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Abstract. The Spinning Enhanced Visible and InfraRed Im-
ager (SEVIRI) aboard Meteosat Second Generation (MSG)
launched in 2003 by EUMETSAT is dedicated to the Now-
casting applications and Numerical Weather Prediction and
to the provision of observations for climate monitoring and
research. We use the data in visible and near infrared (NIR)
channels to derive the aerosol optical thickness (AOT) over
land. The algorithm is based on the assumption that the
top of the atmosphere (TOA) reflectance increases with the
aerosol load. This is a reasonable assumption except in case
of absorbing aerosols above bright surfaces. We assume
that the minimum in a 14-days time series of the TOA re-
flectance is, once corrected from gaseous scattering and ab-
sorption, representative of the surface reflectance. The AOT
and the aerosol model (a set of 5 models is used), are re-
trieved by matching the simulated TOA reflectance with the
TOA reflectances measured by SEVIRI in its visible and NIR
spectral bands.

The high temporal resolution of the data acquisition by
SEVIRI allows to retrieve the AOT every 15 min with a spa-
tial resolution of 3 km at sub-satellite point, over the en-
tire SEVIRI disk covering Europe, Africa and part of South
America. The resulting AOT, a level 2 product at the native
temporal and spatial SEVIRI resolutions, is presented and
evaluated in this paper.

The AOT has been validated using ground based mea-
surements from AErosol RObotic NETwork (AERONET), a
sun-photometer network, focusing over Europe for 3 months
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in 2006. The SEVIRI estimates correlate well with the
AERONET measurements,r = 0.64, with a slight overesti-
mate, bias =−0.017. The sources of errors are mainly the
cloud contamination and the bad estimation of the surface re-
flectance. The temporal evolutions exhibited by both datasets
show very good agreement which allows to conclude that the
AOT Level 2 product from SEVIRI can be used to quantify
the aerosol content and to monitor its daily evolution with a
high temporal frequency. The comparison with daily maps of
Moderate Resolution Imaging Spectroradiometer (MODIS)
AOT level 3 product shows qualitative good agreement in
the retrieved geographic patterns of AOT.

Given the high spatial and temporal resolutions obtained
with this approach, our results have clear potential for appli-
cations ranging from air quality monitoring to climate stud-
ies. This paper presents a first evaluation and validation of
the derived AOT over Europe in order to document the over-
all quality of a product that will be made publicly available
to the users of the aforementioned research communities.

1 Introduction

Tropospheric aerosols which are solid or liquid particles sus-
pended in the air (Junge, 1958; Whitby, 1976), have two
origins: natural and anthropogenic. Natural aerosols are a
consequence of the wind effect on the surface (desert and
marine origins), the burning of biomass and in a small pro-
portion, biochemical reactions (Charlson et al., 1987; Kettle
and Andreae, 2000). In addition, significant quantities of an-
thropogenic aerosols are emitted in the atmosphere. These
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are mainly produced by the industrial activities, but also the
agriculture, and once again biomass burning.

Aerosol effects on climate are dual: direct and indirect
(Hansen et al., 2000). In the shortwave domain (0.3–4 µm),
the direct “parasol effect” (Crutzen et al., 2003) leads to a de-
crease of the temperature beneath an aerosol layer covering
the surface by reflecting the incident solar radiance; the tem-
perature of the layer of the atmosphere where aerosols are
located is increased by aerosol absorption of incident solar
radiation. In the thermal infrared domain (8–15 µm), radi-
ation emitted from the Earth is partly absorbed by aerosols
and some is reemitted toward the ground, increasing both
the aerosol layer and the underlying atmosphere and surface
temperatures. This last phenomenon is especially important
in case of absorbing aerosols. The indirect effect (Albrecht,
1989; Twomey, 1991; Lohmann and Feichter, 2005) is the
increase of the condensation nuclei generation. The origin
of the cloud formation being the presence in the atmosphere
of cloud condensation nuclei (CCN) around which water
vapour condensates, an increase of CCN can therefore affect
cloud microphysics and consequently cloud physics (forma-
tion, evolution, dissipation) (Denman et al., 2007; Haywood
and Boucher, 2000; Schwartz and Slingo, 1995; Hegg et al.,
1993). These first and second indirect effects are currently
a source of major uncertainties in cloud and climate models
(Ghan et al., 2001; Hansen et al., 1997; Quaas et al., 2008;
Schulz et al., 2006; Lohmann et al., 2010).

The direct radiative forcing due to aerosols is globally
negative (−0.5 W m−2 with the 5th and 95th percentiles at
respectively−0.1 W m−2 and −0.9 W m−2, Forster et al.,
2007) and the first indirect effect (also called cloud
albedo effect or Twomey effect) generates a decrease of
the radiative forcing estimated at−0.7 W m−2 with the
5th and 95th percentiles at respectively−0.3 W m−2 and
−1.8 W m−2 (Forster et al., 2007), but again these numbers
remain highly uncertain. The knowledge of microphysical
parameters of tropospheric aerosols and their distribution are
therefore critical for the understanding of their effects on
climate (Charlson et al., 1992; King et al., 1999) and the
consequences on ground and atmosphere temperatures.

Another important issue related to aerosols monitoring is
the relation existing between aerosols and air quality, es-
pecially in urban areas (Health Effects Institute, 2000; Lim
et al., 2004; Sifakis, 1998). The air quality domain is the
study of gas (CO2, O3, NOx, ...) and solid particles called
particulate matter (PM). Many studies in particular have tried
to link the aerosol optical thickness (AOT) with the PM
(Koelemeijer et al., 2006; Chu et al., 2003; Emili et al., 2010;
Rohen et al., 2011; Wang and Christopher, 2003). For these
applications, the monitoring of aerosol loading at a high tem-
poral resolution is important. For the anthropogenic aerosols
and near the sources of emission, the characteristic time of
their presence in the atmosphere is typically of one hour and
the spatial variation is around 1 km (Seinfeld and Pandis,
1997; Wayne, 2000). The meteorological conditions have a

great influence on the stagnation and transport of an aerosol
plume. Rapid variations could be detected with the high tem-
poral resolution of SEVIRI.Grosso et al.(2007), for exam-
ple, insist on the complementarity between ground air qual-
ity monitoring networks which are limited in terms of spatial
coverage and satellite images which cover local and regional
zone.

The detection of aerosols and the study of their evolution
are difficult because of their low radiative signal, their rapid
temporal evolution, their interactions with molecular gases
and their regional variability.

Aerosols can be detected via an estimation of their opti-
cal thickness from the surface using ground-based sun pho-
tometers such as those from the AErosol RObotic NETwork
(AERONET) (Holben et al., 1998), or using airborne and
spaceborne instrumentation. Knowledge about aerosol im-
pacts on the environment has increased significantly with the
observation from space thanks to the provision of a global
coverage, long term monitoring and a good characteriza-
tion of physical aerosol parameters. Several global aerosol
products over land are readily available from various sensors
on polar orbiting satellites such as MODIS, MERIS, MISR,
AVHRR, POLDER, TOMS and OMI (King et al., 1999;
Mishchenko et al., 2007; Kaufman et al., 2002). If these Low
Earth Orbiting (LEO) satellites can deliver rather high spatial
resolution observations (around 1 km for the most of), the de-
rived aerosol products are usually provided on a daily basis at
a resolution of the order of ten kilometers or lower (MODIS
or TOMS for instance). From geostationary satellites the sur-
face sampled daily is for obvious reasons limited to the geo-
stationary orbit field of view and the observations spatial res-
olution tends to be usually lower compared to instruments of
the same generation on polar orbits, to a few exceptions such
as OMI. However the high temporal resolution is an asset
with a view to monitor the diurnal cycle of the aerosol load.
Another advantage is the possibility to obtain more than 2 re-
trievals per day to increase the confidence in daily or monthly
products. The capability to retrieve aerosol properties from
a geostationary platform and monitor their diurnal cycle has
been demonstrated byKnapp(2002) andKnapp et al.(2002,
2005), using the GOES sensor. Several aerosol studies over
ocean have been performed also using the Meteosat first gen-
eration satellites (Moulin et al., 1997) and the Meteosat Sec-
ond Generation (MSG) (Thieuleux et al., 2005).

MSG, launched by EUMETSAT, is on geostationary orbit
since 2003 above the Guinea Gulf and the data are available
in near-real time since this date every 15 min. Thanks to its
position, the satellite is optimized to study the African, Eu-
ropean and East of the South American continents, the At-
lantic ocean and Mediterranean sea. The SEVIRI instrument
is composed by 3 channels in the visible and near infrared
(NIR) and 8 in the thermal infrared with a spatial resolution
at sub-satellite point of 3 km and a High Resolution Visible
(HRV) broadband channel with a spatial resolution of 1 km
at sub-satellite point. The level 1.5 data available have been
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corrected from radiometric and geometric non-linearity, ge-
olocated and calibrated (Muller, 2007).

Recent investigations have used the Spinning Enhanced
Visible and InfraRed Imager (SEVIRI) sensor onboard MSG
to retrieve AOT over land in the visible channel centred at
0.6 µm and noted VIS06 in the following (Popp et al., 2007;
Guerrieri et al., 2007; Carrer et al., 2010; Wagner et al.,
2010). All these studies showed the feasibility of retriev-
ing the AOT at time-scales ranging from 15 min (Popp et al.,
2007; Guerrieri et al., 2007) to daily means (Carrer et al.,
2010; Govaerts et al., 2010; Wagner et al., 2010).

Our algorithm (Jolivet et al., 2006; Bernard et al., 2009)
is based on the assumption that the top of the atmosphere
(TOA) reflectance in the VIS06 channel increases with the
aerosol load (Fraser and Kaufman, 1985; Kaufman et al.,
1997). After TOA reflectances have been corrected from
gaseous and molecular contributions, the variable solar ge-
ometries combined with fixed viewing angle allow some an-
gular sampling of the surface Bi-directional Reflectance Dis-
tribution Function (BRDF) and/or of the aerosol phase func-
tion. The algorithm developed aims to retrieve the AOT in
the VIS06 channel in two steps using a method similar to
the one developed for GOES-8 byKnapp et al.(2005). Over
land, from a set of 14 days images, a map of estimated sur-
face reflectance is built assuming that the darkest pixel for
the period corresponds to a clean-sky observation (in fact the
clearest). The second step is the retrieval of the AOT for
each image using these surface reflectance maps and using
a set of 5 aerosol models. The final product reports AOTs
retrieved for each model along with an identification of the
“best” estimate.

The algorithm generates maps every 15 min, that we val-
idate against ground-based measurements (AERONET) for
stations located in Europe. The study we present here con-
cerns the validation of this aerosol land product over the Eu-
rope between March and July 2006. We also compare our
product with data from the polar orbiting satellite Moderate
Resolution Imaging Spectroradiometer (MODIS), onboard
Aqua and Terra, and finally analyze limits of the algorithm
and give future developments to improve the quality of the
AOT product.

This paper is primarily intended at documenting the ad-
vantages and limitations of a first revision of an AOT product
that will be made publicly available, knowing that identified
problems are currently being investigated and improvements
are being made. Therefore, instead of a detailed analysis of
individual sources of error, we provide here an overall as-
sessment of the product quality to allow potential users to
develop their analysis with sufficient understanding about the
product quality and validity range. Also, even though re-
trievals are performed over the full SEVIRI disk, this first
evaluation of the product quality focuses over Europe where
current retrievals are believed to have some virtues for the
quantitative analysis of aerosol loading and diurnal evolution
for air quality applications.

In Sects. 2 and 3, we first present the theoretical basis of
an algorithm used to retrieve aerosol optical thickness from
SEVIRI observations. Then, methodology and results of the
validation of this product against AERONET ground based
measurements are presented and discussed in Sect. 4. The
capability of the SEVIRI product to follow the aerosol di-
urnal cycle is illustrated through cases study and discussed
against AERONET and MODIS in Sects. 5 and 6. Finally,
the daily mean AOT derived from SEVIRI is also compared
to AERONET over 30 days periods and the comparison with
daily maps of the level 3 MODIS is performed in Sect. 7.
Conclusions and main findings are summarized in Sect. 8.

2 Surface-atmosphere modelling

If L (in W m−2 sr−1 µ m−1) is the radiance measured at the
top of the atmosphere,µs the cosine of the solar zenith angle
andEs the constant solar irradiance, the reflectance is given
by:

ρ =
π L

µs Es
. (1)

In clear-sky conditions, the TOA radiance derives from the
contribution of the absorption and scattering by molecules
and aerosols. Under some assumptions, we can dissociate
three principal contributions and calculate them separately.
First, for molecules, the absorption is independent from the
scattering phenomenon. At the wavelength considered for
our retrievals, 0.6 µm, the main gas which participates to the
absorption is the Ozone. Regarding the scattering contri-
bution, the molecules and aerosols are mixed in the atmo-
sphere and a coupling effect appears. The radiance produced
by such a coupling depends on many parameters: geometry,
wavelength, surface pressure, aerosol type and aerosol opti-
cal thickness (Santer et al., 1999). Beyond 0.6 µm the cou-
pling effect can be neglected (Ramon and Santer, 2001). In
order to simplify the modelling, molecules and aerosols are
separated and the Rayleigh scattering contribution is calcu-
lated separately. Therefore, the assumed atmospheric system
consists of three separated layers: a molecular layer respon-
sible for Rayleigh scattering, located above an aerosol layer
and beneath a purely absorbing gaseous layer.

The surface is considered as a Lambertian reflector for
surface-atmosphere coupling term. This last point is a sim-
plification necessary to avoid expensive computational time.
Indeed, a non-lambertian surface involves the coupling be-
tween the atmospheric directional downward radiation field
with the BRDF of the target (Vermote et al., 1997b) which in-
creases the complexity of the problem. This simple hypothe-
sis could generate uncertainties in case of inhomogeous sur-
faces and important aerosol content (Vermote et al., 1997a).

Under all these assumptions, the top of the atmosphere re-
flectance for one wavelength is given by:
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ρTOA
meas(θS, θV, φ) = Tg

[
ρRay (θS, θV, φ)

+ ρag (θS, θV, φ)
TRay (θS, θV)

1 − ρag SRay

]
(2)

where,Tg is the gas transmittance,ρRay, andSRay are the re-
flectance and spherical albedo for the Rayleigh scattering,
TRay is the Rayleigh transmittance for the downward and
upward directions andρag is the reflectance at the top of
the aerosol layer, also called the aerosol-ground reflectance.
These quantities depend on the solar zenith angle (SZA) (θS),
on the viewing zenith angle (VZA) (θV) and on the relative
azimuth angle (RAA) (φ).

3 Description of the algorithm

From the native format data, the pixel counts of each channel
are converted into radiances. Then, visible and near infrared
channels are converted into reflectances from the Eq. (1) (Go-
vaerts and Clerici, 2004) and brightness temperatures are
computed for IR channels (IR3.9, IR8.7 IR10.8 and IR12)
using the MSG reported calibration (EUMETSAT, 2007).

3.1 Cloud masking scheme

The first step in building the clear sky reflectance refer-
ence requires an identification of cloud covered or poten-
tially cloud contaminated pixels. Although operational cloud
masks exist, we are using a simpler yet efficient cloud mask-
ing scheme developed specifically for our application. The
rationale for using a dedicated cloud mask is that it provides
a handle on the cloud detection sensitivity. We can therefore
allow for more or less cloud contamination in the first step
of our algorithm and then refine the cloud masking at a later
stage, either right after AOT retrieval, or during construction
of level 3 products based on quality assurance flags set during
the retrieval process.

Our cloud masking scheme is based on a two steps process
during which we first try to classify pixels among four cat-
egories using an ensemble of thresholds based tests. Then,
a temporal variability analysis on the High Resolution Vis-
ible and 10.8 µm channels is performed to refine the initial
classification.

Taking example on the cloud mask developed for MODIS
(Ackerman et al., 1998; Platnick et al., 2003) but adjusted to
the spectral channels and spatial resolution of SEVIRI, our
cloud mask is based on spectral thresholds and spatial coher-
ence tests in the visible, near infrared and thermal infrared
channels. The thresholds for the various tests have been set
from detailed analysis of several scenes of SEVIRI images.
As stated inAckerman et al.(1998), the thresholds are never
global but tend to represent as high a variety of situation as
possible. However, the cloud detection scheme (hence the
thresholds) is divided in an ocean and a land part because of
the differences between the two types of surface reflectance

magnitude in visible and near infrared spectral channels. The
goal of each test is to estimate the probability of having a
clear pixel (resp. a cloudy pixel). The value of a clear proba-
bility index (resp. a cloudy probability index) is increased if
the test is achieved successfully. Finally, the respective val-
ues of both indexes determine the class of the pixel among
four possible values: clear certain, clear uncertain, cloudy
uncertain or cloudy certain. These cloud mask categories are
respectively assigned a value of 0, 1, 2 or 3.

Note that we developed a cloud mask which does not de-
pend on the availability of ancillary data such as meteoro-
logical reanalysis or forecast and does not require dynamic
thresholds to be computed online using radiative transfer
code as some more “evolved” cloud mask schemes some-
times do, so that the algorithm can be applied easily in a
near real time environment using Eumetcast data dissemi-
nation system. Although this scheme appears rather simple
compared to others, our cloud mask has proved to perform
quite well and has been used with success for various studies
(Roebeling et al., 2008).

In a second step, further tests using the high temporal res-
olution of the sensor are applied to the HRV channel and
the IR108 channel (centred at 10.8 µm). The first one has
a spatial resolution 3 times higher than the other channels
and covers the visible wavelength region (0.37–1.25 µm).
It improves particularly the discrimination between cloudy
and clear pixels thanks to detection of small-scale features.
We use the temporal information to detect the motion of
clouds: over periods of 30 min (±15 min before and after the
current SEVIRI image) temporal tests based on reflectance
(HRV channel) or brightness temperature (IR108 channel)
thresholds, allow to discriminate between 3 types of fea-
tures: shadow, surface and cloud. The period can be ex-
tended to one hour (±30 min) when images do not exist in
the database. The time scale is kept as low as possible (30 to
60 min) to limit the variation of the surface reflectance. Fi-
nally, a clear pixel identified in the first classification can
be restored as cloud contaminated based on this temporal
analysis.

3.2 Atmospheric corrections of level 1B

3.2.1 Gas absorption correction

Firstly, the absorption of the Ozone band in the VIS06 chan-
nel represents around 6 % of the TOA reflectance at nadir. A
simple correction of this gas contribution is done assuming
an angular dependence with the air mass,m (m = 1

µs
+

1
µv

)
with µv the cosine of the viewing zenith angle. We also
assume that the atmospheric quantity of Ozone is constant
in time and uniformly mixed in the atmosphere. We con-
sider a US62 standard atmosphere model with a quantity
of 344 Dobson Units and the corresponding transmittance
(T03 = 0.94244) for an air mass of 1 (m0 = 2) as it is used in
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Table 1. Physical and optical parameters of the aerosol models used in the algorithm (Omar et al., 2005).

] mode R5
v σ6

v V 7
o n8 F9

(µm) (dV /dlnr)
[µm3/µm2

]

1 WMO – – – – – –
2 MA1 Acc. 0.15 0.42 0.096 1.43–0.007i 0.82

Coarse 3.26 0.77 0.092 1.43–0.007i 0.18
3 UI2 Acc. 0.18 0.43 0.096 1.42–0.007i 0.89

Coarse 3.4 0.83 0.06 1.42–0.007i 0.11
4 SM3 Acc. 0.14 0.42 0.092 1.51–0.02i 0.91

Coarse 4.0 0.76 0.064 1.51–0.02i 0.09
5 SD4 Acc. 0.14 0.76 0.087 1.48–0.0018i 0.83

Coarse 2.2 0.55 0.068 1.48–0.0018i 0.17

Models are:1 MA = Moderately Absorbing;2 UI = Urban-Industrial non absorbing;3 SM = Smoke;4 SD = Spheroidal Dust. Number of each model is reported in the first column.

The characteristics, given for both fine and coarse mode, are the median radius of the volume size distribution (5Rv) in µm, the neperian logarithm of6σv representing the standard

deviation of this median radius, the volume of particles per cross section of the atmospheric column (7Vo) and the complex refractive index (8n) at 0.6 µm. The extinction fraction

of each mode is also given (9F ). The WMO continental model is fromLenoble and Brogniez(1984) (see text).

the 6S radiative transfer code (Vermote et al., 1997b). So, the
transmittance is given by:

Tg = T

m
m0

03
. (3)

From this, we get the reflectance at the top of the atmo-
sphere corrected from the Ozone absorption as:

ρ
TOA,gas
meas =

ρTOA
meas

Tg
. (4)

3.2.2 Rayleigh scattering correction

The reflectances are then corrected from the molecular scat-
tering contribution in both visible channels (VIS06 and
VIS08). The Rayleigh reflectance, transmittance and albedo
are stored in Look-Up Tables (LUT’s) calculated with the
Successive Order of Scattering (SOS) radiative transfer code
(Lenoble et al., 2007).

From the Eqs. (2) and (4), the TOA reflectance corrected
from the Rayleigh scattering is calculated in two steps:

ρTOA∗
meas =

ρ
TOA,gas
meas − ρRay

TRay (θS, θV)
(5)

then,

ρag = ρmeas
ag =

ρTOA∗
meas

1 + SRay ρTOA∗
meas

. (6)

This reflectance is the result of the first step of the algo-
rithm, called the level 1B (L1B).

3.3 Estimation of the surface reference reflectance

Once the first step is achieved, a set of (cloud free) aerosol-
ground reflectances is available. Aerosol contribution is sep-
arated from ground contribution using Eq. (7):

ρsim
ag = ρAer + ρg

TAer

1 − SAer ρg
. (7)

The unknowns are the ground reflectance,ρg, and the 3 pa-
rameters which govern the scattering by aerosols: the re-
flectance (ρAer), the spherical albedo (SAer) and the trans-
mittance (TAer) in the upward and downward directions.

To derive the surface reflectance (ρg) over land, we as-
sume that in a period of several days, the minimum of the
aerosol-ground reflectance is the contribution of the surface
and a residual aerosol load. As discussed previously, the
method of the minimum is not valid above bright surfaces
in the presence of absorbing aerosols (Kaufman et al., 1997).
This point is discussed inJolivet et al.(2006) showing that
the TOA reflectance decreases with increasing AOT. So, the
minimum reflectance found will not necessarily be the ab-
solute TOA minimum reflectance which would occur under
perfectly clean sky conditions.

Taking example onKnapp et al.(2002), a residual aerosol
optical thickness of 0.03 (τback) is chosen considering the
WMO continental model (see Table1 for a description of
the aerosol models). This assumption is globally realistic
even if spatial and temporal variations of aerosols in the at-
mosphere and the spatial inhomogeneity of aerosol models
should ideally be considered.

To determine the optimal period during which the ref-
erence reflectance should be looked for, a number of so-
lar/satellite geometric considerations must be accounted for.
During a 14 days period the SZA varies between 0.5◦ and
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Table 2. Coordinates and description of the 43 AERONET stations used for the validation. The country of each station is indicated in
parenthesis: FR. = France, DE. = Germany, PT. = Portugal, ES. = Spain, GR. = Greece, RU. = Russia, MD. = Moldova, Republic Of, IT.
= Italy, BE. = Belgium, CH. = Switzerland, NL. = The Netherlands, PL. = Poland, UA. = Ukraine, SE. = Sweden, EE. = Estonia, BY. =
Belarus, UK. = United Kingdom.

Stations Lat.(°) Lon.(°) Stations Lat.(°) Lon.(°)
Avignon (FR.) 43.9N 4.88E La Crau (FR.) 43.58N 4.8E
Barcelona (ES.) 41.39N 2.12E Laegeren (CH.) 47.48N 8.35E
Belsk (PL.) 51.84N 20.79E Lecce University (IT.) 40.33N 18.11
Brussels (BE.) 50.78N 4.35E Le Fauga (FR.) 43.38N 1.28E
Cabauw (NL.) 51.97N 4.93E Lille (FR.) 50.61N 3.14E
Cabo Da Roca (PT.) 38.78N 9.5W Mainz (DE.) 50N 8.3E
Carpentras (FR.) 44.08N 5.06E Minsk (BY.) 53.92N 27.6E
Chilbolton (UK.) 51.14N 1.44W Modena (IT.) 44.63N 10.94E
Davos (CH.) 46.8N 9.84E Moldova (MD.) 47N 28.81E
Dunkerque (FR.) 51.03N 2.37E Moscow MSU MO (RU.) 55.7N 37.51E
Epanomi (GR.) 40.37N 22.98E OHP Observatory (FR.) 43.93N 5.7E
Evora (PT.) 38.57N 7.9W Oostende (BE.) 51.22N 2.92E
Fontainebleau (FR.) 48.4N 2.68E Palaiseau (FR.) 48.7N 2.2E
Forth crete (GR.) 35.33N 25.28E Palencia (ES.) 41.99N 4.51W
Granada (ES.) 37.16N 3.6W Paris (FR.) 48.87N 2.33E
Hamburg (DE.) 53.57N 9.73E Rome Tor Vergata (IT.) 41.84N 12.65E
Helgoland (DE.) 54.18N 7.89E Sevastopol (UA.) 44.61N 33.52E
IMAA Potenza (IT.) 40.6N 15.72E SMHI (SE.) 58.58N 16.15E
Ispra (IT.) 45.8N 8.63E Thessaloniki (GR.) 40.63N 22.96E
The Hague (NL.) 52.11N 4.33E Toravere (EE.) 58.25N 26.46E
Toulon (FR.) 43.14N 6E Venise (IT.) 45.31N 12.5E
Villefranche (FR.) 43.98N 7.33E

Fig. 1. Rome site on the 16 July 2006. (left) Ground reflectance (ρg) at 0.6 µm: the subset of BRDF (or reference reflectance) based on the
14 days minimum (black dashed curve) and the fourth degree polynomial fit (black curve). (right) Jday,ref : the day with the smallest L1B
reflectance at VIS06 channel.

Fig. 1. Rome site on the 16 July 2006. Left panel: ground reflectance (ρg) at 0.6 µm: the subset of BRDF (or reference reflectance) based
on the 14 days minimum (black dashed curve) and the fourth degree polynomial fit (black curve). Right panel:Jday,ref: the day with the
smallest L1B reflectance at VIS06 channel.

1.5◦, depending on the latitude, and the RAA varies between
−1◦ and 4◦ for the same time of the day (Jolivet et al., 2006).
These variations do not lead to significant changes of the
ground reflectance. However, in case of “hot spot” geometry
(due to the backscattering of the sunlight by foliage), when
the scattering angle (angle between the solar and viewing di-
rections) is close to 180◦, rapid variation of the ground re-
flectance is observed. This situation occurs in Europe around
the equinox.

We also assume that for such a period, surface proper-
ties (farmland, building constructions, forests, ...) do not
change significantly. When we consider a shorter time range
of 7 days, the number of pixels kept for the estimation of the
reference reflectance is 20 % lower than for a 14 days period.
For a longer period, this number does not increase signifi-
cantly (Jolivet et al., 2006). A similar study (Knapp et al.,
2005) determined a best period of 14 days to retrieve the sur-
face reflectance from a geostationary platform (GOES). Note
that Popp et al.(2007) chose a period of 31 days for their
studies but for the reasons previously mentioned this longer
period may induce some severe geometrical biases.

So for each pixel of a given image (Jday), the algorithm
looks for the day with the smallest L1B reflectance in the
VIS06 channel over 14 days and considers this particular day
(Jday,ref) with a minimum of aerosol load (see Fig.1). This
procedure is applied to all pixels in order to construct a refer-
ence map of bi-directional reflectance valid for the scene and
the time and day considered. The basis of the algorithm relies
on identifying confident clear pixels so that building of this
clear sky reference map is only done using “clear certain”
pixels. Once every image of the day has been processed, we
reconstruct the diurnal variation of the surface reflectance,
for a fixed VZA (θv) and several SZA (θs).

This subset of BRDF is then temporally fitted with a fourth
degree polynomial function to, on one hand, minimize the
temporal noise due to the compositing method, and on the

other hand, remove the potential positive bias caused by
cloud contamination and negative bias introduced by cloud
shadows. This surface reflectance is called the reference re-
flectance in the following of the text (Fig.1).

Note also that the fit is weighted using a quality index,
assigned to each pixel of every image. This index is based
on several tests: pixels with no data, number of days use to
find the minimum, temporal test on the presence of data and
successive tests on the polynomial standard deviation. The
quality index increases in case of the tests fail. The index
values range from 0 (high confidence) to 10 (low confidence).

3.4 Description of level 2 processing

3.4.1 Basis for AOT retrieval

Once a reference reflectance for the surface has been estab-
lished, the aerosol terms (ρAer, TAer, SAer) in the Eq. (7) re-
main unknown.

We simulate these terms linked to aerosols using the SOS
radiative transfer code (Lenoble et al., 2007) for a range of
sensor and solar zenith and azimuthal angles and aerosol op-
tical thicknesses (varying from 0 to 2.5 with a step of 0.05)
for five aerosol models in the visible and NIR channels.
These results are stored in LUT’s for use during the retrieval
process.

Among the five aerosol models used, four are fromOmar
et al. (2005): moderately absorbing (MA), urban-industrial
(UI), smoke (SM) and spheroidal dust (SD) (spherical shape
is used to simplify calculation). They have a two-modes (ac-
cumulation and coarse modes) log-normal size distribution
and their optical and geometrical features are given in Ta-
ble 1. This distribution is based on the median radius: few
10−1 µm for the coarse mode and between 5× 10−3 µm and
10−2 µm for the fine mode. ParameterF gives these propor-
tions (Table1). In addition, a fifth model from the World
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Fig. 2. Single scattering albedo ($0) for the 5 aerosol models used
by the algorithm to retrieve the AOT at 0.6 µm.

Fig. 3. Aerosol phase function for each 5 models at 0.6 µm between
0◦ and 180◦ (left). A zoom for the backscattering part (from 120◦

to 180◦) is also plotted (right).

Fig. 2. Single scattering albedo ($0) for the 5 aerosol models used
by the algorithm to retrieve the AOT at 0.6 µm.

Meteorological Organization (WMO) (Lenoble and Brog-
niez, 1984) is used, identified as a continental model (WMO
cont), and composed of a proportion of three components:
dust-like, water-soluble and soot, respectively in these pro-
portions: 70 %, 29 % and 1 %. In the same manner for mod-
els fromOmar et al.(2005), we separated into two modes
this WMO continental model with 91 % for the accumula-
tion mode and 9 % for the coarse mode.

The single scattering albedo of each model is plotted in
Fig. 2. Three groups could be distinguished: a nearly non-
absorbing model (SD),$0 = 0.98, a moderately absorbing
group (MA + UI): 0.88< $0 < 0.95, and an absorbing group
(WMO cont + SM): 0.9< $0 < 0.7. The phase function in
the VIS06 channel of each model is also plotted (see Fig.3).

Usingρg, the aerosol/ground reflectance can be computed
in the VIS06 channel (Eq.7) by adjusting for each aerosol
model the AOT to match the Rayleigh and gas corrected mea-
sured reflectance (ρmeas

ag in Eq. 6). Then, the aerosol/ground
reflectances (Eq.7) in the VIS08 and NIR16 channels (cen-
tred at respectively 0.8 µm and at 1.6 µm) are derived directly
from the LUT’s for each aerosol model. Finally, the algo-
rithm discriminates between the aerosol models and selects
the best estimate by minimisation of the square difference
betweenρsim

agλ
andρmeas

agλ
with λ = 0.8 and 1.6 µm. Note that

the product actually reports the AOT values retrieved in the
VIS06 channel for all five models. The identification of the
so-called best estimate is done in an attempt to fully use the
potential of SEVIRI spectral capabilities. However, we cur-
rently have limited understanding of the spectral coherence
of inter-channel calibration and therefore, the information
carried by the best-estimate model shall not be overestimated
and in particular does not represent, at this stage, an absolute
determination of the aerosol type on a individual pixel ba-
sis. However, this information can again be used at a later
stage during level 3 construction or during diurnal evolu-
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Fig. 3. Aerosol phase function for each 5 models at 0.6 µm between
0◦ and 180◦ (left panel). A zoom for the backscattering part (from
120◦ to 180◦) is also plotted (right panel).

tion analysis to enforce respectively some spatial or temporal
coherence in the product.

This procedure is applied on each individual pixel identi-
fied as clear by the cloud mask scheme (“clear certain” and
“clear uncertain”).

For obvious reasons, retrieval is attempted only for pix-
els under daylight conditions and bright surfaces are dis-
carded for reasons already developed in Sect.3.3. The bright
surfaces are essentially desert areas (Sahara, Sahel, Namib)
where the Rayleigh and Ozone corrected VIS06 TOA re-
flectance is approximately greater than 0.25. Also, for the
same reason, retrieval is performed only when the measured
aerosol ground reflectanceρag is greater than the reference
ground reflectanceρg in the VIS06 channel.

For development purposes only and to help in identifica-
tion of discontinuity problems over land, we also retrieve the
AOT over ocean using a similar approach and a simplified
representation of the ocean surface. Over ocean, the target
is dark and the spatial and temporal variability of the re-
flectance is low compared to land. Thus, the main contri-
bution to the TOA reflectance is the atmosphere and the re-
flectance of the water is negligible as explained inThieuleux
et al. (2005) except near coasts and for sun-glint configura-
tions. The difference with the ocean algorithm ofThieuleux
et al.(2005) is that we assume a very low reflectance for the
water. These values are: 2× 10−3 for the VIS06 channel,
1× 10−4 in the VIS08 channel and 1× 10−5 in the NIR16
channel. Again, this over simplified approach only serves the
purpose of checking the continuity in retrieved AOT between
ocean and land.

The product is finally provided over the entire SEVIRI
disk every 15 minutes between 05:00 and 19:45 UTC.

3.4.2 Quality assurance filters

As previously explained, the level 2 aerosol product is re-
trieved over the entire SEVIRI disk. However, all pix-
els are not directly usable because they may correspond to
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undetected thin clouds or cloud edges, or extreme observa-
tion geometries that usually lead to doubtful retrievals. A
quality assurance mask is constructed and provided with the
product to identify such situations where the aerosol inver-
sion could be doubtful.

First of all, pixels under high viewing angles or low il-
lumination conditions could be considered as doubtful be-
cause several assumptions made by the 6S and SOS radiative
transfer developments fail under these particular geometrical
conditions. Indeed, the assumption of two separated scatter-
ing layers (aerosol + molecule) used here and valid in 6S de-
velopment, falls short when the solar or viewing angles are
greater than 70◦. In these conditions, coupling effects be-
tween aerosol particles and molecule start to be significant
and Eq. (2) does not apply anymore.

As discussed in Sect.3.3, the “hot spot” configuration
leads to an under-estimation of the surface reflectance, due
to the polynomial fit, and so, to an over-estimation of the
aerosol reflectance. This scenario occurs for scattering an-
gles close to 180◦ and in general is identified as a doubt-
ful reference estimation pixel with an index reference greater
than 4. But, the exact value of the limit angle is unclear. So,
we use a rather strict upper limit of 170◦ scattering angle to
avoid even the most difficult cases.

In addition, a test based on the local standard deviation
of the AOT (στ ) is done and three classes are identified:
στ ≤ 0.05, 0.05< στ ≤ 0.1 andστ > 0.1. Isolated pixels have
a στ = 0 and are identified as such in the Quality Assurance
flag so that they can later be rejected. This test is applied
on ensembles of 3 by 3 pixels and aims at removing spuri-
ous AOT values caused by presence of cloud edges or thin
clouds. This relies on the assumption that spatial variability
of retrieved AOT will be greater for a region partly contami-
nated by undetected clouds compared to only aerosols due to
the more continuous nature of aerosol layers.

4 Evaluation of the level 2 product

4.1 AERONET data

The validation is performed against ground-based sun-
photometers measurements of the international AERONET
(Holben et al., 1998) network. We used the level 2 quality
assured AOT product at 675 nm. We focused the validation
over the Europe for three months in 2006 (March, April and
July), and selected 43 stations (see Table2) for which aerosol
optical thickness is available for at least one month.

4.2 Filtering the level 2 product

We use the information of the quality assurance mask to filter
the level 2 aerosol optical thickness and keep the most confi-
dent pixels to compare with measurements from the ground.

Observations corresponding to scattering angles greater
than 170◦ are discarded and pixels viewed or illuminated un-

der an angle greater than 70◦ are also rejected. Only pixels
declared by the cloud mask as “clear certain” are kept for the
validation to minimize contamination by potentially remain-
ing undetected clouds.

A selection of the most confident reference reflectance pix-
els is done. In a general way, the relative offset between the
subset of BRDF and the temporal fit is between 1 % and 5 %.
A few exceptions occur at the start or the end of the day with
some biases reaching 20 %. We remove pixels with a refer-
ence quality index above 3.

We choose to keep non isolated pixel with a local aerosol
standard deviation (στ ) lower than 0.1

4.3 Validation of the level 2 product

We present here results for the filtered AOT product over
land and compare it with the AOT measured at 675 nm
by AERONET. The SEVIRI pixel used for the validation
is the one geolocated with the AERONET station. The
AERONET AOT value is obtained by temporally averaging
all retrievals available±10 min around the SEVIRI observa-
tion time.

Figure 4 shows the comparison between SEVIRI and
AERONET AOT for the 3 months together and each months
separately. With a total of 5637 match-up (N ) the agreement
between AERONET and SEVIRI is good with a correlation
coefficient of 0.64 and a linear regression with a slope of 0.8
and an intercept of 4× 10−2. The negative bias (AERONET-
SEVIRI) of −0.017 denotes a low but global over-estimation
of the AOT by the SEVIRI retrievals. This bias is be-
tween−0.03 and 0.007 for AOT< 0.3 and from 0.02 to 0.15
for AOT ≥ 0.3. Note that the number of match-up decreases
with increasing AOT, withN reaching 5515 for AOT< 0.3
and only 122 for AOT≥0.3.

The mean relative error for AOT< 0.1 is high (63 %) and
very low (<5 %) for AOT≥ 0.1. As can be seen on the den-
sity graph (Fig.4) the bulk of the match-up is very close to
the unit curve. The error is of the same order of magnitude as
the estimation of the aerosol background (τback) for low AOT
with a high number of correlation points. Then, the number
of match-up and the error are low for high AOT.

The rather high value of the root mean square error
(RMSE) (close to 0.07) traduces a large dispersion for both
low and high AOT. Over-estimated SEVIRI AOTs are likely
due to cloud contaminated pixels which are not detected
by the cloud mask and not removed by the filtering tests.
Under-estimated AOTs by SEVIRI are related to the under-
estimation of the background aerosol load. Also, errors on
the estimate of the reference surface reflectance directly lead
to an over or under estimation of AOT. Such errors are caused
mostly by the temporal fit that we apply to smooth the diur-
nal variation of surface reference which tends to introduce
systematic biases in case of local non-uniform surface con-
figurations such as mountain slopes.
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Fig. 4. Density graph of AOT SEVIRI against AERONET at 0.6 µm for European stations for the 3 months: March, April and July 2006
[A]. The linear regression (black line) and the one-to-one curve (black dashed line) are plotted. The parameters of the linear regression are
indicated on the graph. Individual validation for the 3 months separately are also plotted: March [B], April [C] and July [D].

Fig. 4. Density graph of AOT SEVIRI against AERONET at 0.6 µm for European stations for the 3 months: March, April and July 2006(A).
The linear regression (black line) and the one-to-one curve (black dashed line) are plotted. The parameters of the linear regression are
indicated on the graph. Individual validation for the 3 months separately are also plotted: March(B), April (C) and July(D).

The results of the linear regression for July are the best: a
correlation coefficient of 0.7, a slope of 0.9 and a low inter-
cept (0.016). Consistent AOT up to 0.4 are retrieved in com-
parison with AERONET. Every station gives satisfying cor-
relations except for Belsk and Chilbolton for which a large
number of points over-estimate AOT compared to ground-
based measurements. For April, the number of match-up is
about 4 times greater than for March but the parameters of
the linear regression are approximately the same and only
the bias gets improved (divided by 2). We observe high con-
sistent values between 0.3 and 0.6 for April. The RMSE is
the same for each months so denotes a constant dispersion
from the measurements regardless of the month considered.

March suffers from various problems. It is a cloudy month
for Europe with a limited number of clear days available
for construction of the reference (476 in March and 3291 in
July). Secondly, the set of level 1 data is low: from the 2 to
5 March 2006 there is no data, and some days suffer from a

lack of images. For the first period of the month, the data set
among which the minimum of the TOA reflectance is looked
for, is reduced from 14 days to less than 10 days (lack also
of the 27 and 28 February). So, it reduces significantly the
chance to observe a given pixel under clear conditions. For
March, and generally for cloudy periods or periods with an
important lack of raw data, a longer period of investigation
to retrieve a clear day could be necessary. All these factors
contribute to negatively impact the quality of our surface re-
flectance reference.

A bias is found for March which is twice that of the two
other months. This is explained by a more important number
of over-estimated data which could be due to the failure of
the cloud mask or/and to a problem in the estimation of the
reference reflectance. A strong link obviously exists between
the cloud detection and the construction of a good reflectance
reference and our cloud mask scheme could certainly be im-
proved. However, over-estimation of the AOT could be due
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Table 2. Coordinates and description of the 43 AERONET stations used for the validation.

Stations Lat. Lon. Stations Lat. Lon.

Avignon (FR.1) 43.9◦ N 4.88◦ E La Crau (FR.1) 43.58◦ N 4.8◦ E
Barcelona (ES.4) 41.39◦ N 2.12◦ E Laegeren (CH.10) 47.48◦ N 8.35◦ E
Belsk (PL.12) 51.84◦ N 20.79◦ E Lecce University (IT.8) 40.33◦ N 18.11
Brussels (BE.9) 50.78◦ N 4.35◦ E Le Fauga (FR.1) 43.38◦ N 1.28◦ E
Cabauw (NL.11) 51.97◦ N 4.93◦ E Lille (FR.1) 50.61◦ N 3.14◦ E
Cabo Da Roca (PT.3) 38.78◦ N 9.5◦ W Mainz (DE.2) 50◦ N 8.3◦ E
Carpentras (FR.1) 44.08◦ N 5.06◦ E Minsk (BY.16) 53.92◦ N 27.6◦ E
Chilbolton (UK.17) 51.14◦ N 1.44◦ W Modena (IT.8) 44.63◦ N 10.94◦ E
Davos (CH10) 46.8◦ N 9.84◦ E Moldova (MD.7) 47◦ N 28.81◦ E
Dunkerque (FR.1) 51.03◦ N 2.37◦ E Moscow MSU MO (RU.6) 55.7◦ N 37.51◦ E
Epanomi (GR.5) 40.37◦ N 22.98◦ E OHP Observatory (FR.1) 43.93◦ N 5.7◦ E
Evora (PT.3) 38.57◦ N 7.9◦ W Oostende (BE.9) 51.22◦ N 2.92◦ E
Fontainebleau (FR.1) 48.4◦ N 2.68◦ E Palaiseau (FR.1) 48.7◦ N 2.2◦ E
Forth crete (GR.5) 35.33◦ N 25.28◦ E Palencia (ES.4) 41.99◦ N 4.51◦ W
Granada (ES.4) 37.16◦ N 3.6◦ W Paris (FR.1) 48.87◦ N 2.33◦ E
Hamburg (DE.2) 53.57◦ N 9.73◦ E Rome Tor Vergata (IT.8) 41.84◦ N 12.65◦ E
Helgoland (DE.2) 54.18◦ N 7.89◦ E Sevastopol (UA.13) 44.61◦ N 33.52◦ E
IMAA Potenza (IT.8) 40.6◦ N 15.72◦ E SMHI (SE.14) 58.58◦ N 16.15◦ E
Ispra (IT.8) 45.8◦ N 8.63◦ E Thessaloniki (GR.5) 40.63◦ N 22.96◦ E
The Hague (NL.11) 52.11◦ N 4.33◦ E Toravere (EE.15) 58.25◦ N 26.46◦ E
Toulon (FR.1) 43.14◦ N 6◦ E Venise (IT.8) 45.31◦ N 12.5◦ E
Villefranche (FR.1) 43.98◦ N 7.33◦ E

The country of each station is indicated in parenthesis:1 FR. = France,2 DE. = Germany,3 PT. = Portugal,4 ES. = Spain,5 GR. = Greece,6 RU. = Russia,7 MD. = Moldova,

Republic Of,8 IT. = Italy, 9 BE. = Belgium,10 CH. = Switzerland,11 NL. = The Netherlands,12 PL. = Poland,13 UA. = Ukraine,14 SE. = Sweden,15 EE. = Estonia,16 BY. = Belarus,
17 UK. = United Kingdom.

also to the under-estimation of the surface reflectance which
in March could occur over Europe because of rapid change
in vegetation cover. Finally, March is a period during which
observations under the “hot-spot” configuration are the most
common over Europe. The temporal fitting of the surface
reflectance reference tends to smooth out this feature of the
BRDF yielding a systematic under estimate of surface re-
flectance in this particular observation geometry. The limit
value of 170◦ applied to the scattering angle may not be re-
strictive enough in some cases and could partly contribute
to this general overestimate of AOT in March. Despite this,
retrievals for March are acceptable for high AOTs up to 0.4.

The main interest of SEVIRI is the high temporal fre-
quency of observation. To illustrate this, two particular sta-
tions are considered for which the diurnal evolution of the
SEVIRI AOT is plotted and compared with AERONET mea-
surements. Cabauw (Fig.5) and Rome (Fig.6) are located
at the North and South of Europe, with different types of
surface: Cabauw is in an agricultural region and Rome Tor
Vergata is located in the suburb area of Rome.

A very good general monitoring is observed for both sta-
tions. The diurnal cycle is well reproduced by SEVIRI with
an important number of retrievals per day. For Rome the
daily mean absolute relative error (percent error) is between

20 % and 30 % and the bias is close to zero (0.003) except for
the 14 on which SEVIRI over-estimates AERONET by 0.04.
For Cabauw the relative bias ranges from 6 % to 58 %.

For instance, for Cabauw on 1 July 2006 (Fig.5), the max-
imum, in the morning, and the minimum, in the afternoon,
are well retrieved by SEVIRI. The two maxima at 13:30
and 14:30 are missing in SEVIRI retrievals because they
have been rejected during cloud screening. On 2 July 2006,
SEVIRI is in very good agreement with AERONET be-
fore 11:00 and after 13:00. Between these two hours, SE-
VIRI retrieves an aerosol optical thickness greater than 0.22
while AERONET measures an AOT of 0.15 at only two
hours: 12:15 and 12:45. Visual inspection of the visible im-
ages during that timeframe revealed the presence of scattered
clouds around the station which were probably too small to
be detected with the spatial resolution of SEVIRI ('5 km at
this latitude).

In general, SEVIRI aerosol retrievals show a good stabil-
ity of the AOT from one slot to the other except in some
cases such as 20 July 2006 above Rome (Fig.6). Be-
tween 11:00 and 14:00 the aerosol optical thickness varies
between 0.1 and 0.2. From 11:15 to 11:45 the best aerosol
model is successively the MA and the SM model, and the
AOT varies between 0.06 (MA) and 0.2 (SM). This change
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Fig. 5. Temporal evolution of the aerosol optical thickness above Cabauw for some days in July 2006: from 1 to 4 and on 13 and 25. The
black line is AERONET and the red line is SEVIRI. The time scale is from 6:00 to 18:00 UTC and the AOT scale is from 0 to 0.7. The mean
bias and the mean relative bias are indicated on each plot.

Fig. 6. Same as Fig. 5 but for Rome Tor Vergata station for days: 11, 12, 14 and 20 on July 2006.

Fig. 5. Temporal evolution of the aerosol optical thickness above Cabauw for some days in July 2006: from 1 to 4 and on 13 and 25. The
black line is AERONET and the red line is SEVIRI. The time scale is from 06:00 to 18:00 UTC and the AOT scale is from 0 to 0.7. The
mean bias and the mean relative bias are indicated on each plot.

is explained by the method used to select the best model and
the spectral characteristics of SEVIRI: the discrimination be-
tween the models is difficult and several models could match
the measurements. Figure7 shows the AOT retrievals for
each model and for the best model for this particular day. The
best model number is also plotted (see Table1). At the begin-
ning and at the end of the day, the differences between each
model are very small and all of them match very well the
measurements. Around midday, because of the geometrical
conditions, these differences increase, but for this particular
day and station, the AOT measurements remain in the range
of AOT available through the 5 different models. Differences
between AOT retrieved for each model is the consequence
of the optical properties and particularly of their absorption
properties. In the VIS06 channel the single scattering albedo
ranges from 0.98 to 0.85 (Fig.2).

These examples illustrate the unique potential of SEVIRI
to observe the diurnal variability of AOT. The next Section
shows that the rather good agreement of our product with
AERONET is further confirmed when we compare with the
large scale variability of AOT observed simultaneously by
MODIS over Europe.

5 Monitoring of a particular aerosol event

In this Section we investigate AOT maps over France in July
to show the spatial consistency of level 2 product at the orig-
inal temporal resolution during an aerosol event.

On 14 July 2006, an important aerosol event is present all
day long above the northern France and western Germany,
with a mean AOT around 0.35–0.4 (Fig.8). At that time of
July 2006, there were active fires in both Spain and Portu-
gal as well as some dust events coming from North Africa.
The event we describe here seems predominantly associated
with transport of biomass burning aerosols arising from the
Iberian peninsula.

Two AERONET stations have recorded these high aerosol
optical thicknesses: Fontainebleau and Palaiseau, both lo-
cated near Paris (Fig.9). SEVIRI AOT are well correlated
to these measurements with a mean bias of 0.04 and−0.017.
A third station in the south of France, Le Fauga, measured
an AOT greater than 0.2 during the day with a maximum
of 0.4 early in the morning (Fig.9). SEVIRI has only 3 re-
trievals around midday which over-estimated AOT compared
to AERONET. This could be due to scattered clouds that
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Fig. 5. Temporal evolution of the aerosol optical thickness above Cabauw for some days in July 2006: from 1 to 4 and on 13 and 25. The
black line is AERONET and the red line is SEVIRI. The time scale is from 6:00 to 18:00 UTC and the AOT scale is from 0 to 0.7. The mean
bias and the mean relative bias are indicated on each plot.

Fig. 6. Same as Fig. 5 but for Rome Tor Vergata station for days: 11, 12, 14 and 20 on July 2006.Fig. 6. Same as Fig.5 but for Rome Tor Vergata station for days: 11, 12, 14 and 20 on July 2006.
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Fig. 7. Temporal evolution of aerosols parameters retrieved over Rome on the 20 July 2006. [A] Best aerosol model retrieved by the
algorithm (see Table 1). [B] SEVIRI best model aerosol optical thickness at 0.6 µm. [C] aerosol optical thickness for each model (symbol):
WMO continental (plus), Moderatly Absorbing (square), Urban Industrial (pentagon), Smoke (cross), Spheroidal Dust (triangle). AOT best
model (black line) and AOT AERONET (black circle).

Fig. 7. Temporal evolution of aerosols parameters retrieved over Rome on the 20 July 2006.(A) Best aerosol model retrieved by the
algorithm (see Table1). (B) SEVIRI best model aerosol optical thickness at 0.6 µm.(C) Aerosol optical thickness for each model (symbol):
WMO continental (plus), Moderatly Absorbing (square), Urban Industrial (pentagon), Smoke (cross), Spheroidal Dust (triangle). AOT best
model (black line) and AOT AERONET (black circle).

cover the south of France and may affect the accuracy of the
product (Fig.8).

In the north of France and above Benelux, a very low
aerosol optical thickness is retrieved, around 0.1, confirmed
by 2 AERONET stations, Lille and Cabauw, with which SE-
VIRI is in good agreement (Fig.9). Above Cabauw, SE-
VIRI retrieves AOT equal to 0.2 between 11:00 and 12:30
while AERONET measures AOT of 0.1. Once again, scat-

tered clouds around the Cabauw station during that day may
well be responsible for this bias, as suggested by the rela-
tively high local standard deviation of the AOT which is close
to the threshold of 0.1 (see Sect.3.4.2).

Two successive Aqua overpasses on 14 July 2006 can be
temporally matched with SEVIRI observations at 12:00 UTC
and 13:45 UTC. MODIS aerosol products derived from gran-
ules acquired between 12:00 and 12:10, and between 13:45
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Fig. 8. Maps of aerosol optical thickness retrieved by SEVIRI at 0.6 µm for the 14 July 2006 above France, Benelux and West Germany
from 9:00 to 15:00. Two MODIS AQUA aerosol optical thickness level 2 maps are also showed at 12:00 and 13:45. The color scale is from
0 to 0.7.

Fig. 8. Maps of aerosol optical thickness retrieved by SEVIRI at 0.6 µm for the 14 July 2006 above France, Benelux and West Germany
from 09:00 to 15:00. Two MODIS AQUA aerosol optical thickness level 2 maps are also showed at 12:00 and 13:45. The color scale is
from 0 to 0.7.
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Fig. 9. Temporal evolution of the aerosol optical thickness above Fontainebleau, Palaiseau, Le Fauga (near Toulouse), Lille and Cabauw for
the 14 July 2006. The black dots are AERONET, the red dots are SEVIRI and the blue crosses and cyan squares are for MODIS AQUA and
TERRA at 660nm. The mean bias and the mean relative bias between AERONET and SEVIRI are indicated on each plot. The SEVIRI and
MODIS pixels are the ones geolocated with the AERONET station. The time scale is from 6:00 to 18:45 UTC and the AOT scale is from 0
to 0.7.

Fig. 9. Temporal evolution of the aerosol optical thickness above Fontainebleau, Palaiseau, Le Fauga (near Toulouse), Lille and Cabauw for
the 14 July 2006. The black dots are AERONET, the red dots are SEVIRI and the blue crosses and cyan squares are for MODIS AQUA and
TERRA at 660 nm. The mean bias and the mean relative bias between AERONET and SEVIRI are indicated on each plot. The SEVIRI and
MODIS pixels are the ones geolocated with the AERONET station. The time scale is from 06:00 to 18:45 UTC and the AOT scale is from 0
to 0.7.

and 13:50 respectively have been aggregated to produce
maps of AOT that can be directly compared to the SEVIRI
derived aerosol product. MODIS AOT over land (Remer
et al., 2005) is delivered at 660nm under the name “Cor-
rectedAerosolOptical DepthOver Land”. We used the
Quality Assurance (QA) index to filter pixels and keep only
those with a QA = 3 as recommended byLevy et al.(2009b).

The comparison with MODIS confirms the presence of a
large aerosol load over France and Germany. We can ob-
serve the same geographical patterns between maximum and
minimum of aerosol load and clouds (black zones). MODIS
seems to retrieve higher AOT over the region with AOT
values between 0.2 and 0.6 for MODIS while they range
from 0.05 to 0.5 for SEVIRI at 12:00 and 13:45. The dif-
ferences could be due to the aerosol models used by the two
algorithms or due to the surface reflectance estimation for
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which both methods are different. Obviously, MODIS takes
advantage of its higher spatial resolution (between 250 m and
1 km) and spectral coverage to better discriminate clouds and
aerosols and MODIS aerosol products have demonstrated a
very good correlation with AERONET measurements (Levy
et al., 2007). However, where MODIS has only two daily ob-
servations at best for a given region, SEVIRI can follow the
temporal evolution of the aerosol plume in a qualitative way
as will be illustrated in the following Section.

These results illustrate that, despite residual contamination
by clouds, SEVIRI allows for the monitoring of the daily
AOT variability. Furthermore, Fig.8 clearly illustrates that
cloud coverage remains an issue for monitoring the spatial
evolution of AOT. Contrary to other orbiting sensors, SE-
VIRI allows multiple observations per day which increase
the probability of observing a given pixel under clear sky
condition and further help in reducing cloud contamination
when computing a daily mean value of AOT.

6 Observation of the diurnal variability

We compare here the temporal series of the aerosol opti-
cal thickness of the SEVIRI level 2 filtered product and the
MODIS level 2 product onboard both platforms, Aqua and
Terra, over the stations concerned by the aerosol event on the
14 July 2006 (Fig.9).

Over Fontainebleau, the satellites data are coherent with
the AERONET inversions, except for the Terra observations
at 12:00, which over-estimate largely the AOT. We observe
that SEVIRI under-estimates slightly the AERONET AOT
while MODIS over-estimates these AOTs. SEVIRI obser-
vations are only available during midday due to the pres-
ence of clouds for SEVIRI and for obvious orbital reasons
for MODIS. The slight variation of the AOT between 09:00
and 14:00 is not captured by MODIS while SEVIRI seems to
observe this variation despite the temporal noise due to the
retrieved aerosol model changing over the course of the day.
Note however that the noise introduced by unstable model se-
lection is still significantly lower than the difference between
AERONET and the second MODIS/Terra retrieval.

Over Palaiseau, SEVIRI observes the variability of the
aerosol load in very good agreement with AERONET mea-
surements. MODIS over-estimates the aerosol optical thick-
ness by 0.1 to 0.2. While errors can be introduced by the
projection of the coarser resolution MODIS product in the
SEVIRI grid, which can affect the absolute value of the AOT,
MODIS has also difficulties to observe the diurnal variabil-
ity whereas SEVIRI seems to perform very well for that pur-
pose. The number of satellite retrievals is low over Le Fauga,
and the values exceed the ground based measurements. Over
Lille, a good correlation is found between both satellites and
the AOT from AERONET. The advantage of SEVIRI obser-
vation is demonstrated once more with retrievals from 08:00
to 16:30, as can be observed also over Cabauw station. How-
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Fig. 10. Density graph of the daily SEVIRI and AERONET AOT at
0.6 µm for European stations for the 3 months of interest (March,
April and July 2006). The linear regression is plotted and the results
of this regression are indicated on the graph.

Fig. 10. Density graph of the daily SEVIRI and AERONET AOT
at 0.6µm for European stations for the 3 months of interest (March,
April and July 2006). The linear regression is plotted and the results
of this regression are indicated on the graph.

ever, over-estimations of the AOT by MODIS and SEVIRI
over this station are observed around midday.

Even if more comparisons between AERONET, SEVIRI
and MODIS level 2 products have to be carried out to evalu-
ate the real impact of a geostationary sensor compared to po-
lar orbiting satellites, we demonstrate here that SEVIRI has a
great potential to follow the diurnal evolution of atmospheric
aerosol loading with a good accuracy.

7 Daily averaged product

7.1 AERONET comparison

The daily mean values are produced by accumulation of the
valid retrievals for each day and the standard deviation is also
computed.

The advantage of such a product is to minimize the tempo-
ral noise of SEVIRI AOT and also to have a better represen-
tation of the daily mean atmospheric turbidity by averaging
individual retrievals and limiting cloud contamination.

A global linear regression is calculated between
AERONET and SEVIRI daily AOT and the results,
shown on Fig.10, are similar to those obtained for the
level 2 validation (see Sect.4.3). The number of match-up
is greater than 600 and the bias is the same as for the
level 2 validation. Only the correlation coefficient increases
significantly (r = 0.72).

Figure11 shows the daily AOT over the 3 months of in-
terest for 4 stations: Fontainebleau, Granada, Le Fauga and
Rome. On April and July for the four stations and also
for Fontainebleau in March, SEVIRI AOT product follows
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Fig. 11. Temporal evolution of the daily averaged AOT for 4 AERONET stations in March, April and July 2006. Stations are Fontainebleau
[A], Granada [B], Le Fauga [C] and Rome Tor Vergata [D]. The black curve is the AOT AERONET and the red one is the AOT SEVIRI. The
standard deviations are also plotted. The averages are made independently for AERONET and SEVIRI.
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[A], Granada [B], Le Fauga [C] and Rome Tor Vergata [D]. The black curve is the AOT AERONET and the red one is the AOT SEVIRI. The
standard deviations are also plotted. The averages are made independently for AERONET and SEVIRI.
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Fig. 11. Temporal evolution of the daily averaged AOT for 4 AERONET stations in March, April and July 2006. Stations are
Fontainebleau(A), Granada(B), Le Fauga(C) and Rome Tor Vergata(D). The black curve is the AOT AERONET and the red one is
the AOT SEVIRI. The standard deviations are also plotted. The averages are made independently for AERONET and SEVIRI.
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very well the AERONET measurements. The mean abso-
lute relative error ranges from 16 % to 52 % between April
and July and the biases are often close to zero with excep-
tions around 0.02 or 0.05. However, for 3 stations in March,
Granada, Le Fauga and Rome, high relative errors appear
(1τ > 0.9τ ) and biases are greater than 0.04. We can rea-
sonably say that, even if some biases exist, daily SEVIRI
AOTs in Fig.11 correctly reproduce the monthly variability
observed by AERONET.

On the 10 and the 11 July, Rome AERONET station mea-
sures an average AOT of 0.2 and 0.18. SEVIRI is very well
correlated on the 11 but retrieves an AOT of 0.1 on the 10.
An analysis at the original temporal resolution level 2 prod-
uct shows that diurnal cycles are observed on these two days:
AOT around 0.12–0.15 in the morning, and 0.22 to 0.3 in the
afternoon (see Fig.6). This could explain the difference be-
tween AERONET and SEVIRI daily mean AOT. On the 10,
SEVIRI retrieves AOT only in the morning while in the af-
ternoon values are discarded because they are declared as un-
certain clear-sky pixels.

On 3 April 2006 for Granada, AERONET measures a daily
AOT of 0.46 with only 2 measurements at 07:00 and 07:30
while SEVIRI has no retrieval because all the pixels are
declared as cloudy. On 2 April 2006, in the afternoon,
AERONET measures also high AOT (τAER = 0.33) while SE-
VIRI retrieves AOT between 0.3 and 0.6 but all associated to
uncertain clear-sky and thus discarded. That same situation
occurs on 4 April 2006 where pixels with valid values are
retrieved by SEVIRI but considered as doubtful (uncertain
clear-sky) or cloudy.

These two examples again illustrate the importance of the
cloud mask and the difficulty to avoid wrong identification
between clear-sky and cloudy pixels.

For the four stations of interest, the average number of in-
dividual level 2 AOT values used to calculate a daily AOT is
greater than 4. In March, this value reaches 5 for Le Fauga
and Rome, and 8 for Fontainebleau and Granada. In July,
this value is ranging from 7 (Fontainebleau) to 13 (Le Fauga
and Rome). This SEVIRI product thus provides daily AOT
which are much more representative than polar orbiting sen-
sors such as MODIS which allows only two measurements
per day at best. It is noteworthy that the number of individ-
ual AOT used to compute the daily mean from SEVIRI is
usually comparable to that of AERONET.

Globally, SEVIRI AOT retrievals reflect very well the
AOT measured by AERONET and allow a satisfactory mon-
itoring of day to day aerosols variability.

7.2 Comparison with MODIS level 3 maps

We produced daily averaged maps from the SEVIRI level 2
filtered product and compared those maps with the MODIS
Aqua level 3 daily AOT product at 0.6 µm (file type MYD08
and collection 051,Hubanks et al., 2008).

The original projection of MODIS is rectangular with a
spatial resolution of 1◦. The MODIS product chosen to com-
pare with is the corrected and screened AOT in the 0.66 µm
channel above land and the effective AOT above ocean. It
is the most confident level 3 product available (Levy et al.,
2009a) because it includes an averaged AOT weighted by the
confidence index.

Our level 3 SEVIRI product has been projected on a rect-
angular grid with a resolution of 0.1◦ which is close to the
original SEVIRI radiance data over Europe.

Figure 12 shows daily maps from 17 to 20 July 2006.
These maps illustrate the main differences between the two
products: MODIS allows to retrieve AOT at high latitudes
where SEVIRI is limited by the viewing zenith angle (large
air masses). However, SEVIRI maps are built from several
original images during the day which increase the probabil-
ity of retrieval for a given pixel and are not affected by the
inter-orbital gaps like MODIS.

Another important feature shown in Fig.12is the very low
level of noise in our SEVIRI product compared to that of
MODIS, particularly around cloudy areas (e.g. over France
and Spain on the 19 July on Fig.12). This is due partly to
the fact that our cloud mask is very restrictive but also be-
cause daily SEVIRI AOT are computed from several values
retrieved during the day, which limits the impact of contam-
inated pixels.

For these 4 days an aerosol event coming from the North of
Africa (17 July 2006) crosses Europe and reaches the North
West of Europe on 20 July 2006. It is a frequent event that
seasonal dust transport coming from the Sahara fly over the
Mediterranean sea (Moulin et al., 1997). Both sensors allow
to monitor very well this event.

On 17 July 2006, SEVIRI retrieves an AOT of 0.3 on the
south west part of Spain and 0.1 over the rest of Europe while
MODIS retrieves an AOT level of 0.35 all over Spain and 0.1
elsewhere. Over almost the whole Europe the number of
level 2 SEVIRI pixels used to compute the daily average is
greater than 5 and lower than 30 (Fig.13). This number
drops down below 5 only over a part of Spain and France.
This again increases the confidence of the delivered daily av-
eraged AOT product.

Outside of cloudy areas, MODIS and SEVIRI products are
very similar over oceans. Over land, major differences ap-
pear even if the spatial patterns are globally similar. Part of
the large apparent differences can be explained by the coarse
resolution of the MODIS level 3 daily product and the fact
that the level 2 to level 3 aggregation tends to overempha-
size grid boxes for which very few pixels with large AOT
retrievals were available. Although this problem is minor
for the monthly statistics, the weight of such grid boxes in
the level 3 daily is clearly overestimated in the present com-
parison. This problem is particularly evident when look-
ing at Turkey and Greece. The SEVIRI product shows
very localized areas with high AOT (0.3–0.4) which seem to
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Fig. 12. Daily AOT maps at 0.6 µm above Europe for SEVIRI (left) and MODIS (right) sensors. The spatial resolution of SEVIRI is 0.1◦

×0.1◦ while it is 1◦ for MODIS. Days presented are from the 17 (top) to the 20 (bottom) July 2006. The color scale is from 0 to 0.7.
Fig. 12.Daily AOT maps at 0.6 µm above Europe for SEVIRI (left panel) and MODIS (right panel) sensors. The spatial resolution of SEVIRI
is 0.1◦ × 0.1◦ while it is 1◦ for MODIS. Days presented are from the 17 (top panel) to the 20 (bottom panel) July 2006. The color scale is
from 0 to 0.7.
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Fig. 13. Daily SEVIRI maps above Europe on the 17 July 2006: on the left the AOT at 0.6 µm and on the right the quantity of L2 pixels to
process the AOT daily average.

Fig. 13. Daily SEVIRI maps above Europe on the 17 July 2006: on the left the AOT at 0.6 µm and on the right the quantity of L2 pixels to
process the AOT daily average.

significantly raise the mean AOT level over these countries
in the MODIS product at 1◦ resolution.

8 Conclusions

We developed and implemented a method to retrieve the
aerosol optical thickness at 0.6 µm over land using the SE-
VIRI data onboard MSG. This AOT product is delivered
at the original SEVIRI spatial (3 km at nadir) and temporal
resolution (15 min).

The algorithm has been developed for operational use
within the French Data and Services Center for Cloud-
Aerosol-Water-Radiation Interactions, ICARE (http://www.
icare.univ-lille1.fr).

This paper is primarily intended to document the over-
all quality of a first revision of this AOT product that will
be made publicly available through the ICARE data center.
This first evaluation of the product quality was focused over
Europe where retrievals are currently believed to have some
virtues for the quantitative analysis of aerosol loading over
land and its diurnal evolution.

The main assumption of the method is that the TOA re-
flectance increases with the aerosol reflectance in the VIS06
channel. This assumption is valid except above bright sur-
faces in the presence of absorbing aerosols. Then, to de-
rive the surface reflectance in the VIS06 channel, we assume
that over a period of 14 days the minimum of the Ozone
and Rayleigh corrected TOA reflectance is the contribution
of the surface reflectance and a residual aerosol background.
By assuming that the aerosol background is low and equal
to 0.03, we estimate the surface reflectance. This estima-
tion of the surface reflectance also relies on the assumption
that the properties of land do not change significantly during
14 days and that the solar angles (zenith and azimuthal) vary
only slightly (from 1◦ to 4◦).

The AOT at 0.6 µm is retrieved using Look-Up-Tables for
5 aerosol models. With the VIS08 and NIR16 channels, the

best model is chosen by iteratively calculating the difference
between measured and simulated reflectances at these two
wavelengths.

The level 2 AOT product is filtered to avoid non-favorable
geometrical configurations and cloud contamination in order
to remove the maximum of spurious retrievals.

We compared this level 2 product with ground based
AERONET measurements at 0.675 µm and validated the
AOT above Europe for 3 months of 2006. The final set con-
tains more than five thousand match-ups and the correlation
is good between the two datasets (r = 0.64). SEVIRI tends
to slightly over-estimate AOT compared to AERONET with
a positive bias of 0.017. The relative error and the size of
the sample decrease drastically between low and high AOT:
63 % forτ < 0.1 withN = 2557 and less than 1 % forτ ≥ 0.3
with N = 122.

The correlation is better in July (r = 0.7) with a high
number of retrievals (N = 3291) compared to the two other
more cloudy months: April (N = 1870,r = 0.54) and March
(N = 476,r = 0.49).

Differences observed and discussed here between SEVIRI,
MODIS and AERONET AOT could also partly be caused
by calibration issues with SEVIRI channels. Different val-
idation studies of the 0.6 µm channel calibration coefficient
(Ham and Sohn, 2010; Doelling et al., 2004; Jolivet et al.,
2009) have found similar results pointing to a same value
of about 6–7 % low bias for Meteosat-8. A simple sensi-
tivity test demonstrated (not shown here) a clear impact of
calibration on our product. Taking into account the cali-
bration correction on SEVIRI radiances, allowed us to im-
prove the linear regression coefficient on one hand but dete-
riorated the bias and relative error on the other hand. Degra-
dation of the relative error and dispersion could be a conse-
quence of inconsistent calibration between the various chan-
nels if only the 0.6 µm channel is corrected. Therefore, it
is critical for the future that improved and consistent cali-
bration coefficients of the visible and near infrared channels
be made available. At this stage we preferred to keep the
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official coefficients delivered by EUMETSAT to prevent in-
troduction of additional problems due to inconsistent inter-
calibration of SEVIRI channels. Clearly, there is ample space
for improvement on this side.

A temporal comparison shows very good results and
demonstrates that SEVIRI is able to successfully monitor the
aerosol load during the day. With a number of retrievals per
day greater than 5, the diurnal cycle of aerosol is also ob-
servable. The possibility to follow local or regional aerosol
features on a 15 minutes timescale is illustrated over Europe.

The monitoring of aerosol load over long periods using
a daily mean AOT is also possible according to the com-
parison with the daily AOT AERONET reference measure-
ments. Moreover, qualitative comparisons with the MODIS
level 3 daily product show general consistency between SE-
VIRI and MODIS over the Europe during an aerosol event
coming from the North of Africa and crossing Europe during
several days in July 2006. The SEVIRI product also proved
suitable for local and regional studies. In addition, direct
comparisons with AERONET retrievals and MODIS level 2
products demonstrate that our algorithm perform very well
and sometimes better than MODIS while capturing the di-
urnal variability of aerosol load in a qualitative way that is
inaccessible to polar orbiting sensors such as MODIS.

It must be acknowledged that our AOT SEVIRI product
currently suffers from some drawbacks due to difficulties in
cloud masking related to the spatial resolution of SEVIRI
(from 3 to 5 km) which does not allow to detect small scale
clouds. However, cloud mask in remote sensing of aerosols
results from a compromise and requires a permanent effort
for improvement (Kaufman et al., 2005; Frey et al., 2008;
Saunders and Kriebel, 1988; Heidinger et al., 2002; Simpson
et al., 2001; Trishchenko and Radkevich, 2009; Huo and Lu,
2009; Hagolle et al., 2005).

Another inherent weakness of our algorithm is the diffi-
culty to properly estimate the surface reflectance in specific
conditions. This is the case for desert surfaces as well as
in specific geometric conditions over vegetation (“hot spot”
configuration). Solving these problems would require ad-
ditional constraints on BRDF from theoretical models (e.g.
Roujean et al., 1992) or from other sensors such as MODIS
or POLDER onboard LEO satellites. Besides, methods based
on IR channels to retrieve an aerosol product over bright sur-
faces exist (Legrand and N’douḿe, 2001; De Paepe and De-
witte, 2009). These could, in combination with our product,
contribute to a better monitoring of aerosols from geostation-
ary satellites.

Also, the assumed aerosol background is probably under-
estimated over regions with significant permanent aerosol
loads. The use of LEO satellites data to improve estimation
of the residual on the day used for the reference is currently
being explored.

The high temporal resolution of the SEVIRI product pre-
sented in this paper is useful for the study of aerosol plumes
at different time-scales (an hour, a half day) and could find

applications for Earth radiation budget studies (De Paepe
et al., 2008) and for air quality monitoring (Sifakis, 1998;
Health Effects Institute, 2000) for instance through data as-
similation in regional aerosol models.
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Kaufman, Y. J., Tanŕe, D., Remer, L. A., Vermote, E. F., Chu, A.,
and Holben, B. N.: Operational remote sensing of tropospheric
aerosol over land from EPS moderate resolution imaging spec-
troradiometer, J. Geophys. Res., 102, 17051–17067, 1997.
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correction of visible to middle-infrared EOS-MODIS data over
land surfaces: Background, operational algorithm and validation,
J. Geophys. Res., 102, 17131–17142,doi:10.1029/97JD00201,
1997b.

Wagner, S. C., Govaerts, Y. M., and Lattanzio, A.: Joint retrieval of
surface reflectance and aerosol optical depth from MSG/SEVIRI
observations with an optimal estimation approach: 2. Imple-
mentation and evaluation, J. Geophys. Res., 115, D02204,
doi:10.1029/2009JD011780, 2010.

Wang, J. and Christopher, S. A.: Intercomparison between satellite-
derived aerosol optical thickness and PM2.5 mass: Implica-
tions for air quality studies, Geophys. Res. Lett., 30, 2095,
doi:10.1029/2003GL018174, 2003.

Wayne, R.: An Introduction to the Chemistry of the Atmospheres of
Earth, the Planets, and their Satellites, Oxford University Press,
Oxford, 2000.

Whitby, K.: Physical characterization of aerosol, in: Methods
and standards for Environmental measurement, Proceedings of
8th IMR Symposium, 165–173, 1976.

www.atmos-meas-tech.net/4/2543/2011/ Atmos. Meas. Tech., 4, 2543–2565, 2011

http://dx.doi.org/10.5194/amt-4-523-2011
http://dx.doi.org/10.1080/01431168808954841
http://dx.doi.org/10.5194/acp-6-5225-2006
http://dx.doi.org/10.1080/014311698213975
http://dx.doi.org/10.5194/angeo-23-3561-2005
http://dx.doi.org/10.1029/97JD00201
http://dx.doi.org/10.1029/2009JD011780
http://dx.doi.org/10.1029/2003GL018174

