
TERRA-MODIS AOT retrieval

	
MOD(MYD) 02/03/04/07

	
AOT retrievals

	
ME ± SD




	
TERRA-MODIS AOT retrieval

	
Sunphotometer data

	
AOT retrievals

	
R2, RMSE
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