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Abstract:

 The correction of atmospheric effects is one of the preliminary steps required to make quantitative use of time series of high resolution images from optical remote sensing satellites. An accurate atmospheric correction requires good knowledge of the aerosol optical thickness (AOT) and of the aerosol type. As a first step, this study compares the performances of two kinds of AOT estimation methods applied to FormoSat-2 and LandSat time series of images: a multi-spectral method that assumes a constant relationship between surface reflectance measurements and a multi-temporal method that assumes that the surface reflectances are stable with time. In a second step, these methods are combined to obtain more accurate and robust estimates. The estimated AOTs are compared to in situ measurements on several sites of the AERONET (Aerosol Robotic Network). The methods, based on either spectral or temporal criteria, provide accuracies better than 0.07 in most cases, but show degraded accuracies in some special cases, such as the absence of vegetation for the spectral method or a very quick variation of landscape for the temporal method. The combination of both methods in a new spectro-temporal method increases the robustness of the results in all cases.
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1. Introduction

Optical remote sensing from space in the reflective range of the optical domain is a powerful tool for studying the state and the evolution of land surfaces. However, optical observations from space are significantly disturbed by the atmosphere: clouds, gas molecules and aerosols scatter and absorb the light emitted by the Sun or reflected by the Earth’s surface (e.g., [1,2]). As a result, the operational processing of remote sensing image time series requires preliminary correction steps, such as the detection of clouds and the correction for atmospheric effects. These tasks are particularly difficult above land surfaces, because of two main issues: the identification of cloud-free pixels and, then, the separation of surface and atmospheric effects. The cloud detection problem has already been addressed elsewhere [3,4] and is not within the scope of this article.

Regarding the atmospheric correction, two effects must be taken into account:


	The absorption by atmospheric gases (especially water vapor, ozone, oxygen and carbon dioxide): Absorption has a predominant effect within specific absorption bands [5], but the spectral bands for land surface observations are usually designed to avoid strong absorption lines. In these bands, gaseous absorption can be accurately corrected using meteorological analyses and simple analytical models, such as the Simplified Model for Atmospheric Correction (SMAC) [6] or 6S [2].


	The scattering by air molecules and aerosols: scattering in the atmosphere is very accurately modeled [7] and can be adequately accounted for, provided the composition of the atmosphere is sufficiently well known. This is the case for the air molecules, but the difficulty lies in the knowledge of the aerosol properties, which are very variable, both in location and time [8].




With good knowledge of the aerosol optical thickness (AOT) and of the aerosol model, and using radiative transfer codes, one can correct for the aerosol effects and convert the satellite top-of-atmosphere (TOA) reflectances into surface reflectances [9].

Several strategies have been developed to estimate the AOT and, sometimes, the aerosol model from remote sensing images. The most popular are multi-spectral (MS) methods, which use empirical relationships between the surface reflectances of several spectral bands [10]. These methods often rely on short wave infrared (SWIR) bands, although a few authors have extended them to space instruments observing only in the visible and the near-infrared (NIR) [11]. These methods are named “dark dense vegetation” or “dark target” approaches [12], and their limitation comes from the necessity to have a sufficient proportion of surface with low reflectances, such as surfaces covered with dense vegetation. This limitation has been overcome thanks to the use of the “deep blue” band (410 nm) of MODIS (Moderate-Resolution Imaging Spectroradiometer) [13], for which the variation of surface reflectances is low compared to the atmospheric contribution, or via the use of polarization brought by POLDER (Polarization and Directionality of Earth Reflectances) instruments [14]. Unfortunately, these two features are not available on the sensors used in this study.

The coming launch of two new missions (VENμS [15] and Sentinel-2 [16]) with a short revisit period, a decametric spatial resolution and a constant viewing angle, has motivated the development of “multi-temporal (MT) methods” [17]. These methods rely on the relative stability of the Earth surface reflectance against time, compared to the high temporal variability of the AOT. Hence, the changes of the reflectances measured on consecutive images can be associated with a change in atmospheric aerosol content and used to estimate the AOT.

Both kinds of methods have pros and cons: the MT approach requires a rather time-stable surface reflectance to discriminate the atmospheric state accurately from land evolutions. Although surface reflectances usually vary slowly with regard to time, a high repetitivity of observations is needed. For this method, a given site must be observed with a constant viewing angle, as otherwise, directional effects might be interpreted as variations of AOT. For this reason, this method is not applicable to the satellites that observe a given site with changing viewing angles (e.g., SPOT, Rapid Eye, etc.). Conversely, MS techniques are not sensitive to temporal variations of surface reflectances, but their accuracy depends on the spectral signature of the observed pixels [18]. Thus, MS hypotheses are not expected to work correctly for all terrains in all seasons, and these methods are often limited to dense vegetation.

In contrast to many aerosol estimation methods ([14,18], etc.), our work aims at estimating aerosol optical thickness mainly to perform an atmospheric correction. For aerosol studies, the accuracy of estimates is essential, and it might be preferable not to provide an estimate if it is likely to be inaccurate. However, in the case of atmospheric correction, it is essential to be able to provide an estimate of the surface reflectance, even when the aerosol estimate is not perfectly accurate, and therefore, an estimate of aerosol content is necessary for all of the cloud-free pixels. We thus tried to maximize the robustness of the aerosol retrieval, i.e., to maximize the number of situations in which an aerosol estimate can be performed.

Our work began with the development of the MT method described in [4] for the VENμS satellite mission, which will offer a two-day repetitivity over 100 sites. In order to apply this technique to the Sentinel-2 mission, which has a longer revisit period of five days with two satellites, and to improve its estimates when the surface reflectance varies quickly, MS criteria have been added to the MT method. As a result, a hybrid method, using both temporal and spectral approaches for retrieving the AOT, has been developed. These methods have been introduced in the Multi-Sensor Atmospheric Correction and Cloud Screening software, developed as a prototype version at the Centre d’Etudes Spatiales de la Biosphère (CESBIO) and as an operational version at the Centre National d’Etudes Spatiales (CNES). They will be used to produce Level 2A products, which, according to Sentinel-2 denomination [16], are ortho-rectified images expressed in surface reflectance. This software is being used within the VENμS satellite ground segment and within the French THEIA land data center ( http://www.theia-land.fr).

After a description of the satellite missions and datasets used in Section 2, this paper details the MT and the MS algorithms and their combination in Section 3 and, then, compares their performances in Section 4.



2. Missions and Datasets


2.1. Missions

VENμS is a joint French-Israeli Earth observation satellite developed by the Centre National d’Etudes Spatiales (CNES) and the Israeli Space Agency (ISA), to be launched in 2016. This satellite is designed to demonstrate the benefits of a very high revisit frequency for land surface monitoring: it will monitor about 100 sites worldwide every two days with a constant viewing angle and with a resolution of 5 m [19]. To achieve this repetitivity, VENμS will be put on a two-day repeat cycle orbit at an altitude of 720 km. VENμS observations will be made with 12 bands in the visible and NIR ranges.

The operational mission Sentinel-2 [16] is being developed by the European Space Agency (ESA) in the frame of the European Union Copernicus program. Its aim is to observe the whole land surface systematically, with a short revisit period of five days. The global acquisitions will be obtained from the nadir at a high resolution (10, 20 to 60 m, depending on the spectral band). The observations will be made with 13 spectral bands, in the visible, NIR and SWIR ranges. Two Sentinel-2 satellites should be launched in 2015 and 2016, respectively. Both of them will fly on a 10-day repeat cycle orbit, but the system made of both satellites will provide a five-day revisit period.

Fortunately, two existing missions, FormoSat-2 and LandSat-5/7, enable one to simulate VENμS and Sentinel-2 products, respectively (Table 1). FormoSat-2 is a mission developed by the National Space Program Office of Taiwan (NSPO), which was launched in 2004. Its orbit has a one-day repeat cycle, which allows observing a given site every day with a constant viewing angle [20]. The Remote Sensing Instrument (RSI) on-board FormoSat-2 provides eight-meter resolution images in four visible and NIR bands. However, for cost reasons, we did not purchase datasets with a repetitivity of one day, but with a repetitivity of three to ten days.

Table 1. Satellite features.










	
	Sentinel-2
	LandSat-8
	LandSat-5-7
	VENμS
	FormoSat-2





	Repetitivity (days)
	5 (2 sat.)
	16
	8 (2 sat.)
	2
	1



	Swath (km)
	290
	180
	180
	27
	24



	Coverage
	All lands
	All lands
	All lands
	100 sites
	few sites



	SWIR band
	Yes
	Yes
	Yes
	No
	No



	Launch
	2015–2016
	2013
	1984–1999
	2016
	2004








The LandSat program is the longest-running Earth-observation satellite program [21]. It was developed by NASA and USGS. The first LandSat satellite flew in 1972 and was followed by six additional ones. In this study, we used LandSat-5 and 7, launched in 1984 and 1999, respectively. The repeat cycle for these two satellites is 16 days; however, an eight-day repetitivity can be reached combining images from both satellites. The Thematic Mapper (TM) instrument has been installed on-board LandSat-5, while LandSat-7 is equipped with an improved version: the Enhanced Thematic Mapper Plus (ETM+). Both instruments acquire images in the nadir direction in the VNIR, the short wave infrared (SWIR) and the thermal infrared (TIR) ranges, at a resolution of 30 m, except for TIR, for which the resolution is 120 m for LandSat-5 and 60 m for LandSat-7 (see Table 1). In May 2003, the LandSat-7 Scan Line Corrector (SLC) failed, degrading the acquired images from then on. For this reason, we used data acquired before this breakdown, to keep a repetitivity close to that of Sentinel-2. Since April 2013, LandSat-8 data have been available, but have not been involved in this study, because of the reduced repetitivity compared to the period when both LandSat-5 and LandSat-7 were available and working nominally. However, the multi-sensor atmospheric correction and cloud screening (MACCS) spectro-temporal processor is applicable to LandSat-8 and currently used to process surface reflectance products over France at the THEIA Land Data Center.



2.2. Datasets

In order to test our algorithm, several LandSat-5/7 and FormoSat-2 time series were used. FormoSat-2 images were purchased by CNES for the preparation phase of the VENμS mission, over sites of interest for our laboratory. They were orthorectified using the algorithms detailed in [22]. The absolute calibration of the sensor was obtained using the desert sites method [23], which uses stable and uniform desert sites to transfer the calibration of a well-calibrated instrument (such as MODIS) to other optical spaceborne sensors. LandSat orthorectified images were acquired via the United States Geological Survey (USGS). As it is not possible to get dense time series from LandSat-5 and 7 over Europe, we chose several sites in the United States, where LandSat-5 and 7 acquisitions are most frequent. The data from the VNIR and SWIR bands were converted to top-of-atmosphere (TOA) reflectance using the calibration coefficients indicated in their metadata files [24]. The sites have been arbitrarily classified into “green” or “arid” sites. Green sites show NDVI above 0.3 over most natural surfaces, while the arid sites only have an NDVI above 0.3, where irrigated crops are grown or on some sparse forest pixels.

LandSat and FormoSat-2 sites were chosen considering two criteria: first, the existence of one or two AERONET sun-photometers [25] on the image footprint to validate our aerosol content estimates; second, the possibility to test the methods over various types of regions and terrains, in order to assess their robustness with regard to different combinations of viewing geometry (solar and satellite zenith and azimuth angles), climatic conditions and land cover. In addition, in the case of LandSat, we only used images acquired before the SLC breakdown in 2003. For LandSat, the sites containing the American sun-photometers of Boulder, Columbia, Fresno/Corcoran, Howland, Rogers Dry Lake/University of California Los Angeles (UCLA) and Stennis were selected. For FormoSat-2, time series above La Crau/Avignon, Seysses/LeFauga, Ras El Ain and Yaqui AERONET sites were used (Table 2). Although we used very different sites in different climatic zones, the sites we selected never had an aerosol AOT above 0.7 for the remote sensing data acquisition dates and even 0.4 for LandSat time series in stable conditions (the notion of stable conditions is explained in Section 4).


Table 2. Sites used in the study. AERONET, Aerosol Robotic Network.



	
Mission

	
Site

	
Years

	
Path/Row

	
Latitude

	
Longitude

	
Type

	
AERONET Sites






	
LandSat

	
Boulder

	
2002

	
033/032

	
40°22′N

	
104°15′W

	
arid

	
Boulder




	
Columbia

	
2002

	
017/036

	
34°38′N

	
81°14′W

	
green

	
Columbia




	
Fresno

	
2002

	
042/035

	
36° 2′N

	
119°27′W

	
arid

	
Fresno, Corcoran




	
Howland

	
2001

	
011/029

	
44°36′N

	
68°48′W

	
green

	
Howland




	
Konza

	
2002

	
038/033

	
39°06′N

	
96°36′W

	
green

	
Konza




	
Rogers

	
2002

	
041/036

	
34°36′N

	
118°18′W

	
arid

	
Rogers, UCLA




	
Sevilleta

	
2002

	
034/036

	
34°21′N

	
106°53′W

	
arid

	
Sevilleta




	
Stennis

	
2000

	
022/039

	
30°18′N

	
90° 6′W

	
green

	
Stennis




	






	
Formosat-2

	
La Crau

	
2006

	
—

	
43°34′N

	
4°50′E

	
green

	
Avignon, La Crau




	
Tensift

	
2005/2006

	
—

	
31°39′N

	
7°35′W

	
arid

	
Ras-El Ain




	
Toulouse

	
2006

	
—

	
43°27′N

	
1°11′E

	
green

	
Le Fauga




	
Yaqui

	
2007/2008

	
—

	
27°14′N

	
109°53′W

	
arid

	
Yaqui












3. Atmospheric Correction


3.1. Performance Requirements for AOT Estimates

The published literature about LandSat-8 or Sentinel-2 mission requirements ([16,26]) does not provide requirements for the accuracy of surface reflectance after atmospheric correction. Defining the needs regarding surface reflectance would be a difficult task, as LandSat and Sentinel-2 data are or will be used for very different applications, such as producing land cover maps, detecting changes, monitoring bio-physical variables, such as the Leaf Area Index (LAI), the fraction of absorbed photosynthetically available radiation (fAPAR) or the plant biomass, providing crop water need estimates, estimating coastal water optical properties, etc.

Vermote and Kotchenova [27] consider that “good” surface reflectances are known with a root mean square error (RMSE) below 0.005 + 0.05 × ρsurf, where ρsurf is the surface reflectance actual value. To build this requirement, the authors did not study user needs for a given application, but computed an error budget, taking into account the calibration, water vapor and ozone content uncertainties and, for aerosols, the “state-of-the-art” performances of AOT estimates. As “state-of-the-art” performances, they used the performances of their own atmospheric correction algorithm applied to the MODIS instrument. This performance does not account for adjacency effects [28], which are not very large at a kilometric resolution, but are much higher at a decametric resolution.

To our knowledge, no study details the needs in terms of accuracy of the various missions addressed by VENμS LandSat and Sentinel-2. To get an order of magnitude of the needs, we studied the errors on surface reflectance due to atmospheric correction errors as a function of the AOT estimate uncertainty and searched the standard deviation of errors on AOT that enable retrieving surface reflectances within the error margin defined by [27].

To do that, we used radiative transfer simulations with the successive orders of scattering code [7]: we started from surface reflectances with realistic values between 0 and 0.5, simulated the corresponding values at the top of atmosphere with a known AOT and an added noise to the AOT. Then, an atmospheric correction was performed with the known AOT, but without the noise, to obtain a new value of surface reflectance. The standard deviation of the difference of the input and output surface reflectance values was computed and is shown in Figure 1 for two spectral bands, red and NIR, as a function of surface reflectance, for a nadir viewing instrument and a mean Sun zenith angle of 45 degrees, as well as for two values of the AOT standard deviations, 0.04 and 0.08. The standard deviation is below 0.01 for an optical thickness below 0.5, except for the highest surface reflectances, and it is lower than 0.005 if the AOT standard deviation on AOT is below 0.04. As a result, for the average conditions used for this simulation, we found that a standard deviation of AOT below 0.04 for the low surface reflectances observed for green sites and below 0.08 for the greater surface reflectances observed for arid sites should allow one to meet the requirement developed by Vermote and Kotchenova [27].

Figure 1. Standard deviation of surface reflectance due to an error on aerosol optical thickness (AOT) of 0.04 (dashes) or 0.08 (line) at 550 nm, as a function of surface reflectance, for two values of the input AOT: left for the red band of Formosat-2; right for the NIR band of Formosat-2. The minimum of the curves corresponds to the “critical” range in surface reflectance for which the TOA reflectance is not sensitive to AOT, because when AOT increases, the atmospheric transmission decreases as the path radiance increases (see Figure 2).
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3.2. Processing Overview

In the first step, our processor corrects for absorption by atmospheric gas molecules, using the absorption part of the Simplified Model for Atmospheric Correction (SMAC) method [6] and considering ozone, oxygen and water vapor concentrations obtained from either satellite data (ozone) or meteorological data (water vapor, pressure).

A second processing step detects the clouds and their shadows, using the multi-temporal cloud detection (MTCD) method [4]. For this method, the images of a time series must be processed in chronological order. Each time a new image is processed, a cloud-free composite image made of the most recent cloud-free pixels is updated with the newly obtained cloud-free pixels. This composite is used both for the cloud detection and for the multi-temporal method for aerosol detection. For the cloud detection, the current image to process is compared to the composite, and if a large increase of reflectance in the blue band is observed, the pixel is likely to be a cloud. To be finally classified as a cloud, the detection has to be confirmed by several other tests described in [4]. Water and snow (when SWIR bands are available) are also detected and discarded for the AOT estimates, as their reflectances tend to change very quickly with time.

The third step is the AOT estimate. In order to reduce the computational burden and the potential noise existing in the image, the AOT retrievals are not performed at full resolution: FormoSat-2 and LandSat products are subsampled to a coarse resolution, of 100 m and 240 m, respectively. Each estimate is based on a 7 × 7 coarse pixel neighborhood, and the estimate of AOT is computed for one coarse pixel out of three along the lines and columns. The AOT image has finally a resolution of about 300 m for FormoSat-2 and 720 m for LandSat.

Molecular and aerosol scattering effects are modeled using the successive orders of scattering code (SOS, [7,29]), which provides look-up tables (LUT) to convert the TOA reflectances already corrected for gas absorption into surface reflectances. The atmospheric correction function is, in fact, an interpolation within the LUT. The LUTs are parameterized by the viewing geometry, the surface altitude, the AOT and the wavelength. A different LUT is computed for each aerosol model, but in this study, we only used a continental aerosol model, whose characteristics are shown in Table 3.

Table 3. Aerosol model used in the study.


	Model
	Radius (μm)
	Std
	Ref. Index





	small continental
	0.2
	0.4
	1.44–0.00 i








For both AOT estimation methods (MS or MT), suitable pixels are selected according to various criteria described below. As a result, an AOT estimate is not always available for each pixel in the image. In order to obtain an AOT for each pixel of the image, a final post processing of the image is done to fill the gaps due to the absence of the AOT estimate because of clouds, shadows, water bodies and low NDVI for the multi-spectral method and variation of surface reflectance for the multi-temporal method. A smoothing window (15 × 15 Gaussian filter) is then applied at coarse resolution, and finally, the AOT is interpolated to the full resolution.

In the last step, the atmospheric correction is performed for each pixel in the image using the LUT, as explained in [17]. An adjacency effect correction derived from [28] and a correction of the variations of illumination due to topography [30] have also been implemented, but these parts are not described here for the sake of concision.



3.3. Aerosol Estimate Algorithms


3.3.1. Multitemporal Method

Thanks to the observations with a constant viewing angle provided by the chosen satellite systems, the directional effects on the measured reflectances are minimized [31,32]. For this reason, the variations of TOA reflectances for two cloud-free consecutive images separated by a few days are very likely due to changes in atmospheric aerosol content. The multi-temporal (MT) algorithm described in [17] estimates the AOT based on two assumptions:


	the AOT varies faintly with distance;


	the surface reflectance varies slowly with time.




As a result, the AOT is assumed constant within a coarse resolution neighborhood of the processed pixel, and surface reflectances are assumed to be the same for the date to be processed and for a recent date Dr used as a reference. The pixels contained in this window are used for the AOT estimate if they are not flagged as cloud, snow or water. Moreover, we discard the pixels for which the NIR (FormoSat-2) or SWIR (LandSat) reflectance has changed too much since the reference date. These bands were chosen because they are less sensitive to AOT variations and more sensitive to surface reflectance variations. A minimum of 40% of useful pixels within the neighborhood is required to compute the AOT estimate.

For two successive cloud-free observations acquired at dates D and Dr, the MT algorithm iteratively searches for the AOT of dates D and Dr that minimizes the squared differences between the surface reflectances of D and Dr obtained after atmospheric correction (see Equation (3)). As shown in [17], the resulting AOT estimates are accurate to better than 0.07, except when the AOT is nearly the same for D and Dr. In that case, the TOA reflectances in both dates are similar, and any constant aerosol loading leads to similar surface reflectance values. It is therefore not possible to retrieve the absolute value of AOT, but just to infer that it has not changed. To improve the retrieval when consecutive AOTs are similar, a second equation (Equation (4)) that links the present image surface reflectance to a reference one is computed. This reference image comes from an earlier iteration of the algorithm (Figure 3).

Figure 3. Schematic of the multi-temporal (MT) cost function. The MT method searches the AOT of dates D and Dr that minimizes the squared differences of surface reflectance from dates D and Dr and the squared differences with the result of a previous iteration of the algorithm.
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The method cost function is the sum of squares of the errors associated with these equations, and a Levenberg–Marquardt non-linear least mean squares (LMS) algorithm searches the AOT of date D and date Dr that minimize it. The cost function is expressed as:



[image: there is no content]



(1)




where:


[image: there is no content]



(2)




with:


err1=atcor(ρTOA(D),τ)−atcor(ρTOA(Dr),τr)



(3)




and:


err2=atcor(ρTOA(D),τ)−(ρsurf(Dr))



(4)




In Equation (3)atcor is the atmospheric correction function that links TOA reflectances to their corresponding surface reflectance for a given aerosol optical thickness and a given aerosol model, ρTOA(D) is the TOA reflectance for the pixel acquired at date D, ρTOA(Dr) is the TOA reflectance for the composite cloud-free image described above and ρsurf(Dr) is the reference surface reflectance; τ is the AOT for date D, and τr is the AOT for date Dr. Since it was found that reflectances in the blue range have a lower temporal variation, only reflectances of this channel are used in this cost function. The coefficients K1 and K2 weight the contribution of err1 and err2. K2 is set to one, and K1 is proportional to the mean value of the difference of the blue TOA reflectances from dates D and Dr: as said above, the value of err1 will always be close to zero if τ equals τr. For this reason, it is more accurate to increase the weight of err1 when the AOT difference between D and Dr is higher, resulting in a higher difference in the TOA reflectances of D and Dr.

Of course, given these assumptions, the multi-temporal method is less accurate when the repetitivity of observations is reduced or when the vegetation changes quickly. Another drawback of the method is that its sensitivity to aerosol variation decreases and its error increases when the surface reflectance is high. In fact, as shown in [17], there is even a range of reflectances (around 0.25 in the blue) for which an increase of AOT increases the path radiance, but decreases the transmission, such that the TOA reflectance does not depend any more on the AOT (see Figure 2). Fortunately, if this kind of landscape is not ideal for the AOT estimate, the atmospheric correction is not too degraded, since the reflectance does not depend much on the AOT, even if the adjacency effects still depend on the AOT. However, to avoid this case, an additional test was added to select the pixels for which the reflectance is sensitive to the AOT: if the reflectance of a pixel lies in the range where the surface reflectance computed with the atcor function varies by less than 0.01 when the AOT varies by 0.2, then the pixel is not valid to compute AOT.

Figure 2. Illustration of the existence of a critical surface reflectance range for which the TOA reflectance nearly does not depend on the AOT: left for the red band of Formosat-2; right for the NIR band of Formosat-2.
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As said in [17], the MT method does not estimate the aerosol model and must rely on prior knowledge. Early trials showed that estimating the aerosol models added much noise to the time series after atmospheric corrections. These trials were performed using sensors with a very limited number of spectral bands, and it might be useful to try estimating the aerosol model again for sensors with more spectral bands in the visible, such as LandSat-8 or Sentinel-2.



3.3.2. Multispectral Method

Our version of the MS algorithm is based on the dark dense vegetation (DDV) approach (Kaufman and Sendra, 1988 [10]). This method is used, for instance, in the MODIS data processing. It retrieves the AOT above dense vegetation pixels by means of empirical relationships between the surface reflectances in the blue, red and SWIR (around 2 μm) spectrum ranges. For vegetation, these relationships are physically justified by the correlation of the chlorophyll absorption peaks in the blue and red bands and the liquid water absorption in the SWIR [10].

For MODIS, the operational algorithms up to Version 4 [18] assumed that the surface reflectance in the blue (0.47 μm, Channel 3) and the red (0.66 μm, Channel 1) bands were one-quarter and one-half, respectively, of the surface reflectance in the SWIR (2.12 μm, Channel 7). However, several studies suggested that these VIS/SWIR surface ratios depend on the location, season and angles. Levy et al. [33], showed that these values are location dependent during a study along the coast of Virginia. Moreover, Gatebe et al. [34] pointed out that the ratios depend on the viewing geometry, and Remer et al. [35] also found a variation as a function of the season. In order to deal with these issues, these simple relationships were improved for Version 5.2 of the MODIS algorithm, where correlations with the land greenness and the viewing geometry were introduced. Besides, these equations can be extended to brighter pixels, increasing the areas over which the AOT estimation is made [18].

Due to the lack of SWIR channels in FormoSat-2, Version 5.2 for the MODIS algorithm is only applicable to LandSat, and since the channels of both instruments are different (Figure 4), new values of the coefficients must be computed. Moreover, the MODIS band at 1.24 μm, used for the calculation of a greenness parameter, does not exist in LandSat instruments. For these reasons, we decided to build our own multi-spectral relations based on simpler equations.

Figure 4. Comparison of the relative spectral responses of LandSat-5 (blue), LandSat-7 (red), FormoSat-2 (cyan) and MODIS (green), for the blue (a), red (b) and SWIR (2.2 μm) (c) bands.
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The relations between the surface reflectance in the blue, red and SWIR channels were determined using LandSat and FormoSat-2 images, for which AERONET measurements are available. We only selected images without clouds or snow and having a low AOT on AERONET records. The uniformity of AOT and the absence of clouds were verified by visual inspection. The TOA reflectances from these images were converted into surface reflectances using the AOT from AERONET measurements (water vapor and AOT at 550 μm) and a small continental aerosol model (the aerosol model has low impact, since only images with a low AOT were selected). Finally, the surface reflectances of the pixels contained in a zone of 20 × 20 km2 around the sun-photometer were extracted and compared. The water pixels have been discarded from the plots. Twenty two images taken from four sites (Sevilleta, Fresno, Columbia, Konza) were used for LandSat. Only two of these sites were also used in the study of the method performance in Section 4. For FormoSat-2, due to the price of the dataset, we could not afford to use a large number of sites, and we used the same sites to compute the coefficients and to validate the AOT, which may result in somewhat optimistic values for the multi-spectral method. Eighteen images were used to obtain FormoSat-2 regression coefficients.

Figure 5 shows the scatter plots obtained by comparing surface reflectances for the following pairs of bands: blue and SWIR bands, red and SWIR bands and blue and red bands. Our first finding is that the scatter (see Table 4) is at least twice as high when a SWIR band is involved than when the blue-red pair is used. The plots also show that the scatter is further reduced when the NDVI is higher, which explains why this method is often named the “dark dense vegetation” method.

Figure 5. Surface reflectance linear regressions between the blue and SWIR (2.2 μm) bands (a), red and SWIR bands (b) and blue and red bands (c). Dark dots correspond to NDVI lower than 0.2; lighter dots are for NDVI greater than 0.2).
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Table 4. RMS errors in reflectance units for regressions (Equations (6)–(7)).








	
	Blue-SWIR
	Red-SWIR
	Blue-Red





	LandSat-5
	0.025
	0.029
	0.012








Linear regressions were computed after discarding all of the pixels which have an NDVI below 0.2. Although LandSat-5 and 7 bands are very similar, different relationships have been calculated for each satellite. Linear regressions yielded the following results:


	LandSat-5:
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(5)





	LandSat-7:
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(6)







One part of the differences between LandSat-5 and LandSat-7 may be due to the differences between spectral bands, and another part may come from the limited amount of data used in this study to derive the regressions. The coefficients of the equations involving the SWIR bands are not far from those adopted in the initial versions of the MODIS algorithm (slopeblue−SWIR = 0.25, slopered−SWIR = 0.5). The retrieved coefficients are even closer to those obtained by Ju et al. [36], who adopted a method with a constant aerosol model, but which is based on the blue and SWIR 2.2 μm spectral bands (slope blue-SWIR = 0.33).

In the case of FormoSat-2, only a blue-red relationship may be applicable, since this satellite has no band beyond 1 μm.
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(7)




Table 4 summarizes the RMSE associated with the linear regressions presented.

Due to the higher RMSE observed when a SWIR band is used and to the lack of this channel in FormoSat-2, the blue-red relationships were chosen for the MS method. However, as only one equation is used, retrieving both the AOT and the aerosol model is not possible anymore, and for a given location, a constant aerosol model must be used. The same choice was made by Ju et al. [36], as relying on the SWIR bands to estimate the aerosol model would result in adding more noise to the aerosol estimates due to the higher standard deviation observed in Table 4. Of course, atmospheric correction errors will be observed when the aerosol model used for the AOT estimate is not the right one. For our implementation of the MS method, we used the cost function given in Equation (8). The cost is the sum of squares of the differences between the blue surface reflectances after atmospheric correction and the blue surface reflectance predicted from the red band.
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(8)




where:
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(9)




where the weight K is equal to the NDVI to account for the better correlation of the blue-red relation for high NDVI and where A and B are the gain and offsets of Equations (6)–(7), linking blue and red band surface reflectance and depending on the sensor. The cost function is only computed for valid pixels, which must not be flagged as cloud, cloud shadow, water or snow and must have an NDVI above 0.2. As shown in Figure 5, it usually corresponds to surface reflectances in the blue below 0.15.


3.3.3. Spectro-Temporal Technique

The hybrid method merges the elementary methods described above. The AOT estimate performed by the hybrid method relies on the minimization of a cost function by an LMS algorithm. The cost function is provided in Equation (10). It combines the MS and the MT equations presented above (Equations (2) and (9)).



cost=∑MTvalidpixelsKMT2errMT2+∑MSvalidpixelsKMS2errMS2



(10)




where errMT and errMS have already been defined in Equations (2) and (9), and KMT and KMS are weighting coefficients to handle the contribution of the temporal and the spectral approaches, respectively. Our best results were obtained for KMS = 1 and using for KMT a value that depends on the number of days between the image being processed and the reference image. The accuracy of the MT algorithm may actually decrease as this gap increases, since the surface becomes more likely to change. The following function (Figure 6) has been adopted for modeling this temporal behavior:
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(11)




where (Δ = D − Dr) is the time interval (in days) between the images. Values of 1200 and 800 were determined, so that the weight is divided by two when the gap increases from 20 to 40 days. The slope of the curve is much lower below 20 days and above 40 days.


Figure 6. Weighting factor for multi-temporal equations.
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3.3.4. Dark Object Method

As indicated above, there are cases when the MT and MS methods used separately can provide wrong estimations (steep variation of reflectances or spectral surface reflectances that do not correspond to the surface reflectance model). To limit these erroneous estimates, two additional constraints have been added and applied to the individual MS and MT methods and also to the hybrid method. The constraints are a lower and upper bound for the AOT estimate: the lower bound is based on the fact that the AOT cannot be negative. The definition of the upper bound is based on the “dark object subtraction” approach (e.g., [37]), which consists of estimating the aerosol optical thickness for dark pixels assuming a fixed value for their surface reflectance in the blue band. To implement the dark object method, we search for the pixels in the image with the minimum reflectance in the blue: to avoid underestimates of the ceiling value, the pixels that lie in the shadow of a cloud or of topography are excluded using the cloud shadow mask and a topographic shadows mask. The method also checks that the selected pixel was also dark in the previous image to avoid undetected cloud shadows. This pixel is assumed to have a surface reflectance of 0.01 (0.03 might be used for more arid sites), and the method searches the necessary AOT to obtain the observed TOA reflectance for that pixel.

Constraints related to upper and lower bounds are added to the cost function. The lower bound constraint has a very large weight, since it is not possible to observe a negative AOT, whereas the upper bound constraint has a low one to allow optical thickness variations within the image: the pixel of minimum reflectance could lie in a zone where the AOT is lower than in other parts of the image. If the image is very large (LandSat or S2), it is possible to divide it into smaller zones and to determine the ceiling value for each zone.



3.3.5. Gap Filling Algorithm

A final AOT value for each pixel is needed to retrieve surface reflectance; however, there are always pixels for which the AOT estimate is not available, since, for instance, clouds, shadows and water pixels are systematically discarded from the AOT estimation. Moreover, the MT and MS methods discard pixels that are not suitable for the estimation, as explained above. A gap filling is therefore necessary.

The gap filling algorithm we implemented works as follows (cf. the example in Figure 7). First, all isolated AOT estimations are removed by a morphological opening (with a small structuring element) because of their lack of reliability, as they are likely to have been computed in an isolated small gap in the cloud cover. The local gap filling algorithm consists of iterating with a neighborhood size that increases from a few hundreds of meters to 20 km: for each neighborhood size, the gaps are filled with the average of the available AOT estimates.

Figure 7. Successive steps used to fill the gaps in an AOT image. Top Left, a TOA LandSat Image acquired for Boulder; top right, the AOT estimated by the multi-sensor atmospheric correction and cloud screening (MACCS) hybrid method with the gaps in black; bottom left, the same image gap filled; bottom right, the AOT image gap filled and smoothed, with the cloud mask overlayed in red and the shadows mask in black.
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Finally, for data gaps greater than 20 km, usually due to large clouds, the remaining missing data are filled by the average of all AOT values available within the image.

Once the gaps are filled, the AOT image is smoothed with a Gaussian filter and then resampled to the full resolution (using a bilinear interpolation) to be used by the atmospheric correction routine.





4. Results and Discussions

To assess the validity of the estimates obtained by each method, the AOT retrievals at 0.55 μm are compared to AERONET data, after an automatic screening of AERONET data, which are likely corrupted by the presence of clouds. This screening is based on the stability of AOT with time in the AERONET observations, the standard deviation of which must be below 0.02 within an hour around the satellite overpass time. The screening also uses the cloud mask generated for the images, to discard cases when there are more than 10% of clouds in a 20-km neighborhood of the AERONET site. These criteria define the “stable cases” in our study, while the other cases are named “unstable cases”. The image AOT retrievals are averaged on a 20 × 20 km2 neighborhood around the AERONET site. A unique continental aerosol model has been used for all of the sites and all of the dates, although better results could probably be obtained with a proper tuning of the aerosol model.

Table 5 shows the RMS error between our estimated optical thickness and the sun-photometer data for different LandSat and FormoSat time series and for the three different methods. In this table, we only kept the results in stable conditions, for which less than half of the pixels of the neighborhood have been gap filled.


Table 5. RMSE of AOT retrievals at 550 nm obtained using the three different inversion techniques (hybrid, multi-temporal, multi-spectral) with regard to AERONET measurements for different sites. Between parentheses, the number of match-ups available to compute the statistics is given.



	
Site

	
Hybrid

	
MT

	
MS

	
Arid






	
Boulder

	
0.08 (12)

	
0.08 (12)

	
0.13 (3)

	
Yes




	
Columbia

	
0.06 (6)

	
0.07 (5)

	
0.06 (6)

	
No




	
Corcoran

	
0.10 (15)

	
0.10 (15)

	
0.04 (11)

	
Yes




	
Fresno

	
0.10 (20)

	
0.10 (20)

	
0.06 (16)

	
Yes




	
Howland

	
0.02 (7)

	
-.– (0)

	
0.02 (7)

	
No




	
Stennis

	
0.07 (7)

	
0.07 (6)

	
0.07 (7)

	
No




	
Rogers

	
0.08 (18)

	
0.08 (18)

	
-.– (0)

	
Yes




	
UCLA

	
0.06 (5)

	
0.06 (5)

	
0.06 (5)

	
Yes




	






	
Avignon

	
0.03 (7)

	
0.06 (6)

	
0.04 (6)

	
No




	
La Crau

	
0.02 (14)

	
0.07 (14)

	
0.03 (14)

	
No




	
Le Fauga

	
0.05 (20)

	
0.08 (17)

	
0.06 (20)

	
No




	
Yaqui

	
0.08 (22)

	
0.09 (21)

	
0.04 (20)

	
Yes




	
Ras-El-Ain

	
0.09 (16)

	
0.07 (15)

	
0.13 (6)

	
Yes









Both methods used individually (MS and MT) provide the same magnitude of RMS errors on AOT estimates, for both satellites (around 0.07 for FormoSat and 0.09 for LandSat). Table 5 details the results obtained for each site and each satellite. The MT method outperforms the MS method for some sites characterized by low cloudiness and, thus, an enhanced repetitivity: Boulder and Rogers for LandSat; Ras-El-Ain for FormoSat-2. When vegetation cover increases, the MS method performs better: this is the case for Columbia and Howland for LandSat and for Avignon, La Crau and Le Fauga for FormoSat-2. Some sites do not show a clear trend, either providing similar results for both MS and MT methods, like Stennis and UCLA, or one method providing a lower RMS error, but a reduced number of valid AOT estimations (Fresno and Corcoran). There is also one case, Howland, where the MT method is not able to provide results, due to the large cloud cover in the region: the MS method only needs one clear date to produce results, while the MT method needs two clear dates separated by less than two months.

The hybrid method usually produces RMS errors very close to the best of the MS or MT method. In a couple of cases (Corcoran, Yaqui), the MS method outperforms the MT and the hybrid method, but a closer look shows that this is due to the fact that the MS method does not provide results for some of the dates corresponding to dry conditions. Some detailed results for a few sites are plotted in Figures 8–10, with all of the points, including the unstable cases. The results obtained for unstable cases are often less accurate than the stable cases, but they are usually not completely wrong. The plots confirm that the MS method produces good results for green sites, while the MT method results have a larger standard deviation for these sites. The results of the hybrid method are quite close to the results of the MS method for these sites. An exception may be seen for the Yaqui site (Figure 8). This site is an irrigated plain in Mexico, which may be classified as a green site during the growing season, but as a very arid site afterwards. Four dates have errors above 0.1, but they all belong to the dry period, in May, when the MS method is not able to obtain an estimate of AOT for these sites. In May, in the whole image, all of the vegetation is quickly drying, and the assumption of stable reflectances is not valid.

Figure 8. Comparison of AOT estimates at 550 nm obtained from hybrid (left), multi-spectral (MS) (middle) and MT (right) methods for two Formosat sites: Le Fauga (top); Yaqui (bottom). Blue circles correspond to stable conditions and red triangles to unstable conditions.
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Figure 10. Comparison of AOT estimates at 550 nm obtained from hybrid (left), MS (middle) and MT (right) methods for two LandSat sites: Columbia (top) and Fresno (bottom). Blue circles correspond to stable conditions and red triangles to unstable ones.
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Regarding the arid sites, the MT AOT is usually better correlated with the AERONET AOT than the MS AOT, and the MS method is sometimes not able to produce AOT estimates. In that case, getting an atmospheric correction with the MS method would mean relying on the gap filling method only, provided some dense vegetation exists somewhere in the image, and degrading the accuracy of the method in the case of AOT variations within the image. Figures 11 and 12 compare the results for all sites obtained with FormoSat and LandSat. The overall error observed for the hybrid method is lower than that of the multi-temporal method and has the same level as that of the multi-spectral method, but yields a greater number of estimates, showing that the method is more robust to the diversity of the observed conditions. The overall RMS error is 0.06, which is in line with the needs expressed in Section 3.1. For LandSat, the estimates are a little less accurate, but show the same trend with a much greater number of estimates obtained with the hybrid method. The increased noise might be explained by three reasons: first, in our LandSat dataset, the proportion of arid sites is higher and the observed accuracy is lower for these sites; second, given that, for LandSat, the time series areacquired by two different sensors, LandSat 5 and LandSat 7, additional noise due to the differences in spectral bands (see Figure 4) from both LandSat sensors is present (this should not be the case with Sentinel-2); and third, the repetitivity of the LandSat time series is reduced compared to that of FormoSat-2. In terms of bias, a very small bias is observed with FormoSat-2, while the bias is a little greater for LandSat. Part of the bias could be due to the use of an inaccurate aerosol model. It has to be noted that despite the large number of images processed, in the case of LandSat, only low aerosol contents were observed in stable cases.

Figure 11. Comparison of AOT estimates from Formosat-2 at 550 nm obtained for all sites from the hybrid method (left), the multi-spectral method (middle) and the multi-temporal method (right), in stable cases.
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Figure 12. Comparison of AOT estimates from LandSat 5 and 7 at 550 nm obtained for all sites from the hybrid method (left), the multi-spectral method (middle) and the multi-temporal method (right), in stable cases
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Finally, the hybrid method yields good results with an accuracy close to the best of the MS and MT method. It shows an increased robustness and provides AOT estimates more frequently in all the kinds of sites and climates that we have tested.



5. Conclusions

A multi-sensor atmospheric correction and cloud screening (MACCS) method was developed in the framework of the preparation of Level 2A processors for the VENμS and SENTINEL-2 satellites, to deliver atmospherically corrected time series of images expressed in surface reflectance. The original part of this method lies in the estimation of the aerosol optical thickness (AOT): our method combines a multi-spectral (MS) assumption that links the surface reflectances of the red and blue bands of the satellite and also assumes that multi-temporal (MT) observations of a given neighborhood separated by a few days should yield similar surface reflectances. Both assumptions were used separately first, in order to compare their respective accuracies, then were hybridated to improve the results.

For the MS method, we decided to implement a simple method to avoid processing a huge amount of data to estimate the relations between spectral bands. During our preliminary analysis, we showed that the correlation of the surface reflectance of the blue and red bands is much higher than the correlation of blue and SWIR bands or red and short wave infrared (SWIR) bands. The “blue-red” relation is also applicable to FormoSat-2, while the blue-SWIR one is not. However, compared to the method implemented with MODIS that uses the blue-SWIR and red-SWIR relations, our MS method is not able to estimate the aerosol model and uses a constant model for a given site, which is a drawback for regions where the aerosol model is subject to large variations.

To assess the performances, we processed hundreds of images from six LandSat and four FormoSat-2 sites. The AOTs derived from our methods were compared to the ground truth provided by the Aerosol Robotic Network (AERONET): we found that both the MT and MS methods provide similar AOT accuracies (around 0.08). As anticipated, the MS method performs always better than the MT method in highly vegetated areas, and the MT method is more accurate when the observations are more frequent. Both methods are less accurate when the surface reflectance in the blue is high, because the sensitivity of TOA reflectance to the aerosol content is reduced.

The combination of MS and MT criteria within the MACCS method enhances the robustness of the retrieval: in most cases, the root mean square (RMS) error of the hybrid method is very close to the minimum of the RMS yielded by each individual method (0.06 for Formosat-2 and 0.08 for LANDSAT). The hybrid method is more robust than the MS method, which often fails above arid surfaces, bare soils and urban areas, and than the MT method when cloud cover is frequent.

Future studies should focus on a way of automatically prescribing the aerosol model, either by implementing an estimate of the aerosol model thanks to the increased number of spectral bands brought by both the VENμS and Sentinel-2 satellites or by using aerosol models provided by meteorological analyses, such as those provided by the Copernicus Atmosphere project [38].

The MACCS method is now used within the French Theia Land Data Center to process time series of LandSat (5, 7, 8) and FormoSat-2, and will be used to process VENμS and Sentinel-2 satellites. The availability of a spectral band at 1.38 μm on LandSat-8 and Sentinel-2 will enable a better discrimination of aerosol layers and of thin cirrus clouds. The increased repetitivity brought by VENμS and Sentinel-2 will also improve the performances of the MT and hybrid methods.
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Figure 9. Comparison of AOT estimates at 550 nm obtained from hybrid (left), MS (middle) and MT (right) methods for the Formosat site in Ras El Ain (Morocco). Blue circles correspond to stable conditions and red triangles to unstable conditions. 
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