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Introduction

CHAPTER 1 INTRODUCTION

This document establishes the requirements for surface reflectance generation from PROBA-V
observations and the associated retrieval method to achieve these requirements. These
requirements are taken from Global Climate Observation System (GCOS) surface albedo generation
(see Table 1).

These requirements have been established for the generation of surface albedo Essential Climate
Variables (ECVs). The objective behind these numbers is to detect 20% of the expected total
change in radiative forcing per decade resulting from greenhouse gases and other atmospheric
constituents, i.e., 0.1 W m™ per decade. These requirements are global and concern the
generation of climate data records, but cannot be straightforwardly converted into requirements
to support near-real time operational applications, such as agriculture monitoring. As this work
focuses on the possibility to generate a surface ECV, GCOS requirements are currently used.

Table 1: GCOS requirements for surface albedo ECV generation (Systematic Observation
Requirements for Satellite-Based Data Products for Climate, 2011 Update)

Variable/ Horizontal Temporal -

Parameter Resolution Resolution Accuracy Stability per decade
DHR 1km Daily to weekly max(5%; 0.0025) max(1%; 0.0001)
BHRis, 1km Daily to weekly max(5%; 0.0025) max(1%; 0.0001)

In order to discuss the possibility to meet these requirements, existing approaches for the surface
reflectance retrieval from space observations, i.e., corrected for atmospheric effects, have been
reviewed. This analysis is performed in the light of the physics of the signal observed by PROBA-V,
the retrieval constraints, and the mission objectives, i.e., the requested surface BRF accuracy to
perform atmospheric correction over land surfaces. The objective is to determine which approach
and associated assumptions are most appropriate for the surface reflectance and aerosol
properties retrieval from PROBA-V observations. To this end, the radiative processes determining
the PROBA-V observations, and in particular the radiative interactions between the surface and the
atmosphere are described in CHAPTER 2. A description of the current PROBA-V atmospheric
correction method is given in CHAPTER 3. Criteria for the evaluation are established in Sectoin 4.1,
while the reviewed methods are listed in Section 4.2. These approaches are analysed in terms of
the forward radiative transfer model (Section 4.3) and numerical inversion methods (Section 4.4).
The choice for the proposed method in the framework of this study is discussed in Section 4.5. A
literature review on the AOT and atmospheric correction validation, as well as a proposed
validation approach of these parameters within this project is given in CHAPTER 5.

PV-LAC: D1-A2, Requirements Baseline Document Activity 2 1



Physics of the signal

CHAPTER 2 PHYSICS OF THE SIGNAL

Fundamentally, the spectral radiance derived from a satellite measurement in the solar spectrum is
controlled by all interactions through the various atmospheric parts and the underlying surface.
Hence, the elaboration of surface reflectance maps from PROBA-V observations requires
addressing a series of technical and physical issues. Among the physical issues, the radiative
coupling between aerosols and surface scattering is certainly one of the most challenging problems
to be solved. Indeed, aerosols contribute to sky radiation modifying thereby the amount of
radiation reflected by the surface as a function of wavelength and viewing directions.

Table 2: Rayleigh and aerosol optical thicknesses in the PROBA-V spectral bands for the cases
simulated on Figure 1 and Figure 2.

Rayleigh 0.194 0.048 0.018 0.001
Aerosol (thin) 0.263 0.149 0.094 0.025
Aerosol (thick) 0.789 0.447 0.282 0.076

Table 3: Typical total gaseous transmittance in the PROBA-V bands for a standard midlatitude
summer atmosphere (Anderson et al., 1986) with a total water vapour column of 28.86 kg m™ and a
total ozone column of 335.31 Dobson Units (DU).

BAND TOTAL H,0 0O, 0, co,

BLUE 0.993 1.000 0.997 1.000 1.000
RED 0.959 0.990 0.979 0.989 1.000
NIR 0.926 0.929 0.999 0.998 1.000
SWIR 0.974 0.994 1.000 1.000 0.981

The discrimination between the signal reflected by the surface from the one scattered by aerosols
represents one of the major issues when retrieving surface Bi-directional Reflectance Factor (BRF)
from space observations. This problem is further complicated by the intrinsic anisotropic radiative
behaviour of natural surfaces and its strong coupling with atmospheric radiative processes. In case
of PROBA-V, the presence of water absorption bands in several spectral bands adds a level of
complexity to this retrieval. These effects are illustrated on Figure 1 and Figure 2. An increase in
atmospheric aerosol concentration (see Table 2) is responsible for an increase of solar radiation
scattered by the atmosphere, i.e., the fraction of diffuse sky radiation which, in turn, smoothes the
effects of surface anisotropy, particularly in the BLUE and RED spectral bands (Figure 1). This
smoothing effect decreases with wavelength as the corresponding aerosol optical thickness
decreases. In the SWIR band, scattering processes in the atmosphere are negligible and the major
contribution of the atmosphere is absorption by CO, and H,0.

Therefore these examples show that the accuracy with which it is possible to retrieve surface
reflectance is closely controlled by the knowledge of the atmospheric aerosol amount that shapes
the surface BRF.

PV-LAC: D1-A2, Requirements Baseline Document Activity 2 2



Physics of the signal

This smoothing effect impacts the surface albedo. Typically, the difference in the surface albedo
(Directional Hemispherical Reflectance, DHR) calculated with actual surface reflectance (green
curves in Figure 1 and Figure 2) or the apparent one (red/light blue curves) is in the range of +2%.
Such an error is not in agreement with the GCOS stability requirements (see Table 1).
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Figure 1: Simulated near-surface BRF in the principal plane for the PROBA-V BLUE (top panel) and
RED (bottom panel) bands over vegetated surface with LAl = 3 calculated with the model of N.
Gobron et al., 1996. The green line shows the TOC or surface reflectance in absence of any
atmospheric effect. The red (blue) lines show the apparent surface or bottom of atmosphere (BOA)
reflectance for an aerosol optical thickness at 0.55 um of 0.2 (0.6).
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Physics of the signal
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Physics of the signal
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Figure 2: Surface reflectance and Top of Atmosphere (TOA) reflectance in the principle plane for all
PROBA-V spectral bands for an aerosol optical thickness of 0.2 and 0.6 at 0.55 um.
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Current PROBA-V Atmospheric Correction method

CHAPTER 3 CURRENT PROBA-V ATMOSPHERIC CORRECTION METHOD

The current PROBA-V atmospheric correction procedure, which includes an aerosol optical
thickness retrieval, is based on an implementation of the Simple Model for Atmospheric
Correction, (SMAC, [Raman and Dedieu, 1994]). SMAC converts the observed TOA into TOC
reflectance taking into account molecular and aerosol scattering, thereby using auxiliary input data,
such as water vapour, ozone, and surface pressure to account for the atmospheric extinction.

SMAC estimates the TOC reflectance using the available knowledge on the atmospheric
constituents (water vapour, ozone, aerosols, etc.) and altitude. The scattering and absorption
processes within the atmospheric column are parameterised by analytical formulations, whose
coefficients are spectrally dependent and which are fitted against Second Simulation of the
Satellite Signal in the Solar Spectrum (6S, Vermote et al., 1997) reference code. The 6S radiative
transfer model includes multiple aerosol types, such as continental, stratospheric, and desertic.

The TOC reflectance can be described as a function of the TOA reflectance as follows (Eq. 1):

_ RTOA(BSrev'A‘P)_Tgas(esﬂv)Ratm(es'ev'A‘P)
Rroc(6,,6,,00) = — ,Eq. (1)
Tgas(BSrov)Ttot(ov)+[RT0A(esﬂvrA‘P) Tgas(esﬂv)Ratm(Bs'ev'A‘P)]s

in which Ryo, is the Top-of-Atmosphere reflectance, 8, the solar zenith angle, 8, the viewing zenith
angle, Ap the relative azimuth angle, T, the total (two-way) gaseous transmission, R,m the
atmospheric reflectance, T, the total atmospheric diffuse transmittance, and s’ the atmosphere’s
spherical albedo.

The above equation monochromatically calculates the TOC reflectance. To obtain convoluted TOC
reflectances, the underlying 6S code integrates each term in 2.5 nm steps over the respective
spectral interval and finally derives R;oc. See Vermote et al. (1997) and Rahman and Dedieu (1994)
for a full set of equations and accompanying elaborations.

The auxiliary data that are ingested in SMAC are the following:

e Water vapour

e QOzone

e Surface pressure

e Tropospheric and stratospheric aerosol information

The water vapour information to estimate the column-integrated absorption is retrieved from
ECMWF NWP data, delivered by MeteoServices. For each PROBA-V observation, water vapour data
from four model runs per day (at 0, 6, 12, and 18 UTC) are used and are interpolated linearly in
time between the two closest observation and bilinear in space.

Information on the atmospheric ozone concentration is derived from monthly climatology maps
based on 11 years of Total Ozone Mapping Spectrometer (TOMS) observations prepared by the
Centre d’Etudes Spatiales de la Biosphére (CESBIO, Berthelot and Dedieu, 1997).

PV-LAC: D1-A2, Requirements Baseline Document Activity 2 6



Current PROBA-V Atmospheric Correction method

Surface pressure information is obtained from the Global Land Surface Digital Elevation Model
(GLSDEM), with the conversion from height to pressure calculated using an approach by Plummer
et al. (2003):

0.0065h
288.16
This formula is a simplification of the barometric pressure equation, in which atmospheric pressure
is related to elevation h, accounting for the lapse rate (decrease of temperature with height), the

specific gas constant, and the air molar mass. The GLSDEM data have a horizontal resolution of ~90
m and a latitudinal extent from 56°S — 86°N.

Patm = 1013.25(1 — )531

The aerosol optical thickness (AOT) calculation is based on a method of Maisongrande et al. (2001),
which was initially applied to SPOT-VEGETATION reflectance observations and which utilises a
relation between NDVI at TOA and the observed SWIR reflectance. This AOT retrieval is performed
as follows:

1. For each spectral channel, an initial atmospheric correction is calculated taking only gaseous
absorption by water vapour and ozone and molecular scattering into account. This initial
atmospheric correction is only applied to pixels that are labeled as ‘clear’ by the preceeding
cloud screening algorithm and further not labeled as ‘snow/ice’. The obtained reflectances are
herafter referred to as Rroc mor-

2. From the NIR7os and RED;o, reflectances, the NDVirg, is calculated.

3. From the NDViroa, Ratio=Rswr roc / Reiue toc is derived, using the relation Ratio =
1.305*exp(3.225*NDVir,). This also gives information on Rsyz 1oc, because in the SWIR
spectral range the atmospheric scattering is negligible and thus Rswir roc = Rswir mol-

4. Rguetocis calculated from Ratio and Rsyg 7oc Obtained in the previous step.

5. For aerosol optical thickness values of 0.05, 0.15, 0.30, and 0.50, the difference between
reflectance from SMAC with full atmospheric correction (gaseous absorption + molecular
scattering + aerosol contribution) and R, ye 7oc Obtained in step 4 is calculated. The retrieved
aerosol optical thickness is one of the four AOT values above for which this difference is
minimal.

6. NDVlrocmor and Rswir tocmol, are assessed against thresholds of > 0.2 and < 0.4, respectively. For
pixels fulfilling these criteria, the aerosol optical thickness follows from the retrieved value in
step 5. For pixels outside these criteria, the aerosol optical thickness is empirically estimated
based on the latitude of observation:

AOTy 55 = 0.2(cos(g) — 0.25)sin(¢ + §)3 + 0.05,

in which @ represents the latitude in radians.

7. Subsequently, the obtained AOT representative at 0.55 um is converted to corresponding
BLUE, RED, NIR, and SWIR values using a continental aerosol model and full atmospheric
corrections to all TOA reflectances are performed.

The above methodology is applied with the following restrictions:

PV-LAC: D1-A2, Requirements Baseline Document Activity 2 7



Current PROBA-V Atmospheric Correction method

e The aerosol optical thickness retrieval and subsequent atmospheric correction is
performed for each 8" pixel in both across and along track directions. The remaining pixel
values in the 8 x 8 box are obtained using bilinear interpolation.

e The coefficients in Ratio were adopted from the SPOT-VEGETATION values, which implies
that spectral differences between the corresponding PROBA-V and SPOT-VEGETATION
channels, however small, were not taken into account. Furthermore, this empiric relation is
subject to seasonal and regional changes.

PV-LAC: D1-A2, Requirements Baseline Document Activity 2 8



Analysis of existing approaches

CHAPTER 4 ANALYSIS OF EXISTING APPROACHES

4.1. CRITERIA FOR RETRIEVAL METHOD EVALUATIONS

The analysis of existing approaches for the retrieval of surface reflectance from space observations
is based on two major criteria: (i) the series of assumptions concerning the underlying radiative
processes, i.e., the forward radiative transfer model (RTM) and (ii) the numerical method for
solving the radiative transfer problem. This review is performed keeping in mind the type of
observations acquired by PROBA-V and the requirements on the surface bi-directional factor (BRF)
retrieval accuracy, including its impact on the diurnal cycle retrieval. Concerning the forward RTM,
the following aspects are relevant:

e Surface reflectance (SRE).
e Surface-atmosphere radiative coupling (SAC).
e Atmospheric correction (AER).

Concerning the numerical method for the forward model inversion against observations, the
following points are important:

e RTM solving (SOL).
e  Prior information (PRI).
e Multi-dimensional inversion (DIM).

These assumptions are described in Table 4.

4.2. IDENTIFICATION OF EXISTING APPROACHES

Table 5 summarizes a publication list analysed in the framework of this Baseline Requirement
Document, according to the assumptions described in Table 4. Assumptions that are not acceptable
to fulfil the requirements are indicated in red, otherwise in green. Those that are acceptable under
certain circumstances are indicated in yellow, as discussed in the next Sections. The current
PROBA-V atmospheric correction method is referred to in Table 5 as ‘Rahman and Dedieu
(1994)/Sterckx et al. (2014)’.

Table 4: List of assumptions on the forward RTM and numerical methods for retrieving surface
reflectance from satellite observations.

SRE I1SO Forward RTM assumes Lambertian surface reflectance.

ANI Forward RTM assumes anisotropic surface BRF.

Surface-atmospheric radiative coupling is based on the Lambertian equivalent

SAC LER .
reflectance assumption.

Surface-atmospheric radiative coupling assumes anisotropic surface BRF and its

ASC . . . .
proper coupling with aerosol multiple scattering.

PV-LAC: D1-A2, Requirements Baseline Document Activity 2 9



Analysis of existing approaches

AER MIN

Atmospheric correction is based on the assumption that aerosol atmospheric
scattering increases the top-of-atmosphere (TOA) BRF.

PRE Prescribed aerosol type and amount is used for the atmospheric correction.

JOI Aerosol amount and/or type are jointly retrieved with the surface reflectance.

SOL EMP There is no explicit RTM solution. Only an empirical approach is used.

LUT The forward RTM is solved with pre-computed LUTs.

The forward model is explicitly solved allowing for a continuous variation of the

EXP . . .
state variables in the solution space.
PRI NO The mathematical processing of the prior information and assumptions are not
taken into account in the solution cost estimation.
OF The mathematical processing of the prior information and assumptions are taken
into account in the solution cost estimation.
DIM A Angular dimension
S Spectral dimension
X Spatial dimension
T Temporal dimension

Table 5: List of reviewed key publications with the associated assumption described in Table 4.

Bernard et al. (2011)

GEO

Dubovik et al. (2011)

GEO/LEO

Geiger et al. (2008)

GEO

Govaerts and Lattanzio (2007)

GEO

Govaerts et al. (2010)

GEO

Herman and Celarier (1997)

LEO

Jin et al. (2003)

LEO

Kleipool et al. (2008)

LEO

Knapp et al. (2005)

GEO

Koelemeijer et al. (2003)

LEO

Martonchik (1997)

LEO

Rahman and Dedieu
(1994)/Sterckx et al. (2014)

LEO

Vermote and Vermeulen (1999)

LEO

Vermote et al. (2009)

LEO

PV-LAC: D1-A2, Requirements Baseline Document Activity 2 10



Analysis of existing approaches

4.3. FORWARD RADIATIVE TRANSFER

4.3.1. SURFACE REFLECTANCE (SRE)

Figure 1 and Figure 2 show examples of typical surface anisotropy in the PROBA-V spectral bands
over uniformly vegetated surfaces. The illustrated smoothing effects increase as the wavelength
decreases, so that the surface BRF cannot be neglected. The proposed retrieval method for surface
reflectance should be able to deliver such information at any processed wavelength.

However, that does not prevent to use a forward method that assumes a Lambertian surface as
proposed by Vermote et al. (2002) and subsequently assemble observations acquired at different
viewing/illumination geometries to derive the surface BRF (Jin et al. 2003). Hence, none of the listed
approaches in Table 5 is likely to be rejected, because of the ISO assumption at this stage. However,
such an assumption introduces uncertainties, as will be explained in Section 4.3.2.

4.3.2. SURFACE-ATMOSPHERE RADIATIVE COUPLING (SAC)

Atmospheric correction assuming Lambertian reflectance greatly simplifies the radiative transfer
modelling, making the operational algorithm faster when the RTM inversion is based on pre-
computed Look-Up-Tables (LUT). On the other hand, uncompensated atmospheric scattering
caused by Lambertian models systematically biases the results (Wang et al. 2010). These authors
have shown that the magnitude of biases grows with the amount of scattering in the atmosphere,
i.e., at shorter wavelengths and higher aerosol concentrations. The Lambertian assumption® re-
distributes reflected radiation over all directions, reducing reflectance where the BRF is high and
enhancing it where the BRF is low (e.g., Lyapustin 1999; Vermote and Vermeulen 1999). For a
typical bowl-shaped BRF, this assumption will produce higher reflectance for near-nadir view and
lower reflectance at high viewing/solar zenith angles. The error increases with the amount of total
scattering in the atmosphere, in other words, at shorter wavelengths and at higher aerosol optical
thickness. The bias can be very large in the angular regions of high BRF anisotropy, for example in
the broad glint region and in the backscattering region over snow-covered surfaces (Lyapustin et al.
2009).

! In this case the LER assumption is used in inverse and not forward modelling. Hence, the question whether
to use the BRF or DHR values is irrelevant.
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In case of the MODIS algorithm, these atmospherically corrected surface reflectances are
subsequently accumulated over a 16-day period to retrieve parameters of the Ross-Thick Li-Sparse
(RTLS) BRF model (Lucht, Schaaf, and Strahler 2000) and to obtain surface albedo. Inherently, the
surface reflectance biases are translated into a reduced anisotropy of the RTLS model, which may
also affect albedo, as revealed by several large-scale investigations of the MODIS surface
reflectance. These analyses demonstrated an underestimation of the MODIS surface reflectance in
the visible bands, especially at large view angles (e.g., Pintyetal.2011). The Lambertian
assumption certainly plays a role in this bias (Wang et al. 2010).

Hence, methods listed in Table 5 that rely on the Lambertian assumption are not adequate for an
accurate surface reflectance retrieval. Such a constraint also means that the RTM should be able to
represent non-Lambertian surfaces, so that the ISO assumption is not acceptable. Similarly,
Vermote et al. (2009) propose an improved algorithm for the retrieval of MODIS surface reflectance
based on the inversion of 16-days accumulated MODIS observations in order to account for the
surface anisotropy.

4.3.3. AEROSOLS

Figure 1 and Figure 2 illustrate how the amount of diffuse atmospheric radiation, which varies as a
function of wavelength and aerosols amount, shapes the surface BRF. Additionally, atmospheric
aerosol scattering can affect the magnitude of the TOA BRF. Therefore it is necessary to correctly
account for aerosol effects in the surface reflectance retrieval. Most of the reviewed methods in
Table 5 assume that aerosols tend to increase surface reflectance, so that the selection of the
darkest or so observations of a time series tends to be aerosol-free. Such a MIN assumption suffers
from several limitations. First, aerosols increase the TOA BRF when their single scattering albedo
(SSA) is close to 1 (so only slight absorption) and the magnitude of the BRF does not exceed 0.15-
0.2, which typically occurs over snow-free vegetated surfaces at wavelengths shorter than 0.60 um.
Other methods use prescribed aerosol type and amount (PRE).

Cases illustrated in Figure 1 and Figure 2 show the tight radiative coupling between aerosol
scattering and surface BRF. Therefore it is important that the forward RTM properly accounts for
these effects. However, in order to secure the accuracy or the possibility to increase the retrieval
accuracy if needed, accounting for this coupling over non-Lambertian surfaces tremendously
complicates the inversion process. It is recommended to select a method that does offer this
option. Only a very limited number of methods offer such a possibility. When prescribed (PRE)
aerosol models and amount are used for the atmospheric correction, it is critical that the correct
phase function is used, otherwise it will not be possible to retrieve the surface anisotropy correctly.

Pinty et al. (2000) pioneered in the development of methods for the joint retrieval of surface BRF
and aerosol load. In order to speed up the forward RTM, all solutions are pre-computed in LUTs for
a limited number of surface parameter values and aerosol loads. No LUT entry interpolation is
performed to further speed-up the retrieval process. This method has been improved to include an
estimation of the retrieval error (Govaerts and Lattanzio 2007), which accounts for the actual
radiometric performance of any processed geostationary instrument. In their approach,
assumptions such as the aerosol amount invariance during the course of the day are converted into
equivalent radiometric errors. This approach has been used to process all geostationary
observations archived by the European Organisation for the Exploitation of Meteorological
Satellites (EUMETSAT), the National Oceanic and Atmospheric Agency (NOAA), and the Japanese
Meteorological Agency (JMA) (Govaerts et al. 2008). It has been subsequently improved by
Govaerts et al. (2010) who introduced different aerosol models including non-spherical particles
and a proper mathematical handling of the prior information in the framework of optimal
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estimation (OE, Rodgers 2000) for processing MSG/SEVIRI observations. However, it still suffers
from several drawbacks:

e The forward RTM is pre-computed and stored in LUTs, which limits the state variable space
boundaries and the forward RTM accuracy, except when interpolation between the LUT
nodes is performed, which is very CPU-demanding. To speed-up processing time, no
interpolation is performed between the LUT values.

e Aerosol models are prescribed, which limits the number of possible aerosol properties and
requires a full inversion for each different model.

e Aerosol load is assumed constant during the course of the day.

These limitations have been alleviated by Dubovik (2010) who prototyped an algorithm for the
joint retrieval of surface reflectance and aerosol properties for the Meteosat Third Generation
Flexible Combined Imager (MTG/FCI) with an explicit aerosol optical thickness retrieval, including
diurnal variations. The inversion itself relies on an OE approach seeking the optimal balance
between information that can be derived from the observations, and the one that is derived from a
priori knowledge on the system, such as background climatological values and/or constraints on
the spatial, temporal, and spectral variations of the retrieved or model state variables.

Methods based on the joint retrieval (JOI) of surface BRF and aerosol properties are therefore
recommended for the estimation of PROBA-V surface reflectance. The methods proposed by
Govaerts and Lattanzio (2007), Govaerts et al. (2010) or Martonchik (1997) rely on pre-defined
aerosol models, which might have an impact on the retrieved surface reflectance accuracy when
the wrong aerosol model is used.

4.4. INVERSION METHOD

4.4.1. RTM soOLVING

Most of the methods listed in Table 5 rely on LUTs to solve the forward radiative transfer model.
This technique permits to speed-up the retrieval algorithm, but presents several drawbacks, in
particular in case of the joint aerosol-surface BRF retrieval. In order to limit the size and dimension
of the LUTS, it is necessary to bound the state variable coverage in the solution space, thereby
reducing the accuracy and/or reliability of the solution. When possible, it is recommended to use a
fast enough RTM, so that it can be inverted during the retrieval processed.

4.4.2. PRIOR INFORMATION (PRI)

All methods rely on prior information or assumptions, such as prescribed aerosol, or surface
anisotropy (e.g., LER), but only a very limited number of them actually accounts for the effects of
this information on the retrieved solution, i.e., on the value and shape of the cost function. Those
that do not include this mathematical processing are referred to as NO, as opposed to those relying
on optimal estimation (OE). The goal of such an approach is to seek an optimal balance between
information that can be derived from the observations, and the one that is derived from a priori
knowledge on the system. One of the advantages of the OE approach is that it offers the possibility
of a rigorous analysis of the uncertainties associated with the retrieved solution. These estimated
errors should be interpreted under the assumption that the forward model behaves linearly in the
vicinity of the solution and that it actually represents the observed medium, i.e., a reasonably
plane-parallel atmosphere in nature. Additionally, Govaerts et al. (2010) proposed a way to convert
assumptions into an equivalent radiometric error and propagate this error into the estimated
retrieval uncertainties. Retrieval algorithms based on Optimal Estimation techniques (Rodgers
2000; Tarantola 1998; Dubovik et al. 2011) are therefore recommended.
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4.4.3. MULTI-DIMENSIONAL RETRIEVAL (DIM)

Simultaneous inversion of a large group of pixels within one or several images allows taking
advantage from known limitations on spatial, spectral, and temporal variability in both aerosol and
surface properties. In the method proposed by Dubovik et al. (2011), pixel-to-pixel and/or day-to-
day variations of the retrieved parameters are forced to be smoothed by an additional appropriate
set of a priori constraints. This concept is aimed to achieve a higher retrieval consistency, because
in such an approach the solution over each single pixel is benefiting from information contained in
co-incident observations over neighbouring pixels, as well as from land surface reflectance
information obtained in preceding and subsequent observations over the same pixels. A multi-
dimensional approach, which at least includes the angular one, is therefore highly recommended
for the surface BRF retrieval.

4.5. DiscussiON

This Chapter reviewed the methods listed in Table 5 according to the criteria established in Table 4
to determine the most appropriate method for the PROBA-V surface reflectance retrieval. The
analysis suggests using a physically-based joint surface-aerosol retrieval approach relying on an OE
inversion technique. This type of approach has proven to be very robust and has been
implemented at EUMETSAT, JMA, and NOAA for the systematic processing of archived
geostationary observations for the retrieval of surface reflectance from any archived geostationary
observation. It relies on a reduced number of assumptions that can be easily modified to find the
best balance between processing speed and accuracy.

The proposed method relies on an accumulation of PROBA-V observations forming a multi-angular
and multi-spectral observation vector. While the surface properties are assumed temporally
invariant during this accumulation period, the aerosol concentration will be retrieved for each
clear-sky processed image.

The forward model that will be used for the retrieval solves the radiative transfer online and does
not relies on LUTs anymore to the exception of the gaseous transmittance in Proba-V spectral
bands.
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CHAPTER 5 ATMOSPHERIC CORRECTION VALIDATION

5.1. AEROSOL OPTICAL THICKNESS AND ATMOSPHERIC CORRECTION VALIDATION

Validation of the proposed methodology will be performed in two parts: (1) validation of the
retrieved AOT and (2) an implicit validation of the total atmospheric correction through validating
the TOC reflectance. Although both parts can be validated with both in-situ surface and satellite-
based observations, focus will be on the former and latter for the validation of AOT and surface
reflectance, respectively. The motivation for this will be elaborated on later in this Chapter.

First, various validation efforts on AOT and surface reflectance that were reported in scientific
papers will be discussed. Second, we will highlight some common issues that come into play when
comparing satellite with surface observations, including some recent efforts to address these
issues. Finally, a short description of the validation set-up will be given.

5.2. STATE-OF-THE-ART ON ATMOSPHERIC CORRECTION VALIDATION

5.2.1. AOT RETRIEVAL VALIDATION

The retrieved AOT from the proposed Optimal Estimation method is representative for 0.55 pum
and will be compared with surface observations performed at about 100 selected AERONET
stations (Holben et al., 1998). At these stations, various radiation-related quantitities, among which
the aerosol optical thickness and Angstrom parameter, are derived using uniform instrumentation
and calibration. The aerosol optical thickness is derived at 0.44 and 0.67 um, which implies that
direct comparison of the retrieved AOT at 0.55 um with AERONET would not be possible. However,
the AOT at 0.55 pum can be interpolated using the values measured at 0.44 and 0.67 um and the
Angstrom parameter as follows:

/’{ t%4
A = T, (l_0>

with A and Agbeing 0.55 um and 0.44 um, respectively.

AOT is retrieved from numerous satellite platforms and has been widely validated. Satellite-derived
AOT has been/is retrieved from among others polar orbiting satellite instruments such as MODIS,
MISR, the Polarization and Directionality of the Earth’s Reflectance (POLDER), the Cloud-Aerosol
Lidar with Orthogonal Polarization (CALIOP), the SCanning Imaging Absorption Spectrometer for
Atmospheric Chartography (SCIAMACHY), and the Ozone Monitoring Instrument (OMI). More
recently, also observations from geosynchronous satellites, such as the Geostationary
Observational Environmental Satellite (GOES) and Meteosat-SEVIRI were used to retrieve AOT.

Most satellite AOT retrieval algorithms utilise the visible and near-infrared spectral range.
However, satellite missions that are more dedicated to quantifying the climate forcing resulting
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from (anthropogenic) emissions focus more on using specific absorption bands in ultra violet
spectral channels.

A large inter-comparison of ten satellite aerosol retrieval algorithms from six satellite platforms
with in-situ observations over European AERONET sites was performed by Kokhanovsky et al.
(2007). They showed that spatial averages of the algorithm results compared well, but pixel-by-
pixel differences, as well as differences in the obtained frequency distributions, were substantial. In
addition, both large under- and overestimations for some algorithms compared to the AERONET
observations were found. Aerosol optical thickness retrievals from the MODIS and MISR
instruments have been frequently validated. Chu et al. (2002) compared MODIS AQT retrievals with
AERONET measurements on four continents and found a very good comparison for inland regions
(RMSE < 0.1). Tripathi et al. (2005) found a low difference (0.12 +0.11) between MODIS and
AERONET AOT over India during the non-dust season, which increased with increasing dust
abundance (0.40+0.20). In contrast, Schaap et al. (2008) found a large and season-dependent
positive bias of MODIS AOT comparisons with AERONET over Europe of up to 50%. They argued
that this large bias could be due to non-detected thin clouds that contaminate the MODIS
retrievals.

Validation of the multi-angle MISR AOT retrievals was done over desert areas by Martonchik et al.
(2004). It was shown that despite the infrequent measurements, the temporal evolution of
aerosols could be well followed, with a retrieval uncertainty of about 0.08 at the instrument’s
nominal resolution. Kahn et al. (2005) performed a global 2-yr comparison of MISR and AERONET
AOT and found very good agreement (r > 0.7). Similar high correlation coefficients were found for
MISR and AERONET comparisons over the Beijing metropolitan area by Jiang et al. (2007).

More recently, substantial efforts were taken to retrieve AOT information from geosynchronous
satellite measurements. Bernard et al. (2011) use differences between simulated and observed
SEVIRI 0.63 um and 1.6 um observations, combined with aerosol modelling, to retrieve the AOT.
They showed that the relative AOT error between SEVIRI and AERONET decreases from 63% for
AOT < 0.1 to < 1% for AOT = 0.3. Further, it was demonstrated that the retrieved temporal AOT
signal correlates well with the surface observations. Daily AOT from the joint-aerosol surface
reflectance technique of Govaerts et al. (2010) applied to SEVIRI measurements showed good
agreement with both AERONET and MODIS AOT (Wagner et al., 2010).

5.2.2. SURFACE REFLECTANCE VALIDATION

The validation of surface reflectance retrievals with ground-based in-situ observations is somewhat
more complicated than that of aerosol optical thickness:

e The in-situ surface reflectance spatial representativeness is dependent on the
heterogeneity of the underlying surface

e A dependency of albedometer/pyranometer measurements with height above surface

o Different spectral sensitivities between satellite and ground-based observations; the
surface instruments designed to measure surface albedo are sensitive over the entire solar
spectrum, in contrast to the narrow PROBA-V bands.

Several surface reflectance comparison studies were performed between two or more satellite
platforms. Koelemeijer et al. (2003) constructed a global surface reflectance database from the
Global Ozone Monitoring Experiment (GOME) observations in the UV and VIS range, which showed
good agreement with corresponding Total Ozone Mapping Spectrometer (TOMS) surface
reflectance observations. A global intercomparison of MISR and MODIS surface albedos by Pinty et
al. (2011) revealed that MISR overestimates relative to MODIS and that this can be partly
attributed to weaker seasonal changes observed by MODIS poleward from the equator. Another
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global comparison of annual mean MODIS surface albedo retrievals with ground observations at 53
FLUXNET stations by Cescatti et al. (2012) showed a very high correlation (r = 0.82). However, it
was stressed that the validation was sensitive to including only FLUXNET sites that fulfilled strict
land surface homogeneity criteria. Other approaches to circumvent the sensitivity of validation
results to land surface heterogeneity were carried out by e.g. Roman et al. (2009) and Liang et al.
(2002). Liang et al. (2003) performed comparisons of narrow- to broad-band converted surface
albedos for a number of sensors with surface observations in the US and proved that the accuracy
was sufficient for land surface modelling.

Alternatively, the combination of TOA reflectances with ground-based aerosol and water vapour
measurements can be used to arrive at simulated TOC reflectances. These reflectances are then
compared with retrieved TOC reflectances, in order to assess the impact of any incorrect aerosol
and water vapour modelling in the total atmospheric correction and to characterise the impact of
the temporal variation of aerosol properties to the retrieved TOC reflectance. An example of such
an exercise can be found in Vermote and Saleous (2006).

5.3. COMPARISON OF SATELLITE WITH GROUND-BASED OBSERVATIONS

Comparing satellite retrievals with ground-based observations can be considerably hampered by
various factors. First, one needs to take into account the differences in spatial representativeness
between the satellite and surface retrievals. In PV-LAC, PROBA-V AOT and TOC reflectance
retrievals from the proposed methodology represent a spatial average over 1 km? while surface
observations typically represent spatial averages in the order of tens to hundreds of meters,
depending on among others the field of view of the surface instrument (sunphotometer,
pyranometer or albedometer), the surface heterogeneity, and the aerosol layer height.

An often used approach in comparing satellite retrievals to surface measurements is to simply
apply temporal averaging of the surface measurements centered at the satellite observation time
and to average the satellite retrievals in a square box around the station’s geolocation. Such an
approach implicitly assumes application of an average wind speed, that turbulent processes are
virtually absent (Taylor’s hypothesis of frozen turbulence), and the directionality of the advection is
neglected.

Ideally, one should take the direction and speed of an advected aerosol field over the surface
reference site into account to optimise the satellite to surface comparison. Such issues were
reported and tackled in various other atmospheric research fields, such as in the validation of
satellite cloud properties [e.g. Roca et al. (2010), Greuell and Roebeling (2009), and Schutgens and
Roebeling (2009)] and satellite surface reflectance and transimittance retrievals (e.g. Deneke et al.,
2009). The latter investigated the temporal variance of satellite- and ground-observed atmospheric
reflectance and transmittance at different temporal scales using wavelet analysis and proposed a
temporal averaging interval for ground measurements of 40 — 80 minutes to evaluate
instantaneous retrievals from polar satellites over areas with sizes of ~60 x 60 km?” Another
complicating factor in the satellite to surface comparison is the land surface heterogeneity. To
match the sub-pixel variability with the area-averaged satellite observations, Roman et al. (2009)
and Cescatti et al. (2012) used geostatistical techniques (semi-variograms) to characterise the land
surface heterogeneity, which were subsequently used to optimise the satellite versus surface
comparison.

5.4. VALIDATION APPROACH

PV-LAC: D1-A2, Requirements Baseline Document Activity 2 17



Atmospheric Correction Validation

The direct AOT and TOC reflectance retrieval validation, i.e., comparison with ‘ground truth’
reference observations, is currently being performed within other projects and is thus not a PV-LAC
project objective. However, a comparison of the current AOT and TOC reflectance retrievals with
corresponding retrievals from the OE method is part of the PV-LAC validation.

5.4.1. AEROSOL OPTICAL THICKNESS VALIDATION

The validation of the OE AOT will be carried out through comparison of the retrieved single-pixel
value centered at the 93 selected AERONET and 7 Committee of Earth Observation Satellites
(CEOS) Pseudo Invariant Calibration Sites (PICS) with ground-based observed AOT at these sites.
See Figure 3 for the global distribution of these sites.

100 150

Figure 3: Global distribution of selected AERONET and CEOS PICS sites.

To arrive at a proper surface to ground comparison, several techniques were highlighted in Chapter
5.3. However, within the framework of PV-LAC a full implemention of any of these techniques
would require a too large effort. In addition, the proposed Optimal Estimation method will only be
used to retrieve AOT and TOC reflectance for a single pixel. Therefore we will validate the single-
pixel AOT with ground-based AOT averaged over 5 minutes. .

5.4.2. TOC REFLECTANCE VALIDATION

Validation of the derived TOC reflectance is less straightforward to perform using in-situ
observations, due to the intrinsic differences in the observed quantities. These differences boil
down to spectral response and spatial representativeness differences, as discussed in Chapter
5.2.2. Therefore we opt for validation with other satellite surface reflectance datasets to get a first
indication on the algorithm’s quality.

An additional project goal of PV-LAC is to perform an intercomparison between the current
operational atmospheric correction (see CHAPTER 3) and the OE method. This quality assessment
will be obtained indirectly, i.e., through comparison of the current TOC reflectances with the OE-
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retrieved ones. A direct comparison of the current operational method with reference data
(AERONET and MODIS MCD43A3) will be done within other projects.

The TOC reflectances for the subsets centered at the ground reference sites will be compared with
spatially and temporally collocated surface reflectances from the MODIS MCD43A3 Collection 6
product. The MODIS surface albedo product is a composite of Terra and Aqua observations
collected over 16 days and is provided at 500 m resolution for MODIS Bands 1 — 7 (0.62 — 2.16 um).
The MCD43A3 data include both black-sky and white-sky albedo. The reported accuracy of the
MCD43 albedo products is generally well within 5% for solar zenith angles < 70°. To avoid
geolocation inaccuracies giving noise in the validation, the single-pixel OE TOC reflectance value
will be compared with 3 x 3 MODIS 500 m albedo values. As for the AOT validation, the validation
will focus on the time series evolution in comparison with the selected MODIS surface reflectance
retrievals, as well as on the statistical consistency of the AOT and TOC reflectance datasets.

In order to characterise the sensitivity of the retrieved TOC reflectances to atmospheric
parameters, such as aerosol and water vapour load, TOC reflectances simulated with PROBA-V TOA
reflectance and AERONET/CEQS PICS AOT and water vapour will be compared with retrieved TOC
reflectances over these AERONET/CEOS PICS sites.

5.4.3. VALIDATION METRICS

As the AOT and TOC reflectances are only delivered as single-pixel values, the main aim of the AOT
validation is the comparison of the obtained time series. From this time series comparison, some
general statistics are derived, following the metrics proposed by Claverie et al. (2015):

e Accuracy (A)

n

e

i=1

A=

S

e Precision (P)

e Uncertainty (V)

e Relative uncertainty (rU)

U
m

In these equations, n is the number of valid samples used in the comparison, ¢; is the retrieved
minus the reference value, and m denotes the average of the reference observations.

Validation results will be presented for all stations, as well as stratified in categories, based on e.g.
latitudinal regions, land cover, and viewing geometries.
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