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Abstract 

This document describes the algorithm for remote sensing of aerosols from MERIS data over land. 
The algorithm has been developed to monitor the aerosol optical thickness (proportional to the 
aerosol total loading), over most of part of the continents. The aerosol information is used in a 
second step to perform atmospheric corrections of remotely sensed surface reflectance over the 
land. 

The actual MERIS Level 2 product provides reflectance data with an incomplete atmospheric 
correction over land. The atmospheric correction is made for Rayleigh scattering and gases only and 
the variable aerosol influence is not considered. Thus an additional step of atmospheric correction 
for L2 data over land is required, considering the effect of the atmospheric aerosol. This includes (a) 
a cloud screening, (b) the retrieval of aerosol optical thickness (AOT) and (c) their application 
within an atmospheric correction procedure. 

The original approach has been developed to retrieve the spectral aerosol optical thickness AOT 
over land from the looking multi-wavelength radiometer SeaWiFS L1 data, using top-of-
atmosphere reflectance. For the retrieval of the MERIS AOT, the BAER (Bremen AErosol 
Retrieval) method is used and modified for the use with MERIS L2 data. 

The method is based on the determination of the aerosol reflectance over ’dark surfaces’, which is 
over land a vegetation covered land surfaces in the UV and short-wave-VIS range below the red-
edge of the vegetation spectrum. This requires over land a proper separation of the variable surface 
effects, other atmospheric effects and aerosol effect. For L2 data over land, the variability of the 
vegetation cover and of the kind of the vegetation is considered dynamically by means of a surface 
reflectance model tuned from the satellite scene self by the NDVI. Removing the estimation of the 
surface effect the aerosol reflectance will be obtained. Look-up-tables of the relationship between 
AOT - aerosol reflectance and the use of constraints enable the determination of the AOT for 
7 MERIS channels in a spectral range of 0.412 – 0.670 µm.  

For the atmospheric correction the AOT is extrapolated to the other channels by using Angström 
power law with parameters estimated from the retrieved AOT. Others terms of radiative transfer 
(aerosol reflectance, total transmittance and hemispheric reflectance) are computed once the AOT 
known to correct the Top Of Aerosol reflectance from aerosol effect. 

The atmospheric correction step considers the effects of aerosol reflectance and total aerosol 
transmissions and gives the atmospherically corrected spectral surface reflectance either using the 
SMAC, Dedieu et al, 1994, or the integrated aerosol correction procedure UBAC (University 
Bremen Aerosol Correction), described within this ATBD. 
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1. Introduction 

1.1. Purpose 
The Algorithm Theoretical Basis Document (ATBD) describes an algorithm used to retrieve 
information both on the atmosphere (aerosol content and its characterisation) and properties of 
terrestrial surfaces (surfaces reflectances) from the analysis of Level 2 data generated by the 
Medium Resolution Imaging Radiometer (MERIS) of the European Space Agency (ESA) at both 
full and reduced resolution.  

This document identifies the sources of input data, outlines the physical principles and 
mathematical background justifying the approach, describes the proposed algorithm, and lists the 
assumptions and limitations of the techniques.  

1.2. Algorithm identification 
The algorithm is called Integrated BAER processor. It chains three functions for the cloud 
screening, the aerosol estimation, and the atmospheric correction.  

1.3. Scope 
The Medium Resolution Imaging Spectrometer MERIS provides the top-of-atmosphere radiances in 
15 channels in full resolution mode (300 m) and reduced resolution mode (1200m), of which 13 
channels are used for land surface observations (Bezy et al., 2000). At present time, ESA provides 
to the land user community a MERIS level 2 products which contains top of aerosol reflectances, 
i.e. reflectances corrected for Rayleigh scattering and gaseous absorption, but not for aerosol 
absorption and scattering. However, information about aerosol is provided in the products in the 
form of aerosol optical thickness and angstrom coefficient only over dark dense vegetation (DDV) 
surfaces (MERIS ATBD 2.15, Santer 2000). 

The objective of this document is to provide a detailed description and justification of an algorithm 
proposed to retrieve aerosol information from MERIS observations (L2 data) over land, and its use 
into the atmospheric correction scheme.  

 

The ESA requirement was to complete this at present incomplete atmospheric correction scheme 
over land surface and propose an algorithm for the aerosol correction, which can be integrated into 
the BEAM toolbox (BEAM, 2004). This shall enable the MERIS scientific user community 

a)  to retrieve from MERIS Level 2 products estimates of the aerosol optical thickness and 
Angstrom coefficient over land surfaces; 

b) to actually perform the aerosol correction and derive atmospherically corrected surface 
reflectances in 13 spectral MERIS bands. 
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The document is structured as follows: 

Section  1.3 explains the scope and objectives for aerosol retrievals from space-borne platforms and 
the current state in the method development. It provides an overview of the BAER (Bremen 
AErosol Retrieval) approach and its application for atmospheric correction.  

Section  2 gives the overview of the steps of the approach for the correction of aerosol effects. 

Section  3 presents the three steps of the Integrated BAER algorithm: the cloud screening  
(section  3.2.1), the aerosol estimation (section  3.2.2) and the aerosol correction (section  3.2.3).  

Section  4 summarizes some results of the prototype algorithm, (validation results are fully described 
in the separate validation report of BAER, c.f. BAER Validation report, 2006). It concludes on the 
key results and provides some recommendations for further algorithm improvements.  

Section  5 provides with assumptions and limitations of the algorithm.  

Section  6 describes the processor, and guides the user in the choice of options for the retrieval.  

1.4. Revision history 
The original document is referred by NOV-3160-NT-2703.doc dated January, 2005. This current 
version includes the latest developments and modifications made in the algorithm during its 
validation phase.  

1.5. Other relevant documents 

Berthelot, B., Dedieu, G., 1997. Correction of atmospheric effects for VEGETATION data. 
Physical Measurements and Signatures in Remote Sensing, Guyot & Phulpin (eds), Balkema, 
Rotterdam, ISBN 90 5410 9173  

Rahman H. and Dedieu G.: SMAC: a simplified method for the atmospheric correction of satellite 
measurements in the solar spectrum, International Journal of Remote Sensing, 1994, vol.15, 
No.1, 123-143. 

von Hoyningen-Huene,  A.A. Kokhanovsky, J.P. Burrows, V. Bruniquel-Pinel, P. Regner, F. 
Baret: Simultaneous Determination of Aerosol- and Surface Characteristics from Top-of-
Atmosphere Reflectance using MERIS on board of ENVISAT. JASR 2006 (in press). 

von Hoyningen-Huene, W., Kokhanovsky, Burrows, J.P., Berthelot, B., Regner, P., Baret, F. 
(2005) Aerosol optical thickness retrieval over land: The atmospheric correction based on 
MERIS L2 reflectance. Proc. of MERIS/AATSR Workshop 2005, ESA ESRIN 26.-30. Sept. 
2005, ESA SP-597, Dec. 2005. 

von Hoyningen-Huene, W A.A. Kokhanovsky, J.P. Burrows, V.Bruniquel, P. Regner: State in 
aerosol remote sensing for atmospheric correction of MERIS land surface products. Proc. of 
ENVISAT/MERIS Workshop 2003, ESA ESRIN 10.-13.Nov. 2003, ESA SP-549, May 2004.  

von Hoyningen-Huene, W., Alexander A. Kokhanovsky, John P. Burrows, Prof. Dr.; 
Veronique Bruniquel-Pinel; Peter Regner, 2005a.  Simultaneous determination of aerosol- 
and surface characteristics from top-of-atmosphere reflectance using MERIS on board of 
ENVISAT J. Adv. Space Res. 32(2005) (accepted). 
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von Hoyningen-Huene, W., Kokhanovsky, A. A., Wuttke, M. W., Buchwitz, M., Gerilowski, 
N., Burrows, J. P., Latter, B., Siddans, B., Kerridge, B. J., 2005b. Validation of 
SCIAMACHY top-of- atmosphere reflectance for aerosol remote sensing using MERIS L1 
data. ACP (Special Issue SCIAMACHY validation). Accepted 2004. 

von Hoyningen-Huene, W., 2005c: Cloud influence on satellite measurements of aerosol 
properties. In ACCENT AT-2, Report of the 3. AT-2 Workshop, Oberpfaffenhofen, 6.-8 June 
2005, p. 45-50. http://troposat.iup.uni-heidelberg.de/AT2/workshop/AT2_wks_3_report.pdf 
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2. Algorithm overview 

2.1. Introduction 
MERIS instrument on board ENVISAT launched in 2002 provides earth observations at a global 
scale in the spectral range [0.4- 0.9] µm on a daily basis. These observations are important to 
improve the understanding of the vegetation / climate interactions. However these observations 
integrate the contributions from the atmosphere and surface and the difficulty is to separate the two 
contributions to analyse and relate both signals to the main atmosphere and surface biophysical 
products.  
There are several objectives for satellite observations of properties of atmospheric aerosols, 
especially the aerosol optical thickness (AOT) and surface reflectances. These are:  

Atmospheric correction for surface remote sensing (both over ocean and land): 

 The knowledge and regional variability of the AOT enables the determination of the spectral 
surface reflectance, required for land use applications.  

Climate research: 

 The determination of the direct radiative effect of the aerosol is based directly on the 
knowledge of the AOT. Moreover this, the aerosol has indirect effects on cloud formation by 
aerosol-cloud-interaction. 

Environmental control: 

 AOT is a good quantitative indicator for atmospheric pollution by particulate matter and the 
transport of these pollutants. 

2.2. Objectives  

2.2.1. Aerosol characterisation 
A quantitative key parameter as basis for many other applications is the aerosol optical thickness. 
Aerosol is an important atmospheric constituent, affecting several aspects of climate, atmospheric 
chemistry, environmental pollution, health aspects for the population and others. IPPC (2002) and 
IGOS (2004) reports document the importance of the knowledge of aerosol parameters for different 
purposes, as air quality monitoring, climate forcing and analysis of tropospheric and stratospheric 
chemistry. The reports highlight the urgent need for a quantitative determination of the aerosol 
optical thickness (AOT), aerosol absorption, and other derived aerosol parameters. Specifically 
climate research, environmental control and atmospheric correction of land and ocean surface data 
require the knowledge of:  

 Spatial and regional variability of the aerosol over land and ocean 

 Temporal variability 

 Sources and sinks of aerosols 

 Types of aerosols 
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Aerosol exhibits high spatial and temporal variability in the atmosphere. This is caused by the 
different sources, the variability of its physico-chemical composition and its interaction with the 
humidity. Therefore aerosol investigation for climate research and environmental control requires 
the identification of source regions, their strength and aerosol type, the determination of the variable 
turbidity state of regions and information on the transformation of aerosol types at long range 
transports of aerosols on regional and global scales. This can be retrieved from with space-borne 
measurements, if adequate methods are available, yielding also global data. 

Consequently, there is an urgent need for methods of space-borne aerosol determination, enabling 
the retrieval of AOT and their spectral properties, IGOS (2004). Space-borne observations enable a 
regional and global view with an appropriate temporal repetition frequency and provide key 
information to scientists and decision and policy makers on aerosol properties, their variability and 
trends in their distribution.  

Satellite observations with nadir scanning radiometers can provide the regional and temporal 
distribution of AOT and their spectral behaviour gives some indications for the prevailing aerosol 
type. Since the most aerosol sources are over land, retrieval methods are required to give the AOT 
not only over ocean surfaces with low and less variable surface reflectance, but also over land. 

Retrieval methods must be able to detect the AOT also over more variables land surfaces. This 
enables observations of aerosol effects of anthropogenic pollution, mineral dust, biomass burning 
and the state of general atmospheric turbidity caused by aerosols. The latter enables an atmospheric 
correction considering the variability of the aerosol effect, which is required for investigations of 
land use and its variation free of atmospheric effects. The determination of the AOT over land 
requires low and known surface reflectance. Over land, lower values for the surface reflectance are 
given in the green and blue bands of the spectrum. Therefore, the determination of AOT will be 
made mostly for wavelengths below 0.670 µm.  

Multi-spectral satellite instruments, like SeaWiFS, MERIS and MODIS provide sufficient spectral 
information to separate surface and aerosol contribution from the top-of-atmosphere reflectance. 
This separation needs a-priori knowledge about the surface reflectance, estimable from multi-
spectral satellite observations.  

The determination of the wavelength-dependence of this parameter with sufficient accuracy and 
within an appropriate spectral range enables the determination of a series of other aerosol 
characteristics, such as the Angström parameter, the aerosol type, the effective radius and the 
aerosol concentration. MERIS has sufficient spectral channels within the visible spectral range that 
can be used for the determination of the spectral behaviour of the AOT. The key problem here is the 
fact, that the AOT is influenced by the spectral surface reflectance characteristics of the underlaying 
surface. 

2.2.2. Surface reflectances 
The generation of biophysical products such as LAI, fAPAR, and fCover, vegetation indices from 
remote sensing data requires the use of Top Of Canopy reflectances (or surface reflectances) as 
input of algorithms. The accuracy of the surface reflectances depends mainly on the accuracy of the 
atmospheric correction scheme (Out of calibration), so that the accuracy of vegetation products is 
strongly linked to that of previous step of the data processing.  
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MERIS L2 reflectance data over land are a non uniform product. Over water, they give the water 
leaving reflectance, because atmospheric correction is made completely for all atmospheric 
constituents, including aerosols. Over land only Rayleigh scattering and gaseous absorption is 
considered, and the aerosol effect remained unconsidered. Therefore the focus of this document was 
on the aerosol correction of MERIS L2 data. However, the approach can be applied generally for 
the consideration of aerosol effects. 

2.3. State in Aerosol Retrieval from Satellite Measurements 
The present techniques for the retrieval of aerosol parameters from space borne measurements are 
mostly restricted to dark ocean surfaces using NIR channels (AVHRR, SeaWiFS, MODIS, 
MERIS). The relatively low spectral surface reflectance of the ocean can be neglected [cf. Husar et 
al., 1997; Moulin et al., 1997; Nakajima and Higurashi, 1997; Tanré et al., 1999; Deuzé et al., 
1999; Goloub et al., 1999; Geogdzhayev et al., 2002]. Over land, the absorbing aerosol index (AAI) 
and estimates of the optical depth in the UV from TOMS yield information about the existence of 
strongly absorbing aerosols overland and ocean [cf. J. R. Herman et al., 1997a, 1997b; Torres et al., 
1998]. The transfer of the AAI to quantitative aerosol parameters as an aerosol optical thickness 
requires several model assumptions [cf. Torres et al., 1998, 2002]. This index, generally do not 
provide a quantitative aerosol information in terms of an aerosol optical thickness (AOT). At best, 
they provide limited information for very strong special aerosol events, as discussed in Bhartia et al. 
(1998), Torres et al. (2002).  

The dual-view-technique from ATSR-2 (Veefkind et al,. 1999), AATSR and the multi-viewing 
technique of MISR or the angular scan of polarization information by POLDER, (Herman et al., 
1997b) allowed to retrieve also AOT over land surfaces. This technique has been shown as a 
powerful tool in aerosol remote sensing and has been extended to MISR to up to nine viewing 
geometries for the same ground target.  

Concerning modern multichannel space-borne radiometers such as SeaWiFS, MODIS, 
SCIAMACHY, Kaufman et al. [1997a, 1997b; 2000] summarized the state and problems in aerosol 
retrieval and finally concluded that polar orbiting satellites will be able to estimate the daily aerosol 
properties.  

The 'inter-correlation' - approach, Kaufman et al., (1997), especially for MODIS uses empirical 
correlations between the channel at 2.1 µm and 0.46 µm or the other SW channels of MODIS. 
Thus, the variability of the surface reflectance in the blue channel of MODIS can be determined 
over a wide variety of land surfaces and the retrieval of the AOT performed. These empirical 
relationships were derived from AVIRIS. However, this information of the 2.1 µm channels does 
not exist for MERIS and other ocean colour radiometers and another way for the estimation of the 
surface reflectance has to be gone. Santer et al. -approach 1999, 2000) restrict the retrieval of AOT 
to DDV (’dark dense vegetation’) pixels with the result that the AOT can be obtained only at few 
dark targets, and large areas without aerosol information remain in the final product. The method 
has been developed for the exploitation of MERIS data in the ENVISAT ground segment.  

A tuned mixing of land surface reflectance spectrum, using the NDVI and two basic surface types 
'bare soil' and 'green vegetation' is used by the BAER approach (Bremen AErosol Retrieval, von 
Hoyningen-Huene et al., 2003), to estimate the SeaWifS spectral surface reflectance for 
wavelengths < 0.67 µm. This approach is working also over a wide variety of land surfaces with 
different degrees of vegetation cover, given by the NDVI (Normalized Differential Pigment Index).  



Ref NOV-3341-NT-3352 
Issue 1 Date 03/11/05 
Rev 0 Date 29/03/06 

 

An ATBD for the ENVISAT radiometer MERIS 

Page 18  
 

© Noveltis 2006 
This document is the property of Noveltis, no part of it shall be reproduced or transmitted without the express prior written 

authorisation of Noveltis 

These available approaches for aerosol correction are fully described in an ASCAR (Algorithm 
Survey and Critical Analysis Review) document, (ASCAR, 2003). 

2.4. State in atmospheric corrections method used from Satellite 
Measurements 

Atmospheric correction of satellite measurements is a major step in the retrieval of surface 
reflective properties. It involves removing the effect of gaseous absorption as well as correcting for 
the effect of an atmospheric molecular and particulate scattering.  
Radiative transfer model allow to correct with accuracy the molecular scattering, and the aerosol 
scattering, if the aerosol properties are well known (at least aerosol type, and the quantity of aerosol 
in the atmosphere through the aerosol optical thickness).  
For instance, the Moderate-Resolution Atmospheric Radiance and Transmittance Model-4 
(MODTRAN-4) radiative transfer model (Berk et al. 2001), the 6S radiative transfer code (Vermote 
et al., 1997) can be used to correct the TOA reflectance/radiances from the aerosol however, the 
correction is time consuming and new methods based on empirical, semi empirical modelling, Look 
Up Tables are proposed to allow the processing of huge amount of data. The objectives of our study 
are to develop fast, but accurate semi-analytical atmospheric correction scheme suitable for 
implementation in operational data processing of satellite narrowband observations 

2.5. Instrument and data characteristics 
The Medium Resolution Imaging Spectrometer (MERIS) is a programmable, medium-spectral 
resolution, imaging spectrometer operating in the reflected solar radiation spectral range. Fifteen 
spectral bands are routinely acquired in the 390 nm to 1040 nm spectral range (see Table 1). 

The instrument scans the Earth's surface by the so called "push-broom" method. Linear CCD arrays 
provide spatial sampling in the across-track direction, while the satellite's motion provides scanning 
in the along-track direction. MERIS is designed so that it can acquire data over the Earth whenever 
illumination conditions are suitable. The instrument's 68.5° field of view around nadir covers a 
swath width of 1150 km.  

The instrument acquires data in Reduced Resolution mode (RR) and Full Resolution mode (FR). 
The spatial resolution is about 1200 m in RR mode and 300 m in FR mode. An example of MERIS 
data in both resolutions over the same area is shown in over the Southeast of Spain, in 2003 
(July 14). 

While the observed radiances are available with the cited spatial resolution, auxiliary data are 
delivered at so-called tie points (Table 2) that are available with a resolution of roughly 16 km in 
both modes 
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Table 1: MERIS spectral characteristics: band centre and width. 

# Centre (nm) Width (nm) Potential Applications   
1 412.5 10 Yellow substance and detrital pigments 
2 442.5 10 Chlorophyll absorption maximum   
3 490 10 Chlorophyll and other pigments   
4 510 10 Suspended sediment, red tides   
5 560 10 Chlorophyll absorption minimum   
6 620 10 Suspended sediment   
7 665 10 Chlorophyll absorption and fluo. reference 
8 681.25 7.5 Chlorophyll fluorescence peak  
9 708.75 10 Fluo. Reference, atmospheric corrections  
10 753.75 7.5 Vegetation, cloud  
11 760.625 3.75 Oxygen absorption R-branch   
12 778.75 15 Atmosphere corrections    
13 865 20 Vegetation, water vapour reference   
14 885 10 Atmosphere corrections    
15 900 10 Water vapour, land   

 

 

Table 2: Tie point information content 

parameter Unit and origin 
Latitude of the tie points  (1e-6) degrees 
Longitude of the tie points  (1e-6) degrees 
DEM altitude of the tie points  m 
DRM roughness  m 
DEM latitude correction (1e-6) degrees 
Sun zenith angle (1e-6) degrees 
Sun azimuth angle (1e-6) degrees 
Viewing zenith angle (1e-6) degrees 
Viewing azimuth angle (1e-6) degrees 
Zonal wind  m*s-1 
Meridional wind  m*s-1 
Mean sea level pressure  hPa  
Ozone  DU  
Relative humidity   % 
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2.6. Retrieval strategy 
The strategy for remote sensing of aerosol over the land from MERIS L2 is based on the method 
called BAER, which has first been developed by von Hoyningen Huene et al. (2003) for the SW-
VIS channels of the SeaWiFS instrument taking into consideration variable surface reflectance 
conditions. This technique is applied in the frame of the MERIS L2 data processing for the 
determination of aerosol optical thickness over land and the completion of the atmospheric 
correction in MERIS land products.  

The full processing procedure is subdivided into 3 steps: 

1. Cloud screening 

2. Retrieval of aerosol optical thickness by the BAER approach 

3. Atmospheric correction of aerosol effects in L2 reflectance data over land, using SMAC 
(Simplified Model of Atmospheric Correction, c.f. Dedieu et al., 1994) or UBAC 
(University Bremen Atmospheric Correction, this document) 

2.6.1. Step 1: Cloud screening improvement 

Because the determination of the AOT is very sensitive to cloud condition, a cloud screening 
method is implemented into the processor in order to remove the clouds that have not be detected 
by the L2 operational processor. The method is based on multiple threshold methods and is 
described in section  3.2.1.  

2.6.2. Step 2: BAER method 
The objective of our study is to develop a fast, but accurate semi-analytical atmospheric correction 
scheme suitable for implementation in the BEAM toolbox. The retrieval technique uses a separation 
technique between aerosol and land surface properties in the short-wave visible channels of the 
MERIS radiometer for wavelengths lower than 0.67 µm. This technique is a special variant of the 
‘dark target’ method (Kaufman et al., 1997a, 1997b) with a dynamical estimation of the surface 
reflectance. The land surface reflectance here is estimated by a linear mixing model of vegetation 
and non-vegetation spectra, tuned by the normalized differential vegetation index (NDVI). By the 
elimination of surface reflectance, an aerosol reflectance can be defined, for which lookup tables 
(LUT) for the retrieval of the aerosol optical thickness are generated using radiative transfer model 
(RTM) calculations.  

2.6.3. Step 3: Atmospheric correction method 

Two atmospheric methods are proposed as options to the user to correct the MERIS L2 data from 
the aerosol scattering. The first option is the integrated part of the BAER method, which estimates 
in the same processing aerosol and surface reflectances. The second option is to perform the SMAC 
method (Berthelot and Dedieu, 1997) using the aerosol optical thickness estimated in step 2.  
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3. Algorithm description 

3.1. Theoretical description 

3.1.1. BAER method for SeaWifs 
The Bremen AErosol Retrieval approach (BAER) is a retrieval procedure for the determination of 
the aerosol optical thickness from top-of-atmosphere (TOA) reflectance with underlaying land 
surface. It has been first developed for SeaWiFS L1 data, using the blue and short-wave channels 
below the ‘red edge’ of the green vegetation.  

BAER developed for SeaWiFS data used the top of atmosphere reflectance in the eight spectral 
bands of the instrument (von Hoyningen-Huene et al. (2003)). The method was applied to SeaWiFS 
and MODIS measurements in Asia during the ACE-Asia experiment by Lee et al. (2004) and Lee et 
al. (2005), investigating aerosol transports. Kokhanovsky et al. (2004b) and von Hoyningen-Huene 
et al. (2004) used SeaWiFS data to study aerosol properties in different situations, like dust storms, 
forest fire plumes and the formation of clouds. 

The basic equation, used in BAER is Eq. 1. This equation gives the aerosol reflectance ρAer(λ), 
derived from the TOA reflectance ρTOA(λ) measured by the satellite. For the determination of the 
aerosol reflectances, two influences have to be removed from the TOA reflectance: (a) effect of 
Rayleigh scattering – second line, (b) effect of earth surface – third line of Eq. 1.  
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Eq.  1 

• TRay, TAer are the total transmissions of the atmosphere, ASurf the surface albedo and ρHem the 
hemispheric reflectance of the system earth – atmosphere. Their determination is described 
in section  3.2.2.2.1 of this document. 

• The Rayleigh scattering depends on the air pressure, which is associated with the surface 
elevation. Therefore, the pressure is calculated using a digital elevation model, associated 
with the satellite scene. For this purpose, the GTOPO30 data base is used.   

• The spectral surface albedo, e.g. the surface reflectance is obtained by the spectral surface 
reflectance model.  

For land surfaces, this model is described in section  3.2.2.3.1. It is a dynamical surface reflectance 
model, composing the actual apparent surface reflectance spectrum for the SW channels from a 
linear mixing of spectra of ‘green vegetation’ and ‘bare soil’, tuned by the NDVI (normalized 
differential vegetation index) and a scaling factor adapted to the reflectance conditions of the scene. 

For ocean a similar model is used, however, the spectra of ‘clean ocean’ and ‘coastal’ water are 
mixed, using the NDPI (normalized differential pigment index). 
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One example of the BAER algorithm is demonstrated in Figure 1 for a SeaWiFS scene covering 
Spain and Portugal on the 12th of August 2003 showing forest fire plumes moving out from the land 
to the Atlantic and causing some aerosol-cloud interaction in their trajectory. In this case, the use of 
BAER with SeaWiFS L1 data enabled the investigation of the aerosol transport over both land and 
ocean.  

Thus, applications and validations of BAER with different instruments are made to retrieve the 
regional pattern of the AOT in different situations over both ocean and land, c.f. von Hoyningen-
Huene et al., 2004, von Hoyningen-Huene et al., 2005, Kokhanovsky et al., 2004, Lee et al., 2004, 
Lee et al., 2005. 

 

Figure 1: Example of AOT retrieval from SeaWiFS, showing fire plumes of the forest  
fires in Portugal for August 12, 2003. 
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3.1.2. Adaptation to MERIS  
Since MERIS provides data of similar spectral and spatial resolution than SeaWiFS, a transfer of 
the BAER method to MERIS data is evident. However, the MERIS instrument has more channels 
covering a slightly broader spectral range than SeaWiFS (as shown in Table 3). Moreover, the 
greater number of spectral bands (13 versus 8), the differences in the width and in the center-
wavelength have required the SeaWiFS BAER method a few adaptations to make it usable for 
MERIS data.  

Table 3: Spectral characteristics of the selected comparable MERIS and SeaWiFS channels for the application of 
the BAER approach. Channels in bold are used for the BAER retrieval of the AOT and the determination of the 
NDVI. 

MERIS SeaWiFS 
Channel  Wavelength   

µm 
Bandwidth

Nm 
Parameter Channel Wavelength   

µm 
Bandwidth 

nm 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 

0.4125 
0.4425 
0.490 
0.510 
0.560 
0.620 
0.665 
0.6813 
0.705 
0.7538 
0.7606 
0.775 
0.865 
0.885 
0.900 

10 
10 
10 
10 
10 
10 
10 
7.5 
10 
7.5 
3.8 
15 
20 
10 
10 

AOT 
AOT 
AOT 
AOT 
AOT 
AOT 

AOT, NDVI
 
 
 
 
 

NDVI 
 

1 
2 
3 
4 
5 
 
6 
 
 
 
7 
 
8 
 

0.412 
0.440 
0.490 
0.510 
0.555 

 
0.670 

 
 
 

0.765 
 

0.865 
 

20 
20 
20 
20 
20 
 

20 
 
 
 

40 
 

40 
 

 

The transfer to the method from Level 1 to MERIS level 2 data is described in the next section. 
Some improvements of BAER have been made compared with the first publication in 2003. 
Especially for heavy aerosol loadings, total transmissions and hemispheric reflectance are now 
implemented, improving the consideration of the surface contribution. Thus, BAER can also 
provide the required AOT input for an atmospheric correction of measured reflectance data to 
surface conditions.  

The BAER algorithm has been adapted to the 13 MERIS channels, which are described in terms of 
wavelengths and bandwidths in Table 3. Channels 1 to 7 are used for the determination of the 
spectral AOT by BAER. This covers the spectral range of 0.412 to 0.665 µm. Compared to the 
initial SeaWiFS BAER algorithm, there is one MERIS channel more that is useful for providing 
more spectral information of the AOT. This range is also used as basis for the extrapolation of the 
AOT to all 13 MERIS channels via the Angström coefficient needed for subsequent atmospheric 
correction.  

The channels 11 and 15 are not used for the atmospheric correction, because they are strongly 
affected by gaseous absorption of O2 and H2O vapour. 
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3.1.3. Integrated BAER program general flow chart 
The Integrated BAER processing chain is shown in Figure 2. It contains three modules (grey part of 
the figure). Data processed are the standard MERIS L2 data, full or reduced resolution. The first 
module is a cloud detection module, which flags the clouds, in complement to the cloud flags 
provided with the L2 MERIS data. The second one is the BAER module which retrieves the AOT 
for seven short-wave channels of MERIS. From this information, the Angström parameter is then 
estimated and used to extrapolate the AOT for all 13 MERIS channels and to derive the aerosol 
reflectance needed to perform the atmospheric correction. The final output is the atmospheric 
corrected surface reflectance for 13 MERIS channels.  

L2 MERIS data

Cloud screening
pixel discrimination

BAER
(Bremen AErosol Retrieval)

Atmospheric Correction
AOT(13)

Aerosol Reflectance (13)

AOT(7)
ALPHA

Surface reflectance (13)

 
 

Figure 2: Scheme of the place of BAER within the process of atmospheric correction over land surfaces. 
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3.2. Mathematical description of the algorithm 

3.2.1. Cloud Screening  

3.2.1.1. Objectives 

The determination of AOT and surface reflectances is very sensitive to cloud conditions. Clouds 
modify the scattered radiation, have an increased spectrally nearly neutral reflectance, so that they 
perturbed the signal. In the case of thin clouds (Ci) and fractional cloud coverage of few percent 
they are not recognized and could be considered as aerosols if they enter in the processing. Further 
clouds are elevated from surface.  

Cloud identification is described in the ATBD 2.17, Santer et al., 2000. Over land, identification 
and classification of homogeneous clouds is based on the apparent pressure in the O2 channel and 
thresholds on reflectance. This has been implemented into the ground segment for land, and clouds 
are flagged in the MERIS L2 Flag channel. However, until now, the quality of the product is not 
good enough and the pressure information not reliable enough. This is the reason why some new 
tests have been added to identify clouds into the Integrated BAER method. 

3.2.1.2. Sensitivity of the signal to cloud 

3.2.1.2.1 Impact of cloud fraction on the TOA signal 
The disturbance involved by small clouds is illustrated hereafter. Fractional cloud cover in the 
satellite scene passes most cloud screening procedures (low cloud fractions: 1 ... 10%). It also 
depends on FOV, e.g. geometric resolution of the satellite instrument (Figure 3). 

1 km

1 km0.1 km

1 % Cloud fraction

Pixel size

SeaWiFS        1.1 x 1.1 km
MERIS           1.2 x 1.2 km  (0.3 x 0.3 km)     
MODIS           1.0 x 1.0 km  (0.5 x 0.5 km)
SCIAMACHY   30 x 60 km

 
Figure 3: Representation of a sub pixel cloud in a pixel. 

 

The sensitivity study to the sub pixel clouds has been made in order to quantify the errors 
introduced in the interpretation of the results when such a clouds is present in the medium 
resolution pixel, that is the case of MERIS, MODIS, SeaWiFS) and low resolution pixel 
(SCIAMACHY). 
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The influence of a sub pixel cloud is shown on Figure 4. The spectral variations of a top of 
atmosphere reflectance (TOA) are represented for different percent of cloud fraction (1 to 15%). 
The conditions of the simulations are indicated on the figure. Two effects are shown on this figure. 

First, we see that the signal involves by only 1% cloud fraction of a Cu cloud changes continental 
aerosol of same AOT to marine model. Since thin Ci clouds have comparable reflectance range, like 
aerosols, the retrieval of aerosol Optical Thickness and aerosol type in this case will be biased.  

 

Figure 4: Variation of the TOA reflectance in presence of sub pixel cloud.  

3.2.1.2.2 Impact on the AOT retrieval 
The impact of cloud fraction on the AOT retrieval is shown on the next figure for three levels of 
continental aerosol optical thicknesses. The retrieval is clearly dependant of the cloud fraction. We 
see that 1% cloud fraction increases AOT with about 0.05. 

0.00 1.00 2.00 3.00 4.00 5.00
Cloud Fraction  / % /

0.00

0.10

0.20

0.30

0.40

0.50

R
et

rie
ve

d 
AO

T

 

Figure 5: Variation of AOT retrieval with cloud fraction 
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The spectral variations of AOT are also modified when a high cirrus is present in the atmosphere. 
The Cirrus contamination yields also to aerosol of flatter spectral slope (Figure 6) 
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Figure 6: Spectral TOA reflectance for clean continental aerosol model (red solid line) and a thin Ci cloud (black 
line) separately and their composed effect (blue line). For comparison a marine aerosol model fits with the 
composed conditions. 

3.2.1.3. Algorithm  

In addition to the cloud identification provided with L2 MERIS data, new tests are added to detect 
the clouds.  

Test 1: spectral dependence 

Since clouds have a nearly spectrally neutral reflectance and the Rayleigh path reflectance is 
removed within the L2 Norm.rho_surf - MDS(*) data sets, fixed thresholds of a minimal 
cloud reflectance ρCl for the channels 2, 3 and 4 are used:  

• ρCl (2) = 0.2,  

• ρCl (3) = 0.2, 

• ρCl (4) = 0.2.  

The value 0.2 is chosen from the minimum cloud reflectance, given by Kokhanovsky, 2004c. 

Test 2: NDVI test 

The second test is based on the NDVI value. If the NDVI is lower than a threshold (here 0.1), and 
the L2 reflectance in three channels greater than a threshold, then the pixel could be classified as 
cloudy. The tests are: 

if ρ L2(2) > 0.2    test=test+1   

if ρ L2(3) > 0.2  test=test+1   

if ρ L2(4) > 0.2  test=test+1   
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if NDVI > 0.1 (     

if ρ L2(13) > 0.53  test=test+1   

if ρ L2(7) > 0.32  test=test+1    

if ρ L2(3) > 0.30  test=test+1   ) 

 

if test >=3       pixel = cloudy   Eq.  2 

MERIS pixels will be classified as cloudy, if three conditions are fulfilled among these six tests, the 
pixel is considered as cloudy. 

The other pixels will be considered as cloud free and will be used for the aerosol retrieval.  

3.2.1.4. Limitations 

3.2.1.4.1 High aerosol content 
For a lot of cases this threshold is applicable. In cases of heavy aerosol loadings (forest fires, dust 
storms or heave air pollution) this threshold is too restrictive and heavy aerosol events will be 
misclassified. For these particular cases, it is recommended to increase the threshold to 0.3 or even 
0.4. 

3.2.1.4.2 Cirrus 
Cases of thin cirrus clouds and small sub-pixel broken clouds of only few percent cloud fraction 
mostly will not really recognized by the most cloud screening procedures. Their interference within 
the aerosol retrieval is discussed in von Hoyningen-Huene, 2005c. 

3.2.1.4.3 Cloud shadow impact 
Especially, for lower sun elevations cloud shadow effects occur in the vicinity of clouds. Cloud 
shadows cover a fraction of atmosphere and surface. Thus, almost no scattering comes out of these 
shadowed parts of atmosphere. The scattered contribution of atmosphere consists of this fraction 
which comes from that part of atmosphere above the shadow region. Thus, Rayleigh path 
reflectance and aerosol reflectance is reduced compared with unshadowed regions. In such cases 
from L1 data TOA reflectances are obtained, which are smaller than Rayleigh path reflectance of 
the atmosphere. This criterion cannot be applied for L2 data, because Rayleigh scattering is there 
corrected and cannot be used as criterion. Here, ‘unrealistic’ low reflectance values should be 
excluded from processing. We tried different reflectance boarders for this ‘screening‘ with different 
effects. Values of these boarders, which effectively remove cloud shadows, remove also some 
pixels which obviously are not affected by clouds.  Thus, the cloud shadow screening is not an 
integrated component of BAER. 
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3.2.2. Aerosol optical thickness estimation 

3.2.2.1. Radiative Transfer and Aerosol 

The retrieval of aerosol optical thickness is based on look-up-tables (LUT) describing the 
relationship between the aerosol reflectance ρAer(λ), determined by BAER, and the aerosol optical 
thickness δΑ(λ). This requires an adequate set of LUTs taking into account all factors which 
influence the radiative transfer in the atmosphere: i.e. illumination (solar zenith distance and 
azimuth) and observation geometry, Rayleigh scattering, surface reflectance for the different 
vegetation cover, the surface elevation with its surface pressure conditions, and finally the aerosol 
parameters including: aerosol phase function, aerosol optical thickness, aerosol single scattering 
albedo. The LUTs correspond to different aerosol types and are described in the section  3.2.2.5. The 
main task for an application of LUT is the separation of the aerosol reflectance out of the measured 
TOA. 

The general equation of the determination of the aerosol reflectance is mainly based on the solution 
of the radiative transfer equation, given by Kaufman et al. (1997a), which is also applicable to 
MERIS L1b data. 
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This equation comprises two components: the correction of atmospheric Rayleigh scattering 
(second line) and the consideration of the surface term (third line), which is affected by the total 
transmissions of the atmosphere TRay(λ;M) TAer(λ; M). This term is calculated by parameterizations 
for given optical thickness of Rayleigh and aerosol scattering, presented in von Hoyningen-Huene 
et al. (2005). For the L2 data, the Rayleigh path reflectance has already been corrected for, the 
above equation can be written as: 
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LAer λρλ

λλλ
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−

⋅
−=     Eq.  3 

The equation contains now only the surface term, affected by the total aerosol transmissions TAer(λ; 
M), and hemispheric reflectance of the aerosol contribution  ρHemAer. 

M(zs) and M(zo) are the airmass factors for the satellite and solar zenith distance zs , zo, given by 
Kasten and Young (1989). ASurf (λ;zo; zS) is the surface albedo. Considering a Lambert surface the 
albedo is connected with the surface reflectance ρSurf (λ) over the cosine of the zenith distances of 
the illumination and observation angles. Since the calculations of the total transmissions of the 
aerosol fraction require the unknown AOT, the equation must start with a rough first guess of the 
AOT and run within an iteration scheme, improving AOT and surface reflectance under constraints 
for AOT and surface albedo, described later. 

ρHem is the hemispheric reflection, determined with parameterizations, given in von Hoyningen-
Huene et al. (2005b), separately for the aerosol contribution  ρHemAer.  
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The consideration of the rough estimation of the aerosol contribution is specifically of importance 
for larger optical thickness greater than 0.5, e.g. desert dust, forest fires or high aerosol pollution. 
This estimation will be described later in the section of atmospheric correction.  

The single steps, which are required to resolve the aerosol reflectance, are described below in detail. 
An overview of the main procedure for the determination of AOT is given in Figure 7. 

Clear L2 MERIS data

LUT for different
Aerosols

AOT(λ)=f(ρ,λ)

Surface reflectance
ρ surf(λ)

Aerosol reflectance
ρΑ(λ)=ρL2(λ)−ρ surf(λ,z)

AOT

Spectral Smoothness
of AOT

NDVI
Vegetation Cover

model
Vegetation Cover/

Bare soil

Iterations

 

Figure 7: Scheme of the retrieval procedure for the aerosol optical thickness over land: determination of the 
aerosol reflectance subtracting the surface reflectance by Eq. 3, described in sections ( 3.2.2.1) and ( 3.2.2.3), 
Application of the LUT and the constraints, described in sections ( 3.2.2.5) and ( 3.2.2.3). 
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3.2.2.2. Separation of Aerosol and Surface Reflectance 

The residual value of the TOA-reflectance corrected for Rayleigh scattering reflectance, as provided 
by the L2 data, contains the common effect of aerosol scattering ρAer(λ) and surface reflectance ρSurf 

(λ), (Eq. 3). To separate these parameters, constraints, i.e. additional information, are required and 
are described in the section of constraints. One needs a relationship, which enables an estimation of 
the surface reflectance for these channels, where the aerosol retrieval should be made, i.e. in the SW 
channels lower than 0.67 µm.  

BAER estimates the spectral surface reflectance from the satellite scene self, using a spectral 
surface reflectance model (section  3.2.2.3.1), and constraints to the spectral behaviour of AOT for 
the 7 short-wave channels of MERIS, for which the AOT retrieval can be made. With Eq. 3, it is 
finally possible to determinate the aerosol reflectance as a function of wavelength. 

3.2.2.2.1 Determination of Total Transmittance and Hemispheric Reflectance 
The total transmissions are calculated by the SCIATRAN RTM Rozanov et al. (2001) for different 
values of optical thickness. Using the phase functions for aerosol and Rayleigh scattering and a 
given range of optical thickness for both scattering processes (aerosols and molecules), down-
radiance and up-welling flux has been determined as well as the total transmittance and hemispheric 
reflectance for different zenith distances. These results have been parameterized into polynomials 
and used for the retrieval.  

Three cases are considered:  

(a) pure Rayleigh atmosphere, using Rayleigh phase function and the optical thickness for 
Rayleigh scattering for the corresponding wavelength of the channel,  

(b) pure aerosol atmosphere, using an aerosol phase function and a given range of AOT,  

(c) combined effect of both scatterers (aerosol and Rayleigh scattering). 

Table 4: Polynomial coefficients for the determination of the total transmissions  

Coefficient b0 b1 b2 b3 b4 
Rayleigh  -0.44408 +4.49481 -9.71368 +9.49795 -3.42016 
Aerosol +0.01176 +1.01682 -2.32949 +2.11831 -2.32949 
 

Table 5: Polynomial coefficients for the determination of the hemispheric reflectance 

Coefficient a1 a2 a3 a4 
ρHem +0.33185 -0.19653 +0.08935 -0.01674 

 
The Rayleigh scattering part will be needed for the determination of the LUT as described in section 
 3.2.2.5. 

The determination and parameterisations for the total transmissions and hemispheric reflectance 
used here is from Kokhanovsky et al. (2004a).  

δ⋅⋅−= )()
)cos(

1exp( zc
z

T ComponentTot    Eq.  4 
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The total transmissions are obtained using the optical thickness δ and polynomial coefficients 
cComponent, describing the dependence from the zenith distance: 

i

i
iComponent z

bzc )
)cos(

1()(
4

0
∑

=

⋅=    Eq.  5 

The bi coefficients are different for the different scattering components: i.e. Rayleigh scattering and 
aerosols, and are given in Table 4. 

For the hemispheric reflectance the following polynomial is used: 

i

i
iHem a δρ ∑

=

⋅=
4

1
     Eq.  6 

The coefficients ai are given in Table 5. 

For the determination of the total transmittance, the hemispheric reflectance and the atmospheric 
corrected NDVI, a rough estimation of the aerosol optical thickness, AOTGuess is required a priori. 
This first guess of AOT is important for several reasons. It improves the subsequent estimation of 
the surface properties required for the AOT retrieval, mainly in cases of high aerosol loadings. 
Studies of heavy dust events like Asian dust events, desert dust outbreaks, forest fire events and 
heavy anthropogenic pollution have demonstrated that the estimation of both, the NDVI and the 
hemispheric reflectance are influenced by primarily not known aerosol effects. 

3.2.2.2.2 Application of Look-up-Tables and Constraints 
The LUTs required in the retrieval process have to be chosen in advance, i.e. the aerosol type must 
be selected as input parameter before the processing can start. The LUTs are precalculated data in a 
parameterized form, see section  3.2.2.5. Until now only few aerosol types are available, either 
derived from closure experiments, or some selected aerosol models from the data base OPAC 3.1 
(Optical Properties of Aerosol Components) Hess et al. (1998). It contains the aerosol models of the 
aerosol climatology, given by d’Almeida et al. (1991).  

The LUT’s for the aerosol reflectance ρAer (λ) is calculated for a given phase function, single 
scattering albedo and a range of given AOT and gives the used relationship between aerosol 
reflectance and AOT. Except in the UV, below 0.4 µm wavelength, the single scattering albedo is 
typically ωo ≥ 0.9. The largest influence on the aerosol reflectance is determined by the aerosol 
phase function, which should be appropriate for the aerosol type or types to be retrieved in a 
selected region. The procedure of generating LUT is described in section  3.2.2.5. 

Finally, the application of the constraints, as defined in section  3.2.2.5, in the iterative procedure 
minimizes the RMSD, the root mean square deviation of the spectral aerosol optical thickness, 
which has a smooth spectral dependence according to the Angström power law. This procedure 
yields the aerosol optical thickness at the short-wave MERIS channels 1 - 7 (λ < 0.665 µm) and an 
estimate of the Angström turbidity parameters. As a by-product the spectral surface reflectance for 
the used short-wave channels is also obtained.  

The logical procedure, described above, yields the spectral aerosol optical thickness from the 
aerosol reflectance. 
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3.2.2.3. Constraints Used in the Retrieval of Aerosol Optical Thickness 

As mentioned above, to separate aerosol scattering from land surface reflectance, additional 
information is required, given by the constraints. The constraints used in this method are:  

1) For the spectral surface reflectance, a linear mixing is assumed between reflectance from 
vegetation with that of bare soil. 

2) The wavelength dependence of the aerosol optical thickness is a smooth non-linear function 
of wavelength defined by the Angstrom power law. 

3) A weighting parameter to ensure the convergence during iteration. 

4) Atmospheric correction of used temporary parameters, like NDVI, total transmissions and 
hemispheric reflectance within the iterative procedure. 

These are described in more details as follows. 

3.2.2.3.1 Linear Mixing of the Vegetation and Ground Surface Spectral Reflectance 
The surface reflectance model, used for the separation of surface effects from atmospheric effects is 
adapted by two parameters to the conditions within the individual pixel: (a) a linearly mixed 
spectrum of surface reflectance, composed of spectra of ‘green vegetation’ and ‘bare soil’, tuned by 
the vegetation cover CVeg, (Eq. 7) and (b) a scaling factor F to adapt the linearly mixed spectrum to 
the reflectance conditions within the individual pixel (Eq.8). Both tuning parameters are determined 
directly from the satellite scene on a pixel by pixel basis. 

The linearly mixed spectrum of surface reflectance (ρSurf,i=0(λ)) is given by a weighted mixing of 
spectra from ’green vegetation’ and ’bare soil’. 

)()1()()(0, λρλρλρ SoilVegVegVeg
Mixing

iSurf CSFC ⋅−⋅+⋅==   Eq.  7 

CVeg represents an estimate of the vegetation cover, estimated from surface NDVI. If NDVI ≥ 0, 
then CVeg = CScal NDVI, where CScal is chosen for MERIS with 0.9. If NDVI ≤ 0, the vegetation 
cover is 0. This assumption is similar to that made by van der Meer and de Jong (2000) for 
LANDSAT TM data. However, there the fraction of different soil and vegetation types is not 
derived from the NDVI. 

The reference surface spectra used for the mixing are presented in Figure 8. 

Both vegetation and ground surface spectral reflectance in the short-wave region (≤ 0.5 µm) 
decrease to shorter wavelength. Thus, the effect of surface reflectance decreases to shorter 
wavelength and the best separation for the aerosol reflectance will obtained for the lowest 
wavelength of MERIS. 

To adapt the level of the surface reflectance to that required within the satellite scene, a scaling 
factor F is introduced. 

)()( 0, λρλρ Mixing
iSurfSurf F =⋅=      Eq.  8 
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Both tuning parameters are taken from the satellite scene in the following way: 

An “atmospherically corrected” NDVI is derived from MERIS channels 13 (0.865 µm) and 7 
(0.665 µm). 

))()(ˆ)()(ˆ(
))()(ˆ)()(ˆ(

771313

771313

λρλρλρλρ
λρλρλρλρ
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−−−

=    Eq.  9 

  is the Rayleigh corrected TOA-reflectance, ρAerGuess (λ) is determined for a rough estimation 
of the aerosol optical thickness, obtained from a look-up-table, using a black surface for 0.412 

µm, as described in section  3.2.2.4.1.  

SF = 1.3 is a constant used to compensate a certain underestimation of the bare soil effect. It is 
derived from numerous retrievals of spectral AOT.  

The scaling factor F gives the ratio of the surface reflectance for channel 7 (0.665 µm) obtained (a) 
from atmospherically corrected reflectance and (b) by the linear mixing model.  
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=     Eq.  10 

Here, ρAC
Surf (0.665 µm) is the atmospherically corrected surface reflectance. 

The numerator is giving the aerosol reflectance obtained for the channel 1 (0.412 µm) under the 
assumption of a black surface; the denominator gives the same from the mixing model. Thus, the 
spectrum of surface reflectance is adapted to the conditions within the scene.  

The transfer of this estimation to the wavelength of 0.665 µm is made by the Angström power law 
assumption of a spectral slope of α = 1.0.  

The value from the mixing rule ρMixing
Surf (0.665 µm) is taken from Eq 7. This scaling factor 

contributes much to a stabilization of the solutions and reduces the regional variability over the land 
surfaces caused by different surface types. At present time, this factor has been determined only for 
MERIS RR data. It is assumed that a different scaling factor will have to be applied to MERIS FR 
scenes.  

However, few tests with FR data indicate that this factor will only change slightly as compared to 
RR data. 
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Figure 8: Spectra used for the determination of the apparent spectral surface reflectance within the BAER 
approach: The ‘CASI2’ soil spectrum is taken from CASI-radiometer measurements (Olbert (1998)) and the 
KARNIELI2 desertic spectrum soil is taken from Baret (personal communication). The vegetation spectrum is 
taken from the CAMELEO database, Escadafal and Bohbot (1999). 

3.2.2.3.2 Spectral Behaviour of AOT 
The aerosol optical thickness has a smooth spectral behaviour following an Angström powerlaw  

αλβλδ −⋅=)(Aer      Eq.  11 

with β = δAer(λ = 1.0µm); the turbidity coefficient and α the spectral slope. 

For this purpose, in contrary to the most two-channel-approaches, c.f. Eck et al. (1999), here the 
Angström parameters α and β are calculated by the last square fit of the Angström power law with 
the retrievals for all used spectral channels, i.e. channels 1 to 7 over land.  

With this fit, we get: 
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and  

)lnlnexp( αλδβ ⋅+= Aer       Eq.  13 

with N - the number of spectral channels used.  
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ln1ln λδδ      Eq.  14 

 

 and  

( )∑=
N

iN 1
ln1ln λλ       Eq.  15 

 

describe the averaged logarithms of the spectral AOT and wavelengths,  respectively. 

This approach gives a much more stable estimation of the Angström parameters then a two-
wavelength estimation, especially, if one has errors in the first iterations for the AOT of the single 
channels.  

Further it is easy to transfer the reference wavelength for the AOT from β = δAer (1.0 µm) to each 
wavelength desired. The main purpose of the use of the Angström power law is to ensure the 
smoothness of the AOT spectrum.  

For the first iteration of the determination of the AOT, the surface reflectance obtained by equations 
7 and 8 is used. Then, the iterative smoothing described in section  3.2.2.3.3 modifies the spectral 
surface reflectance. 

The Angström parameters are constrained as follows: 

The spectral slope α is determined in the first iteration from the retrieved value of the AOT. It is 
defined to lie within the limits 0 ≤ α ≤ 2.0. These boundaries are selected from extreme spectral 
conditions for the AOT, found in ground-based measurements. If the retrieved spectral slope is 
outside this limit it is set to the climatologic average of α = 1.3. This constraint corresponds to the 
range of the alpha obtained for the majority of atmospheric aerosol types from sunphotometer 
measurements, Holben et al. (2001) and models c.f. d’Almeida et al. (1991). 

Extensive application of the procedure indicated an insufficient separation of the vegetation peak in 
channel 5 at 0.560 µm. The vegetation peak at this wavelength is highly variable and this variability 
is not considered by the linear mixing model of the spectral surface reflectance. This was the reason 
for increased AOT in this channel and consequently systematic decreased Angström α.  

To reduce this effect the channels are weighted for the determination of Angström α in different 
ways. Channel 1 – 4 give the best estimation of AOT, therefore they are used with a double weight 
for the determination of α. Channel 5 with this high variability of green vegetation peak is used 
with the half weight only and channels 6 and 7 with the normal single weight. This weighted use of 
the 7 MERIS channels lead to a systematic increase of α. The quite appropriate value of α is 
essential for the smoothing, described in section  3.2.2.3.3 and the extrapolation of AOT to channels 
8 – 13 for the atmospheric correction of these channels. 

The smoothness is estimated from the RMSD determined from the individual estimates δAer(λ) and 
the value represented by the Angström power law  for 
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21 λδλδ   Eq.  16 

For insufficient smoothness of the spectral aerosol optical thickness, the spectral surface reflectance 
has to be modified iteratively. Convergence of solution is assumed to have been achieved when 
RMSD ≤ 0.005. 

3.2.2.3.3 Iterative Smoothing of AOT 
A weighting parameter is introduced to facilitate the convergence in the iterative improvement of 
the smoothness of the spectral aerosol optical thickness. The aerosol scattering in the blue channel 1 
(0.412 µm) dominates over the land surface reflectance. In addition, atmospheric transmission 
decreases with wavelength. Thus, the retrieved aerosol optical thickness in this channel has lower 
relative errors from an inaccurate determination of the surface reflectance. This is expressed in a 
spectral weighting factor ω(λ) applied in the iterative modification of surface spectral reflectance. 

This factor damps oscillations of the surface spectral reflectance thereby fulfilling the smoothness 
criterion for the spectral aerosol optical thickness and facilitates a relatively rapid convergence. The 
weighting parameters have been determined empirically from the set of closure experiments ACE-2 
and LACE-98, where all relevant radiative parameters have been measured.  

The criterion for the fixing of the weighting factors was the rapid convergence by the individual 
iteration steps to the known optical thickness from ground-based measurements during the closure 
experiments. It is fixed with a value of 1.5 for channel 1 (0.412 µm) and increases to 4.5 for channel 
5 (0.560 µm) or channel 6 and 7 and is used in all cases. A previous version of BAER used smaller 
values, resulting in increased iteration steps. For the i-th iteration step ρSurf,i (λ) is given by : 

( ) ( ) ( ) ( )( )λλωλρλρ iiSurfiSurf ∆−⋅⋅= − 11,,   Eq.  17 

ω(λ) is the mentioned weighting factor taking into account the spectral variability of the surface 
reflectance and ∆i(λ) is the relative deviation of the AOT from the smooth behaviour, defined by the 
Angström power law term given by: 
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−
=∆     Eq.  18 

With this iterative smoothing of the spectral AOT, the spectral surface reflectance is modified, until 
the RMSD is minimized. The iteration process stops and an output of AOT is made, if RMSD < 
0.005 over land. This is the case for about 80% of the cloud free pixels. The remaining cases have 
less quality and cannot be used for a determination of a reasonable spectral slope of the AOT. There 
is now one boarder of RMSD enabling an output: 0.005 for all cases with a fast and good 
convergence of the iterative procedure. In the case of reaching the maximum of iterations and 
getting a local minimum of RMSD a boarder of RMSD < 0.01 is used to separate between still 
useful and insufficient results.  

The sensitivity of the aerosol reflectance against deviations of the surface reflectance is shown in 
Figure 9. In the case the iteration lead to the apparent effective surface reflectance of the pixel, the 
aerosol reflectance can be obtained with an accuracy of 0.005. The adaptation of the apparent 
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surface reflectance to that situation within the pixel and the minimization of the deviation between 
the estimation and the real situation is made by three parameters: a) the scaling factor F, adapting 
the general level of the surface reflectance to radiance level within the scene, b) the atmospheric 
corrected NDVI, giving the spectral behaviour of the surface reflectance for the short wave 
channels and c) iterative smoothing of the AOT output, making a fine tuning. Thus, the deviations 
of the apparent surface reflectance with the existing one should come close to 0. Additionally, the 
aerosol retrieval is made over areas with fully or partly vegetation cover. There, the expected 
reflectance for the channels 1 - 7 is in the range of 0.05 and less. Thus, good conditions for the 
aerosol retrieval exist. 

 
Figure 9: Sensitivity of aerosol reflectance to deviations of the surface reflectance from the correct value 

3.2.2.4. Atmospheric Correction of Used Parameters Used within the BAER Algorithm 

Atmospheric correction is required for a number of parameters used in the BAER algorithm, such as 
total and direct transmissions, atmospheric reflectance, influencing the total Rayleigh scattering and 
the NDVI, that is used in the determination of the spectral surface reflectance. Atmospheric 
correction needs to consider the aerosol effect, which is primarily not known before the processing. 
Especially, if high aerosol loadings are existent, (strong pollution, dust transports) both the 
atmospheric transmissions and reflectances are masked significantly by the aerosol itself. Therefore, 
a first rough estimation of AOT is required at the start of the processing and the aerosol retrieval 
can only be made in an iterative loop, increasing accuracy from step to step. This was shown by Lee 
et al. (2004) for pollution events during ACE-ASIA. 



Ref NOV-3341-NT-3352 
Issue 1 Date 03/11/05 
Rev 0 Date 29/03/06 

 

An ATBD for the ENVISAT radiometer MERIS 

Page 39  
 

© Noveltis 2006 
This document is the property of Noveltis, no part of it shall be reproduced or transmitted without the express prior written 

authorisation of Noveltis 

3.2.2.4.1 Determination of the First Guess Aerosol Effect 
For the purpose of the determination of a first guess estimation of AOT in channel 1 (λ = 0.412 
µm), an aerosol optical thickness according to equation 3 is estimated assuming a black surface 
(ASurf = 0). 

Negative spectral slope is assumed with an Angström α = 1.0. 

ρAOTguess(λ) = ρL2(λ)   Eq.  19 

and 

δAerGuess = f(ρAOTguess )  Eq.  20 

f(ρAOTguess(λ(1))) is the given relationship between δAer and the aerosol reflectance ρAer for the 
0.412 µm channel, expressed by the LUT for the given aerosol type. 

All LUT’s produced for the aerosol reflectance, can be well parameterised with polynomials of 
second order, starting with ρAer = 0 for an AOT = 0, suitable for a fast processing of the satellite 
data, see section  3.2.2.5. 

Having the first guess for the AOT, the required aerosol transmissions and aerosol reflectance for 
the atmospheric correction of the used retrieval parameters can be determined, using the look-up-
tables (LUT), described in  3.2.2.5.  

However, this first guess estimation of AOT gives generally too large AOT, because the effect of 
surface reflectance is neglected. Therefore, the application of this estimation leads generally to an 
over-compensation of the atmospheric effect. Consequently, the roughly atmospheric corrected 
surface reflectance for the channels 7 and 13 at 0.665 and 0.865 µm, used for the determination of 
the NDVI, might be too small. In many cases, this first guess AOT increases the NDVI compared 
with that obtained without any atmospheric correction, especially in cases of high aerosol loadings. 
Mainly in these cases, it contributes to an improvement of the apparent surface reflectance and 
retrieved AOT. 

However, in cases with high surface reflectance (sparse vegetation in arid regions, desert ground, 
and snow cover) this atmospheric correction is the reason for a failing of the retrieval of AOT and 
needs to be subject of further consideration. 

3.2.2.5. Set-up of Look-up-Tables (LUT) 

The LUTs give the relationships between aerosol reflectance and AOT. They are specific for a 
certain aerosol type, which should be defined before the retrieval process by the user. At present 
time, LUTs for three different aerosol types are available: one is derived from experimental 
investigations during the closure experiment LACE-98, Ansmann et al. (2001) and two of them are 
derived from the OPAC models (’clean continental’ and ’average continental’, Hess et al. (1998). 

The relations between ρAer and AOT are determined with radiative transfer calculations using the 
radiative transfer code from Nakajima and Tanaka (1988). Similar values as compared to the 
Nakajima and Tanaka code have been obtained using the RTM GOMETRAN or SCIATRAN, 
Rozanov et al. (1997), Rozanov et al. (2001). Aerosol reflectance is strongly dependent on 
illumination and viewing geometry. Since the RTM includes multiple scattering and exchange 
between aerosol and Rayleigh scattering, these effects are considered in the LUT.  
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3.2.2.5.1 Radiative Transfer Calculations for the Generation of LUT 
The LUT are generated by calculating the TOA reflectance  

( )Appzszo oRayAerRayAerTOA ,),(),(,,,,, ωθθδδλρ   Eq.  21 

for given input parameters λ - wavelength, zO and zS - zenith distances of sun and viewing 
geometry, δAer-AOT, δRay - Rayleigh optical thickness, pAer(θ) - aerosol phase function, pRay(θ) - 
Rayleigh phase function, ωo - single scattering albedo, A - surface albedo (surface reflectance of 
Lambert ground).  

These calculations are made for a whole range of AOT: δAer : 0:0…2.5. They provide for the given 
geometry in the first step the relationship between TOA reflectance and AOT for the selected 
aerosol type. 

In a second step, aerosol reflectance is derived from TOA reflectance by equation 1. e.g., it is made 
in the same manner as it is made by the BAER retrieval, if one would use it with L1b TOA 
reflectance. Since in these cases, the surface albedo and Rayleigh scattering are known, the 
separation of ρAer is simple. The calculation of TOA reflectance generally contains the contribution 
of the exchange between aerosol extinction and Rayleigh scattering. Since the TOA reflectance is 
now corrected for a pure Rayleigh atmosphere, the obtained relationship between ρAer and AOT, 
considers the exchange between aerosol extinction and Rayleigh scattering. This is of importance, if 
highly absorbing aerosol are existent and LUT for such cases should be used. The LUT give the 
functions linking ρAer and AOT. 

3.2.2.5.2 Parameters for the Radiative Transfer Calculation 
For the radiative transfer computations, three different aerosol phase functions are considered (see 
Figure 10): 

• Case 1: Experimental phase function of the LACE-98 closure experiment with increased 
lateral scattering. It is the average phase function of the period of 8. - 10. August 1998, 
measured at Lindenberg observatory, south-easterly of Berlin. For these cases, non-spherical 
particle scattering had to be used, described by the semi-empirical scattering theory of 
Pollack and Cuzzi (1980). Single scattering albedo in this case is set to ωo = 0.98. The 
asymmetry parameter g of the experimental phase function used is found as g = 0.55. The 
aerosol data of the LACE-98 experiment are presented in von Hoyningen-Huene et al. 
(2003). 

• Case 2: Phase function of the ’clean continental’ model, obtained with OPAC 3.1 and a 
single scattering albedo, ωo = 0.975, resulting from the volume mixing ratio of the 
components of the ‘clean continental’ aerosol model. The relative humidity was 0.8. The 
asymmetry parameter of the phase function was g = 0.68 

• Case 3: Phase function of the ’average continental’ model, obtained with OPAC 3.1 and the 
corresponding single scattering albedo ωo = 0.928. The asymmetry parameter was g = 0.70. 

The scattering angle θ is obtained from the zenith distances of illumination and observation zo and 
zS and the relative azimuth ° between both directions by 

)cos()sin()sin()cos()cos(cos φθ ⋅⋅+⋅−= zszozszo    Eq.  22 
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For the land conditions in all cases of RTM a spectrum of ’green vegetation’ is used for the ground 
albedo, see Fig. 5.  

The corresponding LUTs for the three cases are presented in the Figure 11, Figure 12, Figure 13. 
The presented cases are for Zs = 38°, z0= 23° and a relative azimuth Φ = 68° . The different curves 
correspond to the wavelength of the different MERIS channels from 0.412 - 0.885 µm. 

The LUT for the channels 1 – 7 are directly required for the retrieval of AOT. The LUT for the 
channels 8 - 13 will be used for the purpose of atmospheric correction, following up the BAER 
routine. 

One can see from the figures, that the first case gives the lowest AOT for the same aerosol 
reflectance. It has a phase function with increased lateral scattering, not fitting the assumption of 
spherical particles, made within the aerosol models. With increasing absorption (decreasing ωo), the 
AOT will be increased.  

Additionally, the AOT is increased also by the increase of the asymmetry parameter of the phase 
functions. Phase functions with a higher g tend to overestimate the AOT. The same is true for 
decreasing single scattering albedo.  

The spread of the LUT for the different channels comes mainly from the varying surface albedo, 
increasing with the wavelength. In the spectral range of channel 1 - 7, where the surface reflectance 
is low (over vegetation), up to an AOT of 1.0 the curves are relatively close together.  

However, the influence of surface albedo is obvious and shows the need of special data sets for 
bright ground conditions, like bright bare soils with very sparse vegetation. These are not covered 
by the approach now. The influence of the surface albedo on the LUT shows also, that approaches, 
which use a ’black’ surface for the aerosol reflectance, as it is made by Kaufman et al. (1997a) will 
be biased by the albedo effect. 
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Figure 10: Aerosol phase functions of the cases used for the LUT : (a) experimental phase functions from  
LACE-98, cases with increased lateral scattering (thick black curves, used in case 1 ), (b) ’average continental’ 
(case 3) and ’clean continental’ (case 2) from OPAC. Two more cases are shown in the plot ‘desert’ from OPAC 
and ‘clean maritime’ from OPAC. 

 

 

 

Figure 11: LUT for case 1: LACE-98 aerosol phase function and a single scattering albedo ωo = 0.98,  
for land surface conditions for the different channels of MERIS. 
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Figure 12: LUT for case 2, using the aerosol phase function and a single scattering albedo ωo = 0.975  
of the ‘clean continental’ aerosol model from OPAC 3.1 Hess et al. (1998),  

for land surface conditions for the different channels of MERIS. 

 

 

Figure 13 LUT for case 3 with an aerosol phase function and a single scattering albedo ωo = 0.928 
 of the ’average continental’ aerosol model from OPAC 3.1 Hess et al. (1998),  

for land surface conditions for the different channels of MERIS. 
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3.2.2.5.3 Application of LUT within BAER 
For a fast application of the curves within the retrieval procedure, the relationships are applied in a 
parameterized form in terms of polynomials of a second degree, adapted to the LUT from RTM: 

( ) ( ) ( ) ( ) ( ) ( )λρλλρλλλδ AerAeroAer AAA 2
21 ⋅+⋅+=    Eq.  23 

The Ai(λ) are the polynomial coefficients for the single wavelength channels, which are different 
depending on surface conditions and aerosol type. The equation 23 gives the relationship between 
ρAer and AOT, called now δAer= fLUT (ρAer) for the air mass conditions of the radiative transfer 
calculations Mzo

LUT, Mzs
LUT.  

Since these functions for all possible geometries of instrument observation and solar illumination 
would be required, a fast recalculation to the actual geometry conditions of each pixel is made by 
using the ratios of air mass factor of calculation and actual conditions: 

( ) ( ) LUT
zs

LUT
z

ACT
zs

ACT
z

AerLUTAer MM
MM

f
⋅
⋅

⋅=
0

0
( )λρλδ    Eq.  24 

Thus, for the range of the scan angle zS < 60°, like in the case of MERIS and the most conditions of 
solar elevations, it is possible to use only one parameterisation curve for the retrieval.  

Special curves would only be required for cases with low sun elevations, like in the arctic, not used 
within this BAER approach. 

3.2.3. Atmospheric Correction and Determination of Surface Reflectance 
The AOT obtained by the BAER approach, described in section  3.2.2, will be applied in 
atmospheric correction procedures, considering the aerosol effect for the L2 reflectance data. Two 
approaches are considered and can be selected by the user (Figure 14): 

(a) the SMAC approach (Simplified Method for the Atmospheric Correction) 

(b) the UBAC approach, an atmospheric correction scheme, associated with the BAER 
approach (University of Bremen Atmospheric Correction). 
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 Figure 14: Scheme of the retrieval procedure for the surface reflectances over land. 
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3.2.3.1. Correction of Aerosol Effects by SMAC 

The atmospheric correction procedure, developed by Dedieu et al., 1994, updated by Berthelot and 
Dedieu, 1996 to account for Rayleigh and aerosol multiple scattering and coupling is selected to 
provide the correction of aerosol effects. In the case of a uniform Lambertian target with reflectance 
ρs, the reflectance at the top of the atmosphere (TOA), ρTOA could be written as.  

( ) ( ) ⎥
⎦

⎤
⎢
⎣

⎡
−

+⋅= +
s

s
ssARTOA s

TTtg
ρ

ρ
θθρρ

1
      Eq.  25 

where tg is the two-way gases transmittance function, T(θs) and T(θv) are total atmospheric 
scattering transmission (atmospheric transmission normalized by Tg), s is the atmospheric spherical 
albedo. The term ρR+A denotes contribution from Rayleigh and aerosol scattering over non-
reflecting surface.  
The atmospheric correction scheme for a non aerosol corrected image consists in the inversion of 
the following equation where SMAC Rayleigh correction is removed from the processing by setting 
the Rayleigh terms to 0.  

SMAC method allows to estimate surface reflectance from Top Of Aerosol reflectances (MERIS 
Level 2) and the knowledge of the state of the atmosphere (aerosol contents). The scattering process 
is parameterized by analytical formulations whose coefficients, which are depending on the spectral 
bandwidth of the sensor, are fitted against the 6S radiative transfer reference code (version 4.1). 
Improvements fall on the best taking into account of multiple scattering and the coupling between 
aerosols and molecule, and the taking into account of the altitude of the target. It is able to fulfil the 
specifications of the project in terms of operationallity and accuracy. 

The inputs of SMAC are the AOT of 0.55 µm, and geometry acquisition (sun and view zenith 
angle, relative azimuth angle). The aerosol correction is performed using a continental aerosol type. 
The AOT of 0.55 µm is taken from the BAER retrieval (extrapolated using the angstrom power law 
from AOT in channel 1 and angstrom coefficient). It is applied on a pixel-by-pixel basis (if AOT is 
available).  
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⋅===
nm
nmnmnm AerAer 412

550412550     Eq.  26 

3.2.3.2. Correction of Aerosol Effects by UBAC 

With the knowledge of the AOT, which has already been computed within BAER, the relationships 
between AOT and aerosol reflectance, the total transmissions and air mass factors, the atmospheric 
correction can be performed resolving equation 3 for the albedo (surface reflectance in the case of a 
Lambert ground). 

( ) ( ) ( )( ) ( ) ( )),,,1(
),(),(
,,,,2 zozszoA

MoTMsT
zszozszo

A
AerHemSurf

AerAer

AerL
Surf λρλ

λλ
λρλρ

λ ⋅−⋅
⋅
−

=   Eq.  27 

The last term in equation 27 can be neglected for most cases, because in the most cases it is close to 
1. Except in the case of very bright grounds, where this assumption leads to a slight underestimation 
of the surface reflectance.  
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With equation 27, the atmospheric correction can be performed, the final output of this processing 
is the spectral surface reflectance. Since the AOT is given by BAER only for the channels 1 - 7, the 
AOT for the channels 8 - 13 is determined by the Angström powerlaw, 

( ) ( )
α

λ
λλδλδ

−

⎥⎦
⎤

⎢⎣
⎡

=
⋅==

nm
nmAerAer 412

412       Eq.  28 

 

At this point, BAER has estimated the AOT in 13 MERIS bands. This information is now used for 
the computation of the aerosol reflectance, which is obtained from the solution of the polynomial 
fits for the LUT, see section  3.2.2.5.  

In a last step, aerosol reflectance for all MERIS channels is used in equation 27 and the atmospheric 
corrected surface reflectance is obtained in all 13 MERIS channels. This surface reflectance is 
related to an isotropically reflecting flat Lambert surface. Effects of bi-directional anisotropy and 
surface tilt are not considered. 
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4. Results and Conclusion 

4.1. Results of the approach 
This section will give a short overview of the result obtained using the full Integrated BAER 
method. Detailed information on results and their validation are given in the separate validation 
report, BAER validation report, 2006. 

Within this project, the BAER approach has been applied in different regions. The main results are:  

b. The spectral AOT, retrieved from MERIS channel 1 – 7,  

c. The Angström α parameter, 

d. The extrapolated AOT for MERIS channels 8 – 10 and 12 – 14, 

e. The atmospheric corrected surface reflectance for channels 1 – 10, 12-14. 

Within this section, only exemplarily results of BAER for one example will be shown, 
demonstrating the capabilities and the retrieved physical aerosol and surface parameter by the 
procedure 

As one example for the application to L2 data, a scene from Spain 13. April 2003, 
MER_RR_20030413_101045 L2, is shown (Figure 15). The LUT of case 1 (LACE-98) is used. The 
AOT is obtained over the most regions of Spain, except where dry bright regions are existing, e.g. 
few regions in the centre of Spain and the Sahara region. There, the surface reflectance is too large 
and does not fit with the conditions of the present BAER version. The first guess AOT leads to 
wrong estimations for the surface reflectance, not supporting the iterative procedure. 

For the other parts of the scene, the AOT seems to be given in the right range, unless for this scene 
only 2 AERONET instruments had data and not exactly to the overflight time (Table 6) 

Spectral AOT, retrieved from the MERIS RR scene, over southern France and Spain of the 13. 
April 2003 are presented in Figure 16. The retrieved part of the spectra is indicated and the 
extrapolated continues the retrieved section to all MERIS channels. The presented spectra show 
different types, which have been found within the scene.  

One type is found as ’normal aerosol’ with the expected spectral slope and decreasing AOT with 
increasing wavelength. As one can see in the double logarithmic presentation, the spectral follows 
nearly an Angström power low, with deviations in the channels 1 and 2. There a slight weakening 
of the spectral decrease can be observed. 

A second type is found with flat or neutral spectra. One group with low AOT could be connected 
with marine aerosols, because the spectra have been selected close to the Atlantic coast northerly of 
the Pyrenees. 

Another group of spectra is also connected with flat spectral slopes, however with an increased 
AOT. These spectral could be connected with disturbances of thin cirrus clouds. 
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Spectra of the surface reflectance picked from several places of the scene are shown in Figure 17. 
The spectra are picked to demonstrate the different surface types. The atmospheric correction leads 
to the expected general decrease of the surface reflectance to shorter wavelength. One can 
distinguish between different vegetation types, different degree of vegetation cover and bare soil. 

 
Table 6: Ground-based and retrieved AOT of the scene of the 13. April 2003 over southern France and Spain 

Location AOT retrieved AOT AERONET 
Toulouse 0.186 0.167 
Avignon 0.250 0.249 

 
Figure 15: Aerosol optical thickness for channel 2 (0.443 µm)  

over Spain from MERIS L2 data, taken at 13. April 2003, 10:10:45. 
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Figure 16: Composition of different spectral AOT, retrieved from the scene  
over France and Spain from MERIS L2 data for the 13. April 2003. 

 

Figure 17: Spectral surface reflectance of different places within the scene  
over Spain from MERIS L2 data for the 13. April 2003. 
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4.2. Validation Plan 
The adaptation and preparation of this algorithm for the application with MERIS data required an 
inter-active validation and modification of parameters within the algorithms until they can fix for 
the MERIS application. This task required coincident MERIS overflights with ground-based data, 
especially on aerosol optical thickness to compare the retrieval results with ground-based data on 
aerosol optical thickness. Disagreements lead to modifications and improvements within the 
retrieval procedure, especially in the estimation of the apparent surface reflectance for the MERIS 
channels, until coincident results for the AOT had been obtained. This task is mainly done and will 
be described within the validation report, c.f. BAER validation report, 2006. 

Regions with multiple operational sunphotometers will be used, that multiple ground-based 
measurements can be found in one scene. Most of the instruments are operated by the AERONET, 
however access to data from instruments operated by the DWD and KNMI is available. Especially 
validation regions are: France with approximately 9 instruments, Italy 6, Northern Germany and 
Netherlands 6, Southern Germany 2, Spain 2, Poland 2 and some single instruments in the region of 
the Baltic Sea and Eastern Europe. A good validation region outside of Europe is the eastern coast 
of the US, because multiple AERONET instruments are there in operation.  

An additional validation is the comparison of the MERIS retrieval of the AOT with the retrievals 
using MERIS official products obtained by Santer et al., 2000 (AOT at 865 nm and angstrom 
coefficient) and the MODIS Atmosphere products both for Terra and Aqua (AOT and angstrom 
coefficient). 

4.3. Conclusion, Outlook 
The present state of the development of BAER using MERIS L2- data gives quiet sufficient results 
for regions like Europe. These are regions, where a certain fraction of cover with green vegetation 
exists and the variation of the surface reflectance, caused by bare soil fractions are not dominant.  

All parameters in the program are now fixed in such a way, that for Europe comparable results with 
BAER retrievals and ground-based AOT are obtained. Even for larger pollution quite acceptable 
AOT could be obtained. Thus for Europe the retrieved AOT for the SW channels of MERIS, using 
LUT of case 1 is within a range of 25%, compared with ground-based measurements. For the 
channel 7, 665 µm the agreement is found with 35%. 

3 cases of LUT are provided, derived from experimental aerosol parameters and from continental 
aerosol models. The best results for the AOT retrieval in Europe are obtained with experimental 
aerosol parameters obtained during the LACE-98 experiment. For the one case of a scene over 
China, however, this LUT leads to a significant underestimation of the AOT (of about 30%). 

The present data base of LUT is still restricted to the three types. The validity of the LUT for 
specific regions is an open issue, because the user needs some recommendations for his selection. 
This must be subject of a validation in different regions of the world. The data base of available 
LUT should be extended. There are missing LUTs, describing the properties for marine aerosol, for 
desert conditions, biomass burning and others.  

Atmospheric corrected spectra of surface reflectance with all MERIS channels are obtained. They 
allow the recognition of different surface types, different vegetation, different vegetation cover, 
bare soil conditions. Since the focus of this part of the project was on the retrieval of a quite correct 
AOT, a deeper validation of the obtained surface parameters is required. 
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The most applications have been made with reduced resolution data. The application with full 
resolution data is also possible. Modifications within the surface reflectance model seem to be not 
required, because a reliable AOT for the SW channels (channel 1 and 2) could be obtained. An 
extended application and validation of BAER, using full resolution data is required. Effects of the 
use of FR data on the spectral behaviour of the AOT and their extrapolation to the NIR channels are 
not yet investigated.  

Investigations of the validity of the used model for the apparent spectral surface reflectance in other 
regions of the world have to be made. The present applications mainly have been restricted to 
conditions of Europe. Possible variations of different vegetation types and their influence on the 
spectral AOT, such as tropical ones or boreal forests have not been tested. The same is valid also for 
different bare soil conditions. The result of such investigations should decide on the acceptance of 
the present surface reflectance model or its extension with more basic types of different vegetation 
spectra and bare soil spectra. 

Clearly improvements are required for brighter surfaces, as well for specific LUT, as well for the 
first guess AOT to get a reliable estimation of the initial surface reflectance for the retrieval 
procedure.  

Presently inland water areas (lakes) are in the approach, using L2 data are more or less generally 
excluded, because the atmospheric correction for water surfaces including a wrong aerosol 
correction will be applied by the regular L2 processor.  Thus BAER in this specific version for L2 
data cannot be used, because inland water areas are not processed as other land surfaces. A 
modification of the approach for atmospheric correction using BAER also with MERIS L1 data 
would overcome this problem. This would give homogeneous datasets of AOT over land and water 
areas, enabling the atmospheric correction also over inland water. It also enables the investigation 
of the AOT pattern over both land and ocean. 

Since the BAER method also enables the determination of spectral behaviour of the AOT, 
especially of Angström, future extensions are possible, as there are: 

 estimation of aerosol type from the retrieved spectral aerosol optical thickness and 
reprocessing with a specific coefficient set for the specific aerosol type. This requires a 
selection of relevant aerosol types for the retrieval, their discrimination, the preparation of 
look-up-tables for the types and their application. 

 using size distribution models to estimate effective radius and aerosol number or volume 
concentration, which can be helpful for the derivation of other aerosol pollution parameters. 

Especially these future extensions can provide new applications in environmental pollution control, 
health care, aerosol - cloud interactions and much other.  

Finally, from the present status of the method development it can be concluded, that BAER is a 
powerful tool for aerosol investigation from space, using MERIS and for atmospheric correction. 
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5. Assumptions and limitations 

5.1. Assumptions 

5.1.1. Aerosol optical thickness estimation 
The retrieval in case of heavy aerosol loading is not validated. The impact of subpixels cloud 
pollution provided false AOT estimation.  

5.1.2. Surface reflectance estimation 
• UBAC Surface reflectances  

The last term in equation 27 which is neglected can lead in the case of very bright grounds, a slight 
underestimation of the surface reflectance.  

• SMAC surface reflectances 

The parameterisation of SMAC is based on the continental aerosol model, whereas aerosol 
estimated using BAER are different.  

5.2. Limitations 
• The BAER algorithm is limited and can not be applied over bright ground surfaces where 

the AOT values might be overestimated.  

• The surface reflectance is related in both methods to an isotropically reflecting flat Lambert 
surface. Effects of bi-directional anisotropy and surface tilt are not considered. 
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6. Practical considerations 

6.1. Integrator processor user‘s guide 
The integrated BAER processor (IBAER) is a complete tool for performing aerosol optical 
thickness and surface reflectance retrieval over land. BAER integrated processor handles Level 2 
MERIS data in full and reduced resolution. The interface has been designed to allow the user the 
choice of input data, and processing options. 

The user interacts with IBAER processor through a graphical user interface. The aspect of the usage 
of IBAER processor are summarised in the next sub sections. The user manages the data generated 
by the software. Technical description of the Integrated BAER processor can be found in the Detail 
Processing model document, referred by NOV-3341-NT-3711.doc.  

The subsections will guide the user through the three steps of Integrated BAER processor.  

6.1.1. Software and hardware requirement 
The Integrated BAER processor has been developed in Java code, to be integrated into the BEAM 
toolbox (BEAM, 2004)1.  

6.1.2. Integrated BAER processor Set Up 
The set up and plug in of the BAER Integrated processor is:  

1. Download and unzip the plug-in *.zip archive. It will contain a *.jar file, which is the 
actual plug-in, and in most cases a readme.txt file. Some plug-ins also come with source 
code which is then stored in a sub-directory called src by convention. A plug-in may also 
require extra auxiliary data (e.g. data processors) to perform well. This is usually stored in a 
sub-directory called auxdata by convention.  

2. If not otherwise stated in the readme.txt, a plug-in is usually installed by copying the 
*.jar file into the extensions sub-directory of your BEAM installation directory.  

3. If the auxdata sub-directory exists in the *.zip archive, copy its content into the auxdata 
sub-directory of your BEAM installation directory.  

All BEAM plug-ins have to be re-installed if you install a new BEAM version on your computer.  

 

                                                 
1BEAM is the Basic ERS & Envisat (A)ATSR and Meris Toolbox and is a collection of executable tools and an 
application programming interface (API) which have been developed to facilitate the utilisation, viewing and processing 
of ESA MERIS, (A)ATSR and ASAR data. Please refer to the BEAM web site for BEAM installation. 

  



Ref NOV-3341-NT-3352 
Issue 1 Date 03/11/05 
Rev 0 Date 29/03/06 

 

An ATBD for the ENVISAT radiometer MERIS 

Page 55  
 

© Noveltis 2006 
This document is the property of Noveltis, no part of it shall be reproduced or transmitted without the express prior written 

authorisation of Noveltis 

6.1.3. Overview of the user interface 
Figure 18 gives an overview of the BAER Integrated processor user interface. Two panels are 
available. The first one is dedicated to the choice the input /output data and written format. The 
second is dedicated to the choice of retrieval parameter.  

 

Figure 18: Integrated Baer processor panels 

The first panel controls the 3 fields. They are:  

• Field 1: The selection of the input data 

• Field 2: The selection of the output data location and filename 

• Field 3: The selection of output product format 

The second panel controls the 3 buttons and three fields necessary to perform the parameter 
retrieval. They are:  

• Button 1: Control of the activation of the cloud screening method 

• Button 2: Control of the activation of the aerosol parameter computation 

• Button 3: Control of the activation of the atmospheric correction method used  

• Field 4:The selection of the atmospheric method among SMAC or UBAC 

• Field 5: The choice of the aerosol LUT (OPAC_CC, OPAC_AC, LACE98) 

• Field 6: The choice of input bitmask applied to the image. 

6.1.4. Data management 
Input and Output data are managed by the user through the interface. 

6.1.5. Option activation 

6.1.5.1. The cloud screening option 

This option is always active. The algorithm is described in section  3.2.1.  
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6.1.5.2. The AOT and angstrom exponent computation selection 

The activation of the option allows the user to compute the atmospheric parameters which are the 
Aerosol optical thickness and the aerosol angstrom coefficient. 

When activated, the user selects the Aerosol Look Up Table which will be used as reference in the 
processing. Three LUT are available for the retrieval. Based on a a priori knowledge of the aerosol 
type to retrieve, the user can select one of the three LUT. In the other cases, it is recommended to 
use the LACE 98 LUT.  

6.1.5.3. The surface reflectance computation selection 

If the previous step is active, the user can compute the surface reflectances in the thirteen MERIS 
channels. Two methods are then proposed, SMAC and UBAC. The user addresses its choice by 
clicking the method panel. 

6.2. Integrated processor Input/Output  

6.2.1. Input data 
Standard MERIS L2 products are used in both full and reduced resolutions. These products are 
called “top-of-aerosol” reflectance, which is the top-of-atmosphere reflectance corrected for the 
Rayleigh path reflectance and all gaseous absorptions, O3 and, H2O vapour, (Santer, 2000).  

The used Level 2 data are ρL2 are the Norm.rho_surf - MDS(*) data sets.  

6.2.2. Output data 
The number of output depends on the number of options selected by the user. The number of output 
channel is 1 if only the cloud mask is computed, 5 if the AOT are computed, 21 if the surface 
reflectances are computed. 

6.2.2.1. Cloud channel  

A cloud mask is created as output of the processing. The cloud mask contains three states, which 
are: 

0 = Clear 
1 = Cloud detection using BAER function 
2 = Cloud detection issue copied from Level 2 MERIS data flag channel 

The mask is coded in int. 

6.2.2.2. Atmosphere products 

The BAER algorithm generates four channels  

• The Aerosol Optical Thickness at 412 nm 

• The Aerosol Optical Thickness at 440 nm 

• The Aerosol Optical Thickness at 550 nm 
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• The angstrom exponent 

These outputs are coded in float. 

6.2.2.3. Surface reflectance products 

The surface reflectances in the thirteen channels are created as output. In addition, the “toa_veg 2“ 
channel (Gobron et al., 2000) is recopied from the input data to allow user interested by vegetation 
products to use this channel.  

These outputs are coded in float. 

6.2.3. Naming convention 
The naming convention for Integrated BAER products is: 

 CLOUD for the cloud channel 

 ALPHA for the angstrom exponent 

 AOT_412 for the aerosol optical thickness in MERIS channel 1 

 AOT_440 for the aerosol optical thickness in MERIS channel 2 

 AOT_550 for the aerosol optical thickness in MERIS channel 5 

 reflec_1 for the surface reflectance in MERIS channel 1 

 reflec_2 for the surface reflectance in MERIS channel 2 

 reflec_3 for the surface reflectance in MERIS channel 3 

 reflec_4 for the surface reflectance in MERIS channel 4 

 reflec_5 for the surface reflectance in MERIS channel 5 

 reflec_6 for the surface reflectance in MERIS channel 6 

 reflec_7 for the surface reflectance in MERIS channel 7 

 reflec_8 for the surface reflectance in MERIS channel 8 

 reflec_9 for the surface reflectance in MERIS channel 9 

 reflec_10 for the surface reflectance in MERIS channel 10 

 reflec_12 for the surface reflectance in MERIS channel 12 

 reflec_13 for the surface reflectance in MERIS channel 13 

 reflec_14 for the surface reflectance in MERIS channel 14 

 BAER_FLAGS for the flag channel associated to the processing 

                                                 
2 Toa_veg is also named by Fapar or MGVI 
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6.2.3.1. Quality control and diagnostics 

Flags are generated during the processing to allow the user to interpret the results. Seven 1 bit flags 
are generated. The default value is false, which represents valid value. The following describes 
error or exception conditions, which are flagged by setting the corresponding bit to true: 
 

 Bit 1: The flag INVALID is set to true if any error condition evaluates to “true” and raises a 
specific error flag. 

 Bit 2: The flag INVALID_INPUT is set to “true” if any one of the input measurement data 
has a value <= 0.0 or if the input pixel was skipped due to input flagging. Error condition 
raises also INVALID flag. 

 Bit 3: The flag CLOUD_INPUT is set to “true” if the pixel is cloudy.  
 Bit 4: The flag AOT_OUT_OF_RANGE is set to “true” if the calculated AOT is out of the 

valid range [0.02-2]. Error condition raises also INVALID_OUTPUT flag. 
 Bit 5: The flag ALPHA_OUT_OF_RANGE is set to “true” if the calculated ALPHA 

coefficient is out of the valid range [0-2]. Error condition raises also INVALID_OUTPUT 
flag. 

 Bit 6: The flag INVALID_OUTPUT is set to “true” if the calculated surface reflectance is 
superior to 1.0 or negative in at least one spectral band. 

 Bit 7: The flag SMAC_CORRECTION is to “true” if the SMAC atmospheric correction is 
used. It is set to false if the UBAC method is used.  

 
If only the AOT and cloud processor are activated, the bit 6 and 7 are set to false.  
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