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[11 This paper presents an innovative method for obtaining a daily estimate of a quality-
controlled aerosol optical thickness (AOT) of a vertical column of the atmosphere over
the continents. Because properties of land surface are more stationary than the

atmosphere, the temporal dimension is exploited for simultaneous retrieval of the surface
and aerosol bidirectional reflectance distribution function (BRDF) coming from a kernel-
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driven reflectance model. Off-zenith geometry of illumination enhances the forward
scattering peak of the aerosol, which improves the retrieval of AOT from the aerosol
BRDF. The solution is obtained through an unconstrained linear inversion procedure and
perpetuated in time using a Kalman filter. On the basis of numerical experiments using
the 6S atmospheric code, the validity of the BRDF model is demonstrated. The application
is carried out with data from the Spinning Enhanced Visible and Infra Red Imager
(SEVIR]) instrument on board the geostationary Meteosat Second Generation (MSG)
satellite from June 2005 to August 2007 for midlatitude regions and from March

2006 to June 2006 over desert sites. The satellite-derived SEVIRI AOT compares
favorably with Aerosol Robotic Network (AERONET) measurements for a number of
contrasted stations and also similar Moderate Resolution Imaging Spectroradiometer
(MODIS) products, within 20% of relative accuracy. The method appears competitive for
tracking anthropogenic aerosol emissions in the troposphere and shows a potential for the
challenging estimate of dust events over bright targets. Moreover, a high-frequency
distribution of AOT provides hints as to the variability of pollutants according to town
density and, potentially, motor vehicle traffic. The outcomes of the present study are
expected to promote a monitoring of the global distributions of natural and anthropogenic
sources and sinks of aerosol, which are receiving increased attention because of their

climatic implications.

Citation: Carrer, D., J.-L. Roujean, O. Hautecoeur, and T. Elias (2010), Daily estimates of aerosol optical thickness over land
surface based on a directional and temporal analysis of SEVIRI MSG visible observations, J. Geophys. Res., 115, D10208,

doi:10.1029/2009JD012272.

1. Introduction

[2] Aerosols affect the radiation balance of the Earth’s
atmosphere and have a potentially significant climate forc-
ing effect. Therefore, the role of aerosols is crucial in pro-
jecting future climate scenarios [Haywood and Boucher,
2000]. Because atmospheric particles have a direct link
with energy use, economic activities and societal impacts of
climate change, the topic entails political issues in the
context of the Intergovernmental Panel on Climate Change
[2007]. A determination of the aerosol load in the low tro-
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posphere is at the core of many applications in a vast
number of domains like epidemiologic risk, food security,
air quality, health, hazard management, weather forecasting,
climate change detection and the hydrological cycle
[Ramanathan et al., 2001; Kaufman et al.,2002; Tanré et al.,
2005]. Aerosols essentially originate from human activities,
dust storms, biomass burning, vegetation, the sea, volcanoes,
and also from the gas-to-particle conversion mechanism.
Large values of aerosol charge are due to direct anthropo-
genic impact, like transported polluted air masses. Another
major contribution comes from dust from semiarid regions.
A mixing of aerosol classes from different sources of
emission is generally observed and the aerosols interact
rapidly with trace gases and water, which leads to wet and
dry deposition [Reid and Hobbs, 1998; Anderson et al.,
2003; Haywood et al., 2003]. The intrinsic characteristics
of aerosol classes combined with the surface reflectance
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magnitude determine whether the aerosol contributes to
cooling or heating [Satheesh, 2002]. For instance, high
aerosol scattering reduces the solar radiation reaching the
ground and creates a cooling effect. In addition, a bright
surface implies a positive aerosol forcing at the top of the
atmosphere due to increased absorption of reflected radia-
tion. Thus transport and sedimentation are key factors in the
analysis of the heterogeneous distribution of aerosols.

[3] Aerosols are scatterers and absorbers of radiation that
are heavily concentrated in the lowest portion of the atmo-
sphere. They can also act as cloud condensation nuclei,
thereby contributing to the formation of clouds and influ-
encing their microphysics. The methods for investigating
single scattering of spherical particles, or nonspherical par-
ticles of small size compared to wavelength, that are mutually
independent are Mie theory [Liou and Hansen, 1971], and
T matrix [Mishchenko et al., 1996]. The case of nonspher-
ical particles of large size is treated using ray tracing or
Monte Carlo [Kokhanovsky and Nakajima, 1998], and geo-
metric optics [Zhou et al., 2003]. The properties of aerosols
can be verified over selected regions through the Aerosol
Robotic Network (AERONET), which encompasses hundreds
of stations around the world, equipped with Sun-sky scan-
ning spectral radiometers [Holben et al., 1998]. But the
scarcity of the ground network distribution is not favorable
for the reconstruction of the global fields of aerosol by
interpolation. This rather suggests the necessity for a syn-
ergistic use of the deployment of satellite sensors. An
important requirement of the scientific community is to
establish a global climatology of acrosols. For the past
decade, it has been largely supported by the advent of sev-
eral remote sensing programs to document the quantity and
nature of the aerosol in a consistent manner on a global
scale.

[4] The Polarization and Directionality of Earth Reflectance
(POLDER) and Glory Aerosol Polarimetry Sensor (APS)
sensors exploit the polarization, directionality and spectral
properties of the signal [Herman et al., 2005]. The Moderate
Resolution Imaging Spectroradiometer (MODIS) is based on
a multispectral approach [Ichoku et al., 2005] while the
Multiangle Imaging Spectroradiometer (MISR) takes advan-
tage of the multiangular capabilities of the instrument [Kahn
et al., 2005]. The combination of the two has been found to
be of added value [4bdou et al., 2005]. Further, information
at very short wavelengths has been exploited by projects like
the Global Ozone Monitoring Experiment (GOME) [see
Kusmierczyk-Michulec and de Leeuw, 2005] and the Sea-
viewing Wide Field-of-view Sensor (SeaWiFS) [Wang et al.,
2005]. Long-term series of Advanced Very High Resolution
Radiometer (AVHRR) data have been judged beneficial to
assess climatologic trends in combination with MODIS data
[Jeong et al., 2005] or Total Ozone Mapping Spectrometer
(TOMS) data [Jeong and Li, 2005].

[5] It is noteworthy that the instruments mentioned above
were onboard polar orbiting systems and could provide a
value of an aerosol load on the characteristic time scale of a
day in the ideal situation. Therefore, such space missions
cannot depict the day-to-day variations of aerosol presence
when rapid changes occur in spatial patterns. So far, the
algorithms developed for aerosol retrieval have exploited
primarily the spectral and spatial dimension of the signal. An
examination of the wavelength dependence provides infor-
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mation for an analysis of the aerosol mode (fine, medium,
coarse), which can be completed by polarization measure-
ments. This generally leads to the definition of light scat-
tering phase functions. A useful parameter that quantifies the
columnar amount of particles in the atmosphere is the
aerosol optical thickness (AOT). An effective, widespread
method for AOT retrieval is to consider dark targets such as
inland water bodies and dense vegetation where most of the
signal reaching a satellite sensor is contributed by the
atmosphere at visible wavelengths. However, the majority of
aerosol emissions arise from bright surfaces (desert, semi-
arid areas). Also, AOT could be assessed on the basis of the
visibility (visual) range to describe the haze level of the
atmosphere due to aerosols.

[6] The main difficulty is to isolate the aerosol radiance in
satellite measurements stems from an ambiguous separation
of the light scattering signatures between the atmosphere
and the adjacent land surface [e.g., Sinyuk et al., 2007]. On
the one hand, accurate knowledge of the magnitude and
variations in surface albedo is mandatory, particularly over
arid and semiarid regions, in order to retrieve aerosol
properties from satellite and ground-based measurements
[Dubovik and King, 2000]. On the other hand, the deter-
mination of a surface albedo is conditioned by the adequacy
of the atmospheric intervention, which depends to a large
extent to our knowledge of the aerosol properties. Because
of this dilemma, a simultaneous inversion of surface and
aerosol properties is advised in practice. Previous studies
have demonstrated that the problem could be solved with
data from the geostationary satellite Meteosat [Pinty et al.,
2000; Knapp et al., 2005; Elias and Roujean, 2008]. Fast
estimation of aerosol type information over land surfaces
can be now envisaged with the Spinning Enhanced Visible
and Infra Red Imager (SEVIRI) onboard the geostationary
Earth observation system, Meteosat Second Generation
(MSG). A conceivable method is to consider a multi-
temporal approach to the critical surface defined as the
surface reflectance where the measured top-of-atmosphere
reflectance remains constant with variable aerosol concen-
tration [Popp et al., 2007]. A comparison with ground data
reveals a dependable distinction between highly scattering
and absorbing aerosol types but the algorithm is not yet
operational for suggesting systematic assessment of the
effect of aerosol absorption and scattering.

[7] In contrast with the preferred spectral-based and
space-based methods, the method presented here focuses on
a directional and temporal inspection of the satellite signal.
The present method operates a simultaneous retrieval of the
aerosol and surface bidirectional reflectance distribution
function (BRDF). Aerosol and surface components are
represented in a kernel-driven BRDF model allowing fast
computations of surface albedo [Roujean et al., 1992;
Wanner et al., 1995]. The geometric effects and the volume
scattering constitute the two surface kernels. The backbone
of the single scattering aerosol kernel is the semiphysical
Henyey-Greenstein phase function previously considered to
treat the optical radiation transfer for flat, thick natural
media constituted of particles of any shape [Mishchenko et
al., 1999]. According to Kokhanovsky et al. [2005], this
phase function can replace favorably Mie theory for prac-
tical application because the radiation terms are less sensi-
tive to an accurate angular definition than to the asymmetry
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factor. Owing to grazing illumination, the intensity and the
width of the reflectance peak of aerosols is enhanced in the
forward scattering direction. Since the characteristics of this
angular signature are mostly driven by the size of particles,
any aggregation process or change in size distribution will
modify the properties of the aerosol peak [see Boucher,
1998]. This explains why the presence of aerosols modi-
fies more rapidly the observed satellite reflectance in the
forward direction than change that would affect the surface
BRDF. By combining the directional and temporal dimen-
sions of the satellite signal, it is possible to unravel the
aerosol and surface components. The computation of the
AOT is finally derived (see review by Kokhanovsky and de
Leeuw [2009]). The BRDF solution is obtained through an
unconstrained linear inversion procedure of a kernel-driven
model [Roujean et al., 1992]. We use a recursive procedure
based on a Kalman filter to provide a quality-controlled
BRDF product and a diurnally averaged AOT.

[8] We consider the clear-sky quarter-hourly scenes of the
VIS06 (650 nm) band of the SEVIRI instrument, which
ensures the geographic coverage for Europe, Africa, and the
eastern part of South America with a subsatellite pixel res-
olution of 3 km [Schmetz et al., 2002]. Data are routinely
processed in near real time in the framework of the Satellite
Application Facility (SAF) program on Land Surface
Analyses (LSA) [e.g., Trigo et al., 2010], referred to in the
rest of the text as Land SAF. The objectives of the Land
SAF program are to provide added value products for the
meteorological and environmental science communities
with applications in the fields of land surface modeling,
hydrology, and climatology. The reliability of the method is
appraised with respect to the retrieval of acrosols over desert
regions, for which the high brightness of the surface means
that a quantitative assessment of aerosols from the satellite
radiometry is still a challenge [Kaufman et al., 1997; Remer
et al., 2005]. The value of the asymmetry factor is fixed,
somewhat arbitrarily, for small size particles because it is
dominant over continents if we except Sahara region.

[9] Section 2 presents the physical assumptions and
the synthetic theory underlying the BRDF kernel-driven
approach for land surface targets, extended here to aerosols.
The recursive method and model inversion are also pre-
sented. Accuracy of the algorithm is tested in section 3 with
an observation system based on simulation experiment.
Section 3 also presents maps of SEVIRI-derived AOT
products over selected regions of Europe and Africa. An
evaluation study is shown, based on in situ measurements
from the AERONET network and comparison with the
MODIS aerosol product. Section 4 presents an analysis of
the errors due the necessary underlying physical assump-
tions in order to obtain a tractable and computationally
efficient algorithmic system. Section 5 discusses the obtained
results and stresses perspectives of application in an opera-
tional context.

2. Methodology

2.1.

[10] The linear theory on radiative transfer can advanta-
geously replace more complex theories as it offers fast and
robust solutions to operational problems. In the present
work, we consider a vertical two-layer medium. The top

Theory and Physical Assumptions
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layer is composed only of atmospheric particles. The signal
impinging at the top of the aerosol layer is assumed to be
free of gaseous absorption and Rayleigh scattering. The
bottom layer is formed by the background surface. Hence,
Top Of Layer (TOL) will be used to refer to the top of the
aerosol layer in what follows. In this respect, the solution to
the classical radiation transfer equation corresponding to a
light beam traveling from the TOL level downward to a land
surface pixel and being bounced back upward to this level
reads [Lenoble, 1985]:

proc(0s, 6., ¢) = TH(60,)T1(6,) -

Jr paEV(€S7 6\7’ d))'

1
Sﬁ ps(am evv ¢)
(1)

The reflectance p,,, is the acrosol contribution and p is the
surface reflectance of the target, which is surrounded by a
homogeneous environment of spectral reflectance p, that
can be interpreted as the bihemispherical reflectance. The
spherical albedo, S, of the aerosols describes the portion of
upwelling radiance that is backscattered to the surface by the
aerosol layer. The downward and upward transmittances
throughout the aerosol layer are 7% and 7", respectively. The
geometry of observation is defined by the zenith angles for
illumination, 6,, and viewing, #,, and the relative azimuth, ¢,
between the Sun and viewing directions. The variable
7 stands for the aerosol optical thickness (AOT).

2.2. Model Parameterization

2.2.1. Surface Reflectance

[11] The land surface bidirectional reflectance distribution
function (BRDF) is modeled by following a kernel-driven
approach as in most satellite programs, either with variants
[e.g., Leroy et al., 1997; Wanner et al., 1997; Strahler et al.,
1999; Baret et al., 2007; Muller et al., 2007] or integrally in
the framework of the recent operational MSG program
[Geiger et al., 2008]. Such an approach means that the
spectral land surface BRDF can be decomposed into a series
of angular kernels representing elementary photometric
processes (geometric, surface scattering effects) [Roujean et
al., 1992; Wanner et al., 1995; Lucht et al., 2000]. The
original BRDF model of Roujean et al. [1992] is used here
to simulate the surface reflectance ps of equation (1). It
reads:

2

ps(em 9\/5 ¢) = Zkifi(esa 9v: ¢)

i=0

()

f()(esaevv(i)) =1

1
f1(65,0,,0) = 7 [(m — ¢) cos & + sin @] tan b, tan 6,
T
1
—— (tan 0, +tan 0, + \/tan 62 + tan 62 — 2 tan 0, tan 6, cos ¢ )
™

fo(by, 6y, 0) :%M_'l_#v [(g— f) COS§+sin§] —%

where p; = cos 6, u, = cos 6, and & represents the phase
angle for scattering defined as cos £ = cos 6, cos 6, + sin 6,
sin 0, cos ¢. The isotropic component has the unit kernel
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Figure 1. Comparison between the exact polynomial expan-
sion R(mT) and its approximate representation, R43 (m7), as a
function of the incident angle (6;,) and the outgoing angle

(90141‘)'

(fo = 1). Surface kernels f; and f; represent the geometric and
volume scattering kernels respectively. In practice, the k;
coefficients, which vary with wavelength, are retrieved from a
best fit against a set of observations, as will be explained in
section 2.3. The k, parameter stands for the isotropic compo-
nent. Somewhat arbitrarily, &k, matches a reflectance at nadir
illumination and zenith view. The k; parameter is a geometric
coefficient representing the optical roughness and k, is a
coefficient for volumetric scattering.
2.2.2. Acrosol Reflectance

[12] The Mie theory explores the angular dependence of
electromagnetic radiation scattering by small particles, typ-
ically submicrometer atmospheric aerosols. If the particles
are assumed to resemble spheres, the corresponding phase
function P(§) is accurately approached by the Henyey-
Greenstein (H-G) phase function Py ¢ [e.g., Henyey and
Greenstein, 1941]. The H-G phase function has been
widely considered in various applications [Lumme and
Bowell, 1981; Hartman and Domingue, 1998], even some-
times in a two-term or three-term phase function [Kattawar,
1975; Sturm, 1981]. It reads:

2
4 (3)

Pyg(§) = (1+ g2 —2gcos(m— &)

In equation (3), the asymmetry factor g varies from —1
(complete backscattering) to +1 (complete forward scatter-
ing), depending on the wavelength [Fiebig et al., 2005].
The g parameter controls the size of the particle relative to
the wavelength. Large particles show a pronounced forward
scattering which is well reproduced by positive values of g.
The attribution of a g value depends on the aerosol type.
Clearly, this is a difficulty when different types of aerosol
are mixed together. To represent dry continental non-
absorbing aerosols, Fiebig et al. [2005] have found values of
g always slightly less than 0.5 over ARM (Atmospheric
Radiation Measurements, http://www.arm.gov) stations.
Note that absorbing aerosols have a larger asymmetry factor
than nonabsorbing aerosols [Trentmann et al., 2003]. Over
Africa, a value of g = 0.72 is advised for Sahara dust
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[Formenti et al., 2000] and a value of g = 0.54 has been
reported for aerosols originating from biomass burning
[Ross et al., 1998]. In the remainder of the paper, we will
privilege small size particles everywhere in taking g = 0.6,
which corresponds to a continental aerosol, the most wide-
spread aerosol category over land. The choice for such value
will be evaluated in section 4.

[13] At the first scattering order, the approximated shape
issued from the H-G aerosol scattering phase function is
sufficient for practical integration in order to derive the first
moment corresponding to the asymmetry factor, which gov-
erns the diffuse transmittance and reflectance factors [e.g.,
Kokhanovsky et al., 2005]. Besides, the effects of multiple
bouncing within the aerosol layer are to enhance the total
aerosol reflectance p,., and not to modify importantly the
angular signature. Therefore, the multiple scattering compo-
nent can be parameterized as a function of the AOT only, so
as to obtain more efficient computation. A practical approx-
imation for the reflectance of aerosols, p,.,, as a solution for
radiation transfer within a turbid medium is devised as fol-
lows [e.g., Hansen, 1969; Rozanov and Kokhanovsky, 2006;
Seidel et al., 2008]:

1 1

— P(E)R(mT)fns (T) 4)

w
aer 6x76V7 yT) =
Paer( ¢;7) 2

In equation (4), w represents the aerosol single scattering
albedo and m = (u;' + p,') is the air mass factor. Note
that nonabsorbing aerosol (w = 1) will be considered in
the remainder of the paper. The correction factor f,,(7) =
1 + (7 — 7)7/5 and the light beam interception R(m7) =
[1 — ™7 give the attributes of the approximation. The
latter is expressed as the ratio between two MacLaurin
polynomial expansions P{m7) and Q;(m7) where i and j
indicate their respective degrees [Padé, 1899]. Based on
numerical experiments, a very good equivalence is obtained
with the following expression:

Py(mt) | 840 — 60mT + 20(m)*—(mr)?
O3(mt) | 840 + 360mr + 60(m7)*+4(m7)’

Ryp3(mt) = .mT

(5)

In comparison with R(m), the approximation Ry;(m7) offers
a relative precision of 0.3% for zenith angles up to 70°
(Figure 1) and also a much better convergence of the solution
than its Taylor series.
2.2.3. Aerosol Transmittance

[14] The aerosol transmission 7" and spherical albedo S
follow an empirical parameterization devised by Kokhanovsky
et al. [2005] in the case of using the H-G phase function:

2

T(e7 7_) — e*T//L 4 T UTVTIWT , (6)

S(r) = T(Lz.e_T/O +be P4 c). (7)

The parameters u, v, w depend on p = p, and are poly-
nomial expressions of the asymmetry parameter g, which is
also an input of the H-G phase function of equation (3). The
constants a, b, ¢, a, (3 are parameterized using only poly-
nomial expansion with respect to the asymmetry parameter.
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Figure 2. Sketch of the surface-aerosol associated medium
under study.

The condition w = 1 allows holding tractable expressions
[see Kokhanovsky et al., 2005] and is consistent with the
assumption for aerosol reflectance to consider a conservative
medium.
2.2.4. Environmental Reflectance

[15] The homogenecous environmental reflectance of
equation (1) is treated as the bihemispherical surface reflec-
tance, which is the reflectance integrated over all suitable
angular domains of both solar and viewing directions.
Namely,

T m
2m 2T

_ 1 1
Ds=— / / 0s(Os, 5,0y, @y) 08 0,dQ, | cosB,dQs  (8)

where d€),, = sin 6;,.d0,,.dps , is a solid angle and pg is
the surface reflectance as expressed in equation (2). Note
that g and ¢, are the azimuth angles for illumination and
viewing, respectively.
2.2.5. Model Completion

[16] The reflectance pro; of equation (1) arising from a
medium made up of an aerosol layer lying above a land
surface layer is rewritten as a kernel-driven model. Gath-
ering equation (1), (2), (3), (4), and (5) and segregating the
variable T, it follows that:

3

prow(0s, 0v,0) = > kif; (65,64, 6), ©)

i=0

where

: ﬁ:0,2(937 9\/7 ¢)

fi/zo,z(esvevv ¢) = TL(HS)TT(HV) 1— S,O:

_ 1-¢

- Zusuv (1+g2+ 2gcos§)l'5
840 — 60mT + 20(m7)*—(m7)?

1840 + 360mr + 60(mr)>+4(m7)’

w 1

1165, 6,,0)

1+ (7-71)7/5].

The coefficient k; identifies to 7, which variable also
appears in the kernel functions. It will be formulated as an a
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priori value in the iterative procedure of the inversion
scheme. Then, the value of 7 is injected into the kernels until
we obtain a convergent solution for 7. The surface BRDF
parameters (k, k1, k) on the previous day serve to calculate
75 (equation (8)). The directional signatures of the modified
volumetric and aerosol kernels, /> and f"; respectively, both
show an increase of the reflectance in the backward and
forward directions, which may lead to an ill-posed problem.
We will see later that an analysis of the differences in the
characteristic timescales of these two signatures helps to
circumvent the problem. The surface-aerosol system sug-
gested in equation (9) is depicted in Figure 2. The innova-
tive part relies on the assumption that there exists at least a
portion of dark elements within the medium investigated.

2.3. Mathematical Design of the Retrieval Method

[17] In section 2.2, we designed a BRDF model for the
aerosol-surface system, which can be computationally effi-
cient. Our semiphysical approach aims to derive an algo-
rithm that performs efficiently at a low computation cost and
is particularly suitable for operational data processin%; We
start with a vector Z = [pror (61, 6b, "), ..., proc(6Y, 65,
#")] representing a set of N observations at the TOL level.
The kernel matrix F = [f"o "1 f'» f'3] includes the definition
of the geometry of observations. A random noise v with
zero mean is considered, i.e.,

7 =FK +v. (10)
The solution to the inverse problem is obtained by adopting
a recursive procedure [e.g., Geiger et al., 2008]. In this
respect, the vector of the parameters K = [kg k1 k» k3] and of
the associated covariance matrix Cj read:

K ATB 4 C,'Kap + CpopKreg
!

—_ 1 ’

CATA+Cl + Gl

reg

(11)
Ck

A4 is the “design matrix” with the elements 4; = Fylo
Lpror(6L, )], [e.g., Press et al., 1992], where j is a given
observation and i refers to the kernel number. The vector B
represents the scaled reflectance with elements B; = pro (65,
Ol pror(0], 67)]. Greater importance is given to a reflec-
tance measurement by means of a weighting factor of angular
dependence, which is related to the inverse of the standard
error estimates o[proz(67, 67)]. The method assumes the
existence of noncorrelated errors between the determination
of the surface and the aerosol parameters, which are attrib-
uted to measurement noise and uncertainties in the atmo-
spheric correction procedure (see Appendix A).

[18] The solution of equation (11) is obtained from a
multiple linear regression. It can happen that the kernels are
in a configuration of near colinearity and that retrieved va-
lues of the kernel coefficients may be uncertain. Hence, the
matrix of covariance C; cumulates the uncertainty (47 4)™"
on the retrieved k; coefficients with the matrices K, and C,,
standing for a priori information. The matrices K, ., and C,,
use climatologic values to avoid numerical errors in com-
putation. The latter are particularly meaningful in the reso-
lution of ill-conditioned problems due to the use of
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redundant or poor information. Various numerical experi-
ments led to the following arbitrary choices: K., = [0, 0.03,
0.02, 0] and diagonal matrix C,,, = [10, 0.05, 0.5, 50] for
the regularization terms. The quantity /Cy(3,3) from the
covariance matrix of equation (11) provides the uncertainty
on k3 (or 7), referred to below as ArT.

[19] The estimate of the state variable K at time step J-/ is
propagated in time using a linear state—transition model
characterized by the prognostic model operator M, which
fixes an a priori value for time step J:

K, = MK’ (12)

To initiate the regression, the value K= K, .o 1s assigned at
J =1 in equation (11) and consequently equation (12) gives
K;ﬁp = MK, ,. Of course, the confidence on C,, is very low
at this stage of the process and K, has not impact on the
estimation of K in case of cloud-free observations are
available.

[20] The state vector covariance matrix C representing the
uncertainty on K is also estimated:

¢/ =MC'MT 4 Q.

p (13)
The matrix Q stands for the model noise variance and
represents its uncertainty. Between two consecutive days,
we assume that the surface properties are stationary. In
consequence, the operator M is taken to be equal to the
identity matrix. The variance matrix Q contains only terms
on the diagonal because the a priori correlation errors
between the coefficients k; at J-1 are currently set to zero in
the algorithm. Geiger et al. [2008] advise the use of this
simplification to avoid the lost of essential property of the
covariance matrix C,, of being positive defined related to
numerical storage problem of a priori information. Never-
theless, this approximation does not substantially affect the
uncertainty estimates. Thus, it can be written:

0=sc/. (14)
The vector § = [2%% — 1, 2%/ — 1, 2% — 1, 2% — 1] depicts
the characteristic temporal scales (%, t;, t,, t3), expressed in
day units, during which a physical process associated with a
kernel could be realized. The isotropic parameter &, gives
the spectral magnitude of the reflectance. Typically, at
midlatitudes, it varies on a 5 day scale, ie., t{, = 5,
corresponding to synoptic conditions, including rainfall and
snow episodes. The geometric and volume scattering para-
meters, k; and k, respectively, contain the appropriate sur-
face BRDF information. This latter varies more slowly in
time in comparison with magnitude changes of the isotropic
reflectance ko, so a bimonthly period is deemed appropriate,
i.e., t; » = 60. Finally, the aerosol component is expected to
vary on very short time scale and therefore the aerosol
parameter k3 is not time constrained.

3. Evaluation of the Method

3.1. TImplementation With SEVIRI Observations

[21] The present methodology for AOT retrieval is well
designed for applications on a fine temporal scale. In this
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regard, and considering that aerosol variations operate on a
short time scale, the implementation of the method in geo-
stationary observation systems is meaningful. Historically,
the instruments onboard geostationary platforms were
equipped with a broad visible band having low sensitivity to
aerosols. Since January 2004, the Spinning Enhanced Visible
and Infra Red Imager (SEVIRI) sensor on the Meteosat
Second Generation (MSG) satellite series is declared oper-
ational and performs quarter-hourly scans in the 650 nm
visible band (560-710 nm), referred hereafter as VIS06. We
consider calibrated and geolocated top-of-layer SEVIRI
scenes of level 1.5. The observation geometry per SEVIRI
pixel remains invariable but the illumination geometry
between the sequenced scans changes during the day. Sat-
ellite and auxiliary input data required for aerosol retrieval
are those of the Land SAF algorithms for BRDF and albedo
retrievals [Geiger et al., 2008]. Data preprocessing includes
a thorough cloud screening and the resulting pixels are
flagged noncloudy. Because the SEVIRI VIS06 is defined
outside the spectrum of gaseous absorption, this later has a
low influence. In fact, the Land SAF ground segment rou-
tinely removes the Rayleigh scattering and corrects for water
vapor and ozone column absorption by using the Simplified
Method for Atmospheric Correction (SMAC) [Rahman and
Dedieu, 1994], which is a linear development of the 6S code
(Second Simulation of the Satellite Signal in the Solar
Spectrum) [Vermote et al., 1997]. Water vapor content and
atmospheric pressure are taken from output analysis of the
European Centre for Medium-Range Weather Forecast
(ECMWF) and the ozone content originates from the Total
Ozone Mapping Spectrometer (TOMS) climatology. Each
day, the set of SEVIRI reflectance values decontaminated
with respect to atmospheric effects form the Z observing
vector of equation (10). We associate the corresponding set
of observation geometry with this vector through the vector
F. The values of the kernel matrix K are obtained via
equation (11), which provides simultaneous estimates of the
daily SEVIRI AOT and surface BRDF. The latter also
serves to calculate the surface albedo by angular and spectral
integrations of the surface BRDF model of equation (2).

3.2. Synthetic Data Sets From the 6S Radiative
Transfer Code

[22] The first step of the evaluation procedure of the
method concerns the application to synthetic data sets. The
6S atmospheric radiative transfer model can simulate
the radiance and reflectance of a cloudless atmosphere in the
solar spectral region considering the atmospheric scattering
and absorbing effects due to gases (water vapor, ozone,
carbon dioxide, oxygen) and aerosols, and also the surface
effects, including non-Lambertian surfaces. As for aerosols,
6S presents a wide range of possibilities, either by selecting
one of the existing classes (continental, maritime, urban) or
by using available optical properties (desert, stratospheric
and biomass burning classes), or by computing the optical
scattering parameters using Mie theory.

[23] The main inputs to 6S are the geometry of observa-
tion, the definition of a spectral range, the atmospheric
model type for gaseous components, the aerosol model, and
the ground reflectance. For the sake of coherence with the
working assumptions of section 2.2, ozone and water vapor
contents are fixed herein to a zero value, and a continental
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Figure 3. Comparison of the AOT at 550 nm between the
operational method and 6S numerical experiments.

aerosol type is considered beforehand in 6S. In this case, we
have w = 0.88 and the phase function is Mie theory for
small particles with a forward peak and a mild back-
scattered effect. We consider the watershed of Blida (N 36°
30', E 2° 53’, 230 m ASL), located in the north of Algeria, as
viewed by SEVIRI on 1 July 2007 (6, = 40°, ¢, = —175°).
The surface reflectance of the target, assumed to be
Lambertian, is about 0.06 in the VIS06 band of SEVIRI
Variations of the AOT at 550 nm are within the range [0, 2.]
with an increment of 0.05. For each value of AOT, we
consider 17 values of the solar zenith angle from —80° to
+80° with an angular step of 10°. We reproduce the diurnal
cycle of the reflectance observed at the bottom at the surface
level for an invariant aerosol quantity.

[24] The atmospheric 6S code determines the irradiance at
ground level, the radiance at satellite level, and the distri-
bution of radiance within the atmosphere in this optional
wavelength range. More realistic situations are obtained by
adding random noise and considering the noncorrelated
errors expressed in Appendix A. A random ratio of the
standard error of equation (A4) between —1 and 1 is added to
the 6S reflectance value. As a result, it represents on average
17% of the perturbation in relative units between the 6S
reflectance and the reflectance with random noise. Note that
the synthetic data having the least influence, due to large
associated angles, are also the most perturbed due to great
uncertainty. For the sake of harmonization with the recur-
sive method, we proceed as follows. The initial AOT is
injected after a 5 day period of an aerosol-free atmosphere.
From this period, the method provides a daily estimate of
AOT at 550 nm to be compared with the initial AOT used
to calculate the synthetic reflectance. Results of the com-
parison are reported in Figure 3, which reveals a fairly good
statistical agreement since no bias is observed and relative
error is low whatever the AOT value. The use of a priori
information and the accumulation of observations during
the day are intended to reduce the effects of the outliers
coming, for instance, from residual cloud contamination
since 17% of noise has a poor impact on the quality of the
results.
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3.3. Comparison With AERONET Data Sets

[25] To obtain some indication about the quantitative
performance of the proposed algorithm, daily SEVIRTI AOT
values will now be considered with respect to those inverted
from the global aerosol-monitoring Aerosol Robotic
Network (AERONET, http://aeronet.gsfc.nasa.gov), which
encompasses ground-based Sun photometer measurements.
We use the AERONET Level 1.5 representing cloud-cleared
data without final calibration [Smirnov et al., 2000]. The
aerosol properties are assumed invariable inside a SEVIRI
pixel.

3.3.1. Midlatitude AERONET Stations

[26] We selected nine midlatitude stations located in con-
trasting climatic environments (Figure 4): Belsk (Poland),
Blida (Algeria), Ispra, Rome, Venice (Italy), Carpentras,
Villefranche (France), Evora (Portugal), and Kishinev
(Moldova). Three of them are in coastal regions (Rome,
Venice and Villefranche), one is at the edge of the desert
(Blida), and several belong to downtown areas. Time series
of daily SEVIRI pixel-based AOT at 650 nm are shown for
the AERONET stations of Blida (Algeria), Carpentras
(France), Kishinev (Moldova) and Rome (Italy) over the
period from June 1st to September 30th, 2007 (Figure 5).
We obtained conspicuous agreement between SEVIRI AOT
and the AERONET AOT extrapolated at 650 nm using
Angstrom coefficient and Sun photometer data at 675 nm.
The comparison in Figure 5 reveals generally good corre-
lations. It is worth mentioning that the SEVIRI AOT values
with relative uncertainty estimates larger than 75%, i.e., A7 >
0.75 7, were discarded from this analysis. The lack of con-
comitant observations between AERONET and SEVIRI is
also indicated on the graphs of Figure 5.

[27] For all stations, SEVIRI and AERONET indicate
compliant trends for AOT values (Figure 5). Over Blida,
several strong aerosol episodes are observed with AOT
values beyond 0.5. Such events are generally well reproduced
both in timing and intensity by the satellite-based method
and are likely due to dust occurrence. On the other hand, the

15°W  0°  15°%E  30°E  45°E  60°E
60°N 50°N
xBelﬁ!k
50°N Y E0°N
Ispra-Venice Kishinev
Carpentrag X x
40°N Vi le)Efranché‘ «Rome L oon
vorag, :
Blida
30°N 500N
Jamanrasset_TMP
20°N bO°N
Dakanpr_cinzana
10°N OuagadougouPanizoumbou (oo
Djougou
16°W  0°  15°E  30°E 45°E  60°E

Figure 4. Location of the AERONET stations investigated
in the present study.
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Figure 6. Scatterplots between AERONET and MSG AOT estimates between 1 June 2005 and
30 September 2007 for nine midlatitude stations: Belsk (Poland), Blida (Algeria), Villefranche (France),
Carpentras (France), Evora (Portugal), Ispra (Italy), Kishinev (Moldova), Rome (Italy), and Venice (Italy).

medium-sized urban agglomeration of Carpentras shows
lower AOT values and less variability. In Kishinev, the
SEVIRI and AERONET AOT values are well correlated
despite a SEVIRI pixel close to 10 km. This could be
interpreted as a relatively slow evolution of the aerosol in
the region. In Rome, the situation is complex because of the
cumulative influence of maritime, desert and urban aerosols
[Gariazzo et al., 2007]. Some discrepancies are however
noticeable. On August 24th in Kishinev, the dust event
announced by AERONET is flagged as cloudy with
SEVIRI. For reverse reason, SEVIRI indicated an aerosol

peak in early June for Carpentras that is not reported on
AERONET. A thorough examination reveals that it was
initially present in AERONET Level 1, and then discarded
in Level 1.5 after cloud screening. This means, first, that
satellite and in situ data must be cross validated and, second,
that the quality control is mainly based on our a priori
knowledge. In this regard, aerosol events are typical of
scenarios that cannot be anticipated.

[28] Figure 6 shows scatterplots of AOT estimates from
SEVIRI versus AERONET for the nine sites and for the
period between 1 June 2005 and 30 September 2007.
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Figure 7. SEVIRI images of AOT at 650 nm on 7, 8, 12,
and 14 March 2006. MODIS AOT at 550 nm from Collection
5 is superimposed over ocean. The geographic projection is
0.1° x 0.1° (over land for SEVIRI) and 1° x 1° (over ocean
for MODIS).

Averaged daily AOT are close to 0.2 and, for any site,
AOT values beyond 0.5 do not exceed a 10 day period.
Main statistics (bias, standard deviation) change slightly
with the site but still remain comparable. For the majority of
the sites, the absolute value of the bias is below 0.05 and the
standard deviation in absolute units is less than 0.15. Values
of the correlation coefficient, R, depend on the site and are
given between 0.41 and 0.83. In wintertime, the frequency
of cloud cover combined with the grazing illumination
degrades the quality of the estimations. For instance, from
June to September, averaged statistics improve slightly
toward an absolute bias of —0.015 (indicating a 49% reduc-
tion), a standard deviation of 0.122 (so reduced by 12%), and
a correlation of 0.59 (improved by 4%).
3.3.2. West African AERONET Stations

[29] African dust originates from the Sahara and Sahel and
is transported over large regions of the Earth. Because dust
plumes are usually extensive and dynamically active, the
monitoring of such aerosol events is better achieved via
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remote sensing data. Tracking aerosols is paramount in the
framework of the African Monsoon Multidisciplinary
Analysis (AMMA) program [Redelsperger et al., 2006].
Particularly relevant is the period from March to August
2006 in the Western region of Africa. Figure 7 depicts the
chronology of well-pronounced aerosol episode stretching
over several days in early March 2006. On 7 March 2006,
no aerosol concentration was yet noticeable. On 8 March
2006, an aerosol burden appeared suddenly along the
intertropical front, probably from a source in the Bodele
depression (lake Chad). During the following days, a per-
vasive aerosol plume stretched along the coastline of the
Gulf of Guinea and intensified. Also observed were narrow
thin dust plumes near the border between Mauritania and
Senegal. Values of AOT up to 3 were not unusual. The
phenomenon vanished totally on 25 March. The event is
poorly evidenced with MODIS due to the difficulty of
observing it over bright desert surfaces [Kaufman et al.,
1997]. It is worth emphasizing that we processed the
SEVIRI pixels independently. Hence, the spatial coher-
ence of the results reinforces the reliability of our method.
Figure 8 illustrates the consistency between SEVIRI and
AERONET AOT values for this event during the aerosol
episode covered by six West African sites (Figure 4):
Tamanrasset (Algeria), Dakar (Senegal), Cinzana (Mali),
Banizoumbou (Niger), Ouagadougou (Burkina Faso), and
Djougou (Benin). The analysis of the consistency of time
series is in favor of a consolidation of the quality of the
SEVIRI AOT estimate as the aerosol-laden situations are
generally close to the corresponding AERONET AOT. In
addition, the ground measurements also confirm the sudden
character of the event occurring around 8 March 2006. In
Figure 9, time series of AERONET and SEVIRI AOT
values at four West African sites are plotted for the period
from 1 March 2006 to 31 August 2006. Generally good
correlations are observed between the two AOT products.
Statistics for these North African sites are calculated includ-
ing data from 1 March 2006 to 31 August 2006. Scatterplots
are displayed in Figure 10 with the addition of 2 sites. On
average, the absolute values are 0.014 for the bias, 0.294 for
the standard deviation, with a correlation coefficient equals
to 0.80. Hence, the statistical results show a slightly lower
quality compared to the results obtained for Europe as
previously discussed.

3.4. Validation With the Aerosol Radiative Forcing

[30] Climate forcing by aerosols is now the focus of a
satellite strategy [Anderson et al., 2003]. An indirect radi-
ative effect is triggered by the aerosol’s ability to affect
cloud formation and radiative properties [Ramanathan et al.,
2001]. Direct radiative effects produced on the climate
system by the aerosol scattering and absorption of solar
radiation can vary extensively in both space and time. A
recent study based on simulations showed that probability
density functions obtained for the direct radiative forcing at
the top of the atmosphere give a clear-sky, global, annual
average of —1.9 W m 2 with standard deviation 0.3 W m >
[Bellouin et al., 2005]. Because of the large space and time
variability of the aerosol load and type, uncertainty remains
high in the particular context of extended temporal and
spatial event studies. Mineral aerosols (dust), in particular,
have a short lifetime and a large uncertainty remains with
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Figure 8. Time series of AERONET (green) and SEVIRI (black) AOT estimates during the period 1 to
20 March 2006, for six West African sites: Tamanrasset TMP (Algeria), Dakar (Senegal), IER Cinzana
(Mali), Banizoumbou (Niger), Ouagadougou (Burkina Faso), and Djougou (Benin).

respect to their role in direct climate forcing [Myhre and
Stordal, 2001].

[31] We assess here the aerosol radiative forcing in order
to better support the reliability of the method by satisfying
the criterion of energy conservation with respect to the
surface-aerosol system. Results from our method are com-
pared with computations from AERONET retrievals. We
selected the AERONET stations of Blida (Algeria), Car-
pentras (France), Rome (Italy), and Tamanrasset (Algeria).
Note that the Blida spot is a watershed located a few
kilometers southwards of the AERONET station. We per-
formed 6S simulations of the aerosol radiative forcing, using
the TOL reflectance of the nearest cloud-free SEVIRI pixel
and the correspondent geometry of observation as the main
input. We restricted the simulations to solar zenith angles of
less than 65° in order to minimize the influence of sky
illumination. A continental-like aerosol class is prevalent in
Europe and a desert-like class is highly probable over North
Africa, which forced our options. The SEVIRI VIS06 band
was introduced into 6S and AOT values at 550 nm were
analyzed as a function of the aerosol type. The 6S numerical
experiments were carried out with two independent forcing
scenarios: (1) the SEVIRI VIS06 surface reflectance and
(2) the AERONET AOT. The analysis covers the extended
periods of spring 2006 and summer 2007, respectively for
Tamanrasset and the 3 other sites. Look-Up Tables (LUTSs)
were built from 6S simulations of the SEVIRI reflectance in
a nonabsorbing gas atmosphere and varying AOT at 550 nm
with a step of 0.05 up to an AOT of 5. In scenario 1, the best
fitted value was sought between SEVIRI and 6S reflectance

values of an area bounded by a Lambertian surface or the
predefined BRDF of Roujean et al. [1992] as the result of
the inversion procedure described in section 3.1. The
equivalent SEVIRI surface reflectance < p, (6, 6,, ¢) > to be
compared with 6S output is defined as:

<ps(9s7 Gv» ¢)> = 93(937 ‘9V7 ¢)(1 —f‘,)(l _fs) + E(es)fs

+ 1s(0)f + s (15)
where p, (6, 0,, @) is the surface bidirectional reflectance of
equation (2), py (#,) represents the directional-hemispherical
reflectance (DHR) at angle 6,, p; (6,) represents the DHR at
angle 6, and p, is the bihemispherical reflectance. The
quantities f, and f; stand for the ratio of diffuse to total
radiation in the upward and downward directions, respec-
tively. Based on a series of 6S numerical experiments, the
following approximation is proposed:

1—e"

L T P

(16)

In order to enhance the coherence between results, we
retain only cases for which the absolute difference between
(ps(by, 0,, ¢)) of equation (15) and the 6S surface reflec-
tance is less than 0.005. Note that this arbitrarily defined
threshold value is much less than the absolute error accuracy
of 7% on the surface retrieved from 6S [see Kotchenova and
Vermote, 2007]. Moreover, in order to reduce the effects of
the angular sampling and to exhibit fair comparisons
between the different locations, we only show results
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Figure 9. Same as Figure 5 but for four African sites and period from 1 March 2006 to 31 August 2006.

corresponding to scattering angles comprised between 35°
and 135° In Figure 11, we display times series of the
retrieved 6S AOT for Blida over the extended summer
period of 2007. Whenever available, the AERONET AOT at
550 nm is plotted. It is worth pointing out the better results
obtained with the BRDF situation compared to the
Lambertian, which highlights the importance of the surface
anisotropy. Table 1 shows the statistical results between 6S
and AERONET AOT values matching within a 1 h interval.

It is noteworthy that the bias and the root mean square error
(rmse) are generally low and that the satellite generally fails
to report strong aerosol events, which explains the lower
quality of the comparison during those periods. As for
Carpentras, most aerosol episodes are well described and, in
particular, the diurnal cycles on those days. The case of Rome
is particularly complex because it is a mixture of different
aerosol types (desert, urban, maritime aerosol). However, the
chronology of surge in aerosol is well captured during the
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Figure 10. Scatterplots between AERONET and SEVIRI AOT estimates between 1 March 2005 and
31 August 2007 for six West African sites: Tamanrasset TMP (Algeria), Dakar (Senegal), IER Cinzana
(Mali), Banizoumbou (Niger), Ouagadougou (Burkina Faso), and Djougou (Benin).

whole summer, as long AOT is less than 1. The site of
Tamanrasset yields another case study because it is located
in altitude and surrounded by desert essentially. Therefore,
wind events may displace important aerosol load of dust
resembling to large particles. It is notable that most aerosol
episodes are well captured by the modeled AOT. On one
hand, it seems difficult to reproduce AOT values typically
beyond a value of 2. On the other hand, the retrieved AOT
is somewhat underestimated even for observed AOT values
less than 1. The situation may improve when increasing the
value of the asymmetry factor as will be mentioned in
section 4. Also, an analysis of the observations at mid-
infrared wavelengths seems suitable for desert dust.

[32] The previous analysis served to isolate cases favor-
able for an evaluation of the aerosol radiative forcing.
Assuming that AERONET AOT stands for truth, the dif-
ference between the atmospheric intrinsic radiance of the
two scenarios indicates how the method satisfies the prin-
ciple of the energy conservation although limited here to the
visible spectrum. But major uncertainty on radiative budget
occurs at shorter wavelength because of the larger impact of
aerosols. The seasonally averaged values of the aerosol
radiative forcing differences are less than 1 W/m? for all four
stations (Figure 12). A negative difference indicates an
overestimate of the atmospheric radiance from SEVIRI
compared to AERONET. Notably, some values deviate
from a few W/m? from the bias, in particular for European
sites (Carpentras, Rome). The lack of spatial homogeneity
there may explain such features resulting from a misrep-

resentation of AERONET data. The comparison with
AERONET is particular commendable over North Africa.
Interestingly, Blida and Tamanrasset show an overestima-
tion of same magnitude despite they depict dark and bright
targets, respectively. This outlines at least that an accurate
retrieval of dust AOT seems to be relatively independent of
the surface characteristics. The observed discrepancies
between 6S and AERONET can be explained by the fol-
lowing given elements: (1) a misrepresentation of the in situ
AOT measurement with respect to the pixel resolution of
SEVIRI; (2) the mismatch of the AOT in cases of erratic
variation as observed; (3) the ambiguity between aerosol
load and thin clouds in respective data sets; (4) the choice of
the aerosol type in 6S; and (5) the disregard of the diffuse
illumination in the operational algorithm. Figure 12 reported
to Figure 11 allows pointing out the discrepancies between
satellite and in situ AOT values due to time shift.

3.5. Intercomparison With MODIS Aerosol

[33] In this section, we present the results of the com-
parison between SEVIRI and MODIS AOT values over
Europe. Kokhanovsky et al. [2007] found large differences
in instantaneous AOT retrievals obtained with different
algorithms and instruments over land. These disagreements
are explained by uncertainties in a priori assumptions made
in the algorithms together with the differences in the various
sensor characteristics and observation times. As for daily
MODIS products in Collection 4, the aerosol retrieval over
land adopted a 10 km segmentation corresponding to boxes
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Table 1. Statistical Results in Reflectance Absolute Unit Between Concomitant AOT Values Retrieved From 6S and From AERONET
Measurements for the Four Selected Sites and Various Time Periods®

(AOT) 550 nm RMSE Lambert Bias Lambert RMSE BRDF Bias BRDF N
Blida (Algeria)

2007
June 0.354 0.042 0.122 0.038 0.085 37
July 0.357 0.017 0.125 0.016 0.100 127
August 0.270 0.046 0.050 0.052 0.032 15
September 0.180 0.028 0.041 0.029 0.026 17

Carpentras (France)

2007
June 0.195 0.013 0.051 0.013 0.036 84
July 0.114 0.005 —0.006 0.005 —-0.018 172
August 0.169 0.012 0.057 0.012 0.044 107
September 0.117 0.013 0.071 0.012 0.063 43

Rome (Italy)

2007
June 0.235 0.007 0.005 0.008 —0.010 166
July 0.140 0.006 —0.036 0.006 —0.050 235
August 0.147 0.008 —0.023 0.009 —0.036 84
September 0.184 0.022 0.059 0.020 0.049 31

Tamanrasset (Algeria)

2006
June 0.163 0.019 —0.008 0.020 —0.013 70
July 0.334 0.023 0.082 0.024 0.082 100
August 0.322 0.020 0.044 0.020 0.052 90
September 0.681 0.075 0.327 0.077 0.347 56

“Reflectance unit is [0,1]. The bias represents the distance of the 6S mean AOT from the mean AERONET AOT. RMSE is the root mean square error.

N is the number of measurements used for the analysis.

of 400 pixels [Remer et al., 2005]. In each box, the pixels
exhibiting the 20% lowest and 50% highest reflectance
factor values at 550 nm are discarded. Then, the regular
retrieval path proposed by Kaufiman et al. [1997] applies
when at least 12 of the 400 pixels remain after the filtering
process. MODIS Collection 5 is processed using a
restructured method as discussed by Levy ef al. [2007].

[34] Monthly MODIS Collection 5 products were con-
fronted with similar SEVIRI AOT values on a 1° grid
projection for the 2006 summer period over Europe.
MODIS AOT values from Collection 5 at 550 nm were
divided by the quantity (Assoum/Assonm) - to be converted
into the SEVIRI visible band at 650 nm. For this, we opted
for an Angstrém exponent a = 1.5, which is a typical value
observed for continental aerosols [e.g., Elias et al., 2006].
This gave a conversion factor of 1.3. Here, we analyze only
SEVIRI AOT estimates with high formal confidence, i.e.,
AT < 0.3 7. This corresponds to pixels with predominantly
clear sky situations during the month-long period. In this
way, the initial temporal definition of the respective pro-
ducts, daily with SEVIRI, instantaneous with MODIS, has
less influence on the comparison procedure. The results
show a rather scattered relationship (Figure 13) between the
products as it could be expected [Kokhanovsky et al., 2007].

[35] Figure 14 shows images of daily estimates for
MODIS Collection 5 and SEVIRI AOT on three particular
days (22 June 2005, 1 September 2005, and 8 September
2005) with mainly cloud free conditions. High AOT values
are in general observed over the same region, which adds
credit to the derivation of the two products. In addition, the
two sensors concur in their reproduction of the dynamic
patterns of AOT. Already, Figure 7 revealed the spatial

continuity agreed to exist between SEVIRI AOT for land
and the overlaid MODIS Collection 5 AOT for sea in the
northwestern region of Africa. No multiplicative factor was
applied to the MODIS AOT, as aerosols over ocean in that
region are essentially dust particles having a zero Angstrém
exponent. The actual sources of discrepancies between the
two AOT products are manifold. A quantitative evaluation
of each of them will require further investigations. The
underestimation of surface reflectance results in an overes-
timation of AOT and vice versa. Outliers such as introduced
by undetected cloud or cloud shadowed pixels, inhomoge-
neous aerosol characteristics within the pixel, or deviations
from the assumed standard atmosphere are additional sour-
ces of inaccuracy. Extremely low atmospheric aerosol con-
centrations might also hinder a successful approximation of
aerosol type and AOT as outlined by Dubovik and King
[2000].

3.6. Dependence of AOT on the Density
of Urbanization

[36] In this section, we relate the SEVIRI AOT to the
density of urbanization. First, we define a ‘town density’
factor within SEVIRI pixels by a reprojection of the
GLC2000 land cover classification (IES Global Environment
Monitoring Unit, Global land cover 2000 database, http://
ies.jrc.ec.europa.eu/global-land-cover-2000) on the SEVIRI
grid. Considering the histogram of classes over each MSG/
SEVIRI pixel permits us to assign a degree of purity, or
density, of the dominant class. The GLC2000 class Artificial
surfaces and associated areas’ is used here as an indicator of
urbanization of an MSG/SEVIRI pixel, and the degree of
purity of this class over this pixel characterizes the ‘town
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Figure 13. Scatterplot of SEVIRI and MODIS (Collection 5)
monthly AOT values averaged over 1° x 1° boxes on the
MSG disk from June 2006 to September 2006 at 0.65 pm.
Only SEVIRI AOT retrievals with a high degree of confi-
dence (see text) and the corresponding MODIS AOT are
considered.

density.” Figure 15 shows mean SEVIRI AOT at 650 nm
averaged over five full weeks in June 2006 according to the
day of the week and the ‘town density’ in a region including
Europe and North Africa (domain of Figure 14). The cor-
respondence between the magnitude of the AOT and the
relative proportion of a ‘town density’ is strong. Pixels
having a ‘town density’ beyond 90% highlight the usual
period of working days in relation to an increased traffic of
motorized vehicles. This is consistent with previous urban
aerosol reports [Marr and Harley,2002a,2002b; Linacre and
Geerts, 2002; Jin et al., 2005]. Results indicate an average
exceeding 0.04 in AOT on working days (Figure 15). This is
for instance compliant with a previous study conducted over
the city of New York during the summer 2001 using
AERONET data [Jin et al., 2005].

4. Errors Analysis and Method Approximations

[37] This section is devoted to a quantitative analysis of
the errors due to the necessary underlying physical
approximations in order to develop and implement the
method. Results also stress indirectly the potential limita-
tions of application of our method. First of all, the coupling
between molecular-aerosol scatterings can be a source of
discrepancy for quantitative estimates of AOT [Rozanov and
Kokhanovsky, 2005]. However, the phenomenon is almost
negligible at increased wavelengths starting from the green
spectrum. In the same way, the errors related to the vector
character of light are non negligible at only wavelengths less
than 650 nm in respect to specific geometric configurations
of illumination and observation [Rozanov and Kokhanovsky,
2006].

[38] In the derivation of the reflectance model for aerosol,
we took the option to better constrain the system in fixing,
somewhat arbitrarily, some values for aerosols properties.
This concerns the choice of the phase function, the value of
the asymmetry factor, and to a lesser extent the magnitude of
the single scattering albedo. There exists more scattering
with small size particles, which are clearly the more repre-
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sentative over continent. Therefore, we privileged a value of
the asymmetry factor corresponding to small size particles
because the scattering processes are investigated. Figure 16
depicts the error on the phase function due to uncertainty on
the asymmetric coefficient g for an uncertainty Ag = 0.1. If
measurements close to the forward scattering peak are dis-
carded, it appears that error on AP is 20% in average around
the value g = 0.6.

[39] Because above analysis is performed using the H-G
phase function, next step is to verify that this latter yields a
good approximation of Mie theory. Figure 17 is intended to
prove that the method is designed for small size particles
through intercomparison with all aerosol types that could be
observed over continent: black carbon (BC), desert dust
(DU), organic matter (OM), sulphate (SU), and sea salt (SS).
The construction of their respective phase function depends
on several parameters [after Toon and Ackerman, 1981]: the
coefficient of diffusion, the Mie parameter, the relative
number of particles in the interval of size particles compared
to total number in the distribution, the radius of the particles.
Some aerosol types are particular sensitive to the particle
size (DU, SS) while other (OM, SU) present characteristics
depending on relative humidity, which means they can
either be hydrophobic or hydrophilic. The results shown in
Figure 17 reveal that the method has limitation for 2 cases:
for dust and for urban areas. Note that it is not an issue for
SS in the limit of small particles, which supports our choice.
Figure 17 suggests the situation could improve for BC in
taking g = 0.3 whereas it is not certain that decreasing the
value of w, because of enhanced absorption, would improve
significantly the scores. With a disregard to BC, then a value
of g = 0.75 would seem preferable in average, which is
clearly more appropriate for DU and SS having their particle
size larger than 0.5 pm (see Figure 17) although the use of a
double H-G phase function should be advised. Consequently,
error on p,., would be more than 20% if these aerosol types
were present. Nevertheless, the proposed method with actual
set of parameters appears dependable for continental aerosol
as far their composition is dominated by SU and OM, which
is quite frequent. The method seems to be also efficient for
SS having particle size smaller than 0.5 pum. Incidentally,
the effects of relative humidity do not appear crucial apart
very high values, which would concern rare situations.
Another recommendation would be to restrict the inversion
scheme to data sets comprised within an angular domain of
scattering excluding the peaks, typically between 35° and
135° (see Figure 17).

[40] For global scale studies devoted to a retrieval of
AOT, Figure 18 supports the options of the present work
(see first paragraph of this section) because observations are
in general no too strongly oriented in forward scattering
direction during winter solstice, summer solstice and fall
equinox. In this regard, our physical assumptions seem
adapted to the angular capabilities that are offered by MSG/
SEVIRI. Backscattered direction is prevalent in northeast
Europe during boreal summer, in South Africa during boreal
winter, and for most SEVIRI pixels over MSG disk during
spring or fall equinoxes (Figure 18). But in Northern
hemisphere, DU events occur preferably during boreal
summer for which the SEVIRI sensor scans moderately in
the backward scattering. It is remarkable that at the equi-
noxes, backscattering of the aerosols match with the hot spot
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Figure 14. Images of daily AOT estimates at 0.65 um for (top) 26 June 2005, (middle) 1 September
2005, and (bottom) 8 September 2005: (a) SEVIRI and (b) MODIS (Collection 5) on 1° x 1° boxes.

phenomenon, i.e., the reflectance peak in illumination
direction, at local solar noon (Figure 18). Because the hot
spot at surface level is difficult to sample with precision, DU
particles of small size will be difficult to track at that times
and hot spot observations should not be considered for
further analysis.

[41] As far the aerosol type cannot be well determined, it
is likely that Mie theory can be advantageously approached
by H-G phase function. Besides, the approach is consistent
with other reasonable assumptions on key parameters, g and
w mainly, provided they correspond to most representative
situations over land surface. In this regard, opting for par-
ticles of small size with a mean relative humidity appears to
be a sound trade-off. Further, the limited angular scanning

of SEVIRI supports this choice because it is excluded
measurements near the forward scattering peak.

5. Discussion and Conclusion

[42] An innovative method has been presented for
obtaining routine estimates of the aerosol burden over land
targets. The approach seems particularly well adapted to the
high frequency of SEVIRI observations in order to retrieve a
quality-controlled aerosol optical thickness. The multi-
temporal approach takes advantage of a dynamic analysis of
the directional properties of the aerosol and surface layers.
The proposed algorithm operates a joint retrieval of aerosol
and surface BRDF. A linear theory of the radiative transfer
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Figure 15. Aecrosol optical thickness according to town
density. Mean AOT from Monday, 29 May 2006, to Sun-
day, 2 July 2006 (5 complete weeks), versus day of the
week and town density in a region including Europe and
North Africa. Three categories were established using the
GLC2000 land cover classification: MSG/SEVIRI pixels
containing less than 30%, between 30% and 90%, and more
than 90% of the class “artificial surfaces.”

is suggested, and its inversion is based on a simplified
Kalman filter. The method remains powerful to detect pos-
sible rapid changes of the surface layer because it analyzes
the forward scattering signature of aerosols. The angular
shape of BRDF is particularly sensitive to the presence of
aerosols and allows aerosol and surface signals to be sepa-
rated in all cases in assuming that at least an elementary dark
target exists. The algorithm is computationally efficient for
processing daily estimates over the full MSG disk, which
ensures a geographic coverage of Europe, Africa and the
eastern region of South America. It could be adapted for
ocean at little expense in designing a BRDF adapted to sea
surface.

[43] The SEVIRI space-time best coincident AOT values
with ground-based AERONET indicate a high level of
compliance for a given list of contrasted sites. In particular,
the satisfactory agreement with AERONET AOT values
supports the reliability of the method to reflect the short-
time aerosol events appropriately. The method is also rele-
vant for estimating dust events over bright surfaces where
the presence of nonabsorbing aerosols diminishes the con-
trast that exists between the apparent and surface reflectance
for heavy dust and no dust conditions. Further comparisons
with instantaneous and monthly MODIS AOT values show
the reliability of the quantitative estimates of the SEVIRI
AOT although some mitigated conclusions have been
pointed out. To increase the value of the method, we suc-
cessfully evaluated its ability to report on the intensity of
polluted areas on working days according to the density of
urbanization.

[44] It is worth emphasizing the performance of the
SEVIRI cloud mask since the case of an apparently hazy
atmosphere, which could be due to very thin clouds, mostly
appeared to be connected with strong aerosol events.
Therefore, the error treatment could address special cases
(broken cloud, cirrus), and thus contribute to the validity of
the quality control of AERONET data for instance.
Remaining cloud contamination would create a positive bias
on the aerosol load measured by satellite. This undesirable
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effect can be substantially reduced in the case of geosta-
tionary observations compared to polar systems by a more
severe selection considering the large number of slots.

[45] A challenging task is to promote the synergy of data
from polar and geosynchronous platforms. It should be
stressed that the method is not instrument-dependent but
performs better with frequent observations. In this regard,
spectral and angular information brought by polar system
will be of added value for the retrieval of the aerosol spectral
optical properties from SEVIRI. An autonomous determi-
nation of the aerosol class requires multiangular and wider
spectral ranging sensors to be used in association. The
foreseen merging of MSG and EPS (EUMETSAT Polar
System) data in the framework of the Land SAF program is
a very promising way to increase the grid resolution and
extend the geographical coverage. Including data from dif-
ferent instruments does not require further methodological
developments apart from technical aspects like the spectral
normalization and the grid resampling, which yield an
important asset of our method.

[46] Investigating the simultaneous retrieval of surface
albedo and additional aerosol properties would certainly be
a good direction for future research work to take. In this
regard, an adaptation of the underlying physical assump-
tions to specific cases may improve the whole results, which
seems mandatory in preparing hourly based AOT products.
The impact of the additional aerosol kernel on the tunable
parameters describing the surface properties, and hence also
on surface albedo retrieval, has not yet been systematically
studied. In the conventional three-kernel BRDF model
approach, reflectance data perturbed by aerosol events can
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Figure 16. Absolute variations of the aerosol phase function
P(¢) with the asymmetry parameter g for different values of
the phase angle ¢ in taking Ag = 0.1. Values of cos(&) are
indicated on each curve. Dash-dotted vertical line delineates
the value g = 0.6 taken as mean case. Dotted vertical lines
represent the values g = 0.5 and g = 0.7.
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Figure 17. Henyey-Greenstein (H-G) phase function (black) for an asymmetry parameter g = 0.6 and
Mie phase functions (color) as a function of the phase angle & (the supplementary angle of the scattering
angle) for the wavelength 0.645 pum. Mie theory is shown for representative aerosol types: black carbon
(BC), desert dust (DU), sulphate (SU), organic matter (OM), and sea salt (SS). Different colors of curve
correspond to various intervals of particle sizes (in um) or relative humidity (in percent). Dotted line
delimits the angular domain [35°, 135°] of variations of the scattering angle £'. Dashed line represents
values of H-G for g = 0.3 (BC) and g = 0.75 (DU, SS).

lead to spurious unphysical fluctuations of anisotropy
parameters. Preliminary investigations of this issue tend to
show that, in our approach, these residual fluctuations are
well described by the aerosol kernel. This helps to improve
the quality of the surface BRDF by reducing the initial
spurious short-time variations in albedo time series. More-
over, the spatial resolution is not perceived as a strong
constraint of our method given the fact that the spatial
contrast is not exploited. Nonetheless, the selection for a
large box, maybe on optimal device, increases the chance to
observe a dark target over which the aerosol retrieval is
more accurate. Our well-behaved algorithm will continue to
undergo developments and refinements with intensive vali-
dation against ground measurements over longer periods,

particularly for operational air quality forecasting. Consid-
ering the quantitative error estimate, the assimilation of
SEVIRI AOT into numerical weather prediction models will
offer new perspectives in term of aerosol radiative forcing
and climate.

Appendix A: Estimation of Noncorrelated Errors

[47] To estimate o[pror (6, 0])] for the observation
number j, we analyzed sets of SEVIRI observations over
Europe having first a similar angular configuration. The
period must be short enough to assume surface properties to
be stationary, which is here from 2 to 4 June 2005 because
of a low aerosol load according to MODIS. The estimate of
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Figure 18. (right) Maximum and (left) minimum values of scattering angles obtained with SEVIRI over
the MSG disk at (top) winter solstice, (middle) summer solstice, and (bottom) spring equinox. These max-
imum and minimum values are calculated to represent the 70% confidence interval of the SEVIRI scat-
tering angle population.
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noncorrelated errors is proposed here in the case of a geo-
stationary system with SEVIRI. The directional dependence
of o[pror(6], 67)] is a linear function of the relative air
mass 7:

oproc(0,0])] = olproc(6s = 0,6, = 0)]n. (A1)
Within a good approximation, we obtain a Gaussian dis-
tribution of the reflectance difference Apro, for any pair
of observations with corresponding azimuth variation, A¢,,
close to zero (see Figure A1). Given a value of the reflectance,
we can express the root mean square error of Apzp; for any
pair of observations with corresponding azimuth variation,
Adg, (see Figure A2) in the terms:

alApro/n) == \/|Alpror/n)*|.

Furthermore, the standard error between two variables
having the same Gaussian error structure is /2 times as
large. Normalizing by this quantity, we determine a stan-
dard error estimate for the reflectance factor, the limit of
which is interpreted as:

(A2)

Jim olAprow /) = alpron(6 = 0,6, =)L (A3)

As a result, it follows that the standard error o pror (6, 6,)]
is a linear expression with pro; (6, 6,). From equation (A1),
it follows that:

olproL(8],0])] = [e1 + eapros (6],60) |- (Ad4)

Best-estimate analysis gives ¢; = 0.001 and ¢, = 0.07.
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Figure A1. Probability density distribution of the quantity

Apror (B, 0,)/n (650 nm channel) for different values of
A¢, on 2 June 2005 at 1200 UTC. From left to right on
the plot, the solid curves correspond to A¢, intervals of
[0.; 0.25] — [0.25; 0.5] — [0.5; 1] — [1; 1.75]. The total num-
ber of cases considered is close to 20 millions. The dashed
line obeys a Gaussian law.
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Figure A2. Standard deviation function of the normalized
difference of reflectance versus angle of difference A¢, for
SEVIRI at channel 650 nm and a reflectance value equal to
0.275.
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