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Abstract: Geostationary satellites are increasingly used for the detection and tracking of atmospheric
aerosols and, in particular, of the aerosol optical depth (AOD). The main advantage of these spaceborne
platforms in comparison with polar orbiting satellites is their capability to observe the same region of
the Earth several times per day with varying geometry. This provides a wealth of information that
makes aerosol remote sensing possible when combined with the multi-spectral capabilities of the
on-board imagers. Nonetheless, the suitability of geostationary observations for AOD retrieval may
vary significantly depending on their spatial, spectral, and temporal characteristics. In this work, the
potential of geostationary satellites was assessed based on the concept of critical surface albedo (CSA).
CSA is linked to the sensitivity of each spaceborne observation to the aerosol signal, as it is defined as
the value of surface albedo for which a varying AOD does not alter the satellite measurement. In this
study, the sensitivity to aerosols was determined by estimating the difference between the surface
albedo of the observed surface and the corresponding CSA (referred to as dCSA). The values of dCSA
were calculated for one year of observations from the Meteosat Second Generation (MSG) spacecraft,
based on radiative transfer simulations and information on the satellite acquisition geometry and the
properties of the observed surface and aerosols. Different spectral channels from MSG and the future
Meteosat Third Generation-Imager were used to study their distinct capabilities for aerosol remote
sensing. Results highlight the significant but varying potential of geostationary observations across
the observed Earth disk and for different time scales (i.e., diurnal, seasonal, and yearly). For example,
the capability of sensing multiples times during the day is revealed to be a notable strength. Indeed,
the value of dCSA often fluctuates significantly for a given day, which makes some instants of time
more suitable for aerosol retrieval than others. This study determines these instants of time as well as
the seasons and the sensing wavelengths that increase the chances for aerosol remote sensing thanks
to the variations of dCSA. The outcomes of this work can be used for the development and refinement
of AOD retrieval algorithms through the use of the concept of CSA. Furthermore, results can be
extrapolated to other present-day geostationary satellites such as Himawari-8/9 and GOES-16/17.

Keywords: aerosols; remote sensing; geostationary satellites; AOD; critical surface albedo; radiative
transfer; Meteosat

1. Introduction

Reliable information on the spatial coverage and temporal evolution of aerosols is key for studies
on weather forecast, climate, air quality, and air transportation [1]. Global and regional maps of the
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rapidly changing properties of these atmospheric particles are nowadays made available thanks to the
combination of spaceborne remote sensing and suitable retrieval algorithms. On the one hand, satellites
equipped with multi-spectral imagers provide information at multiple geometries and wavelengths
across space and time. This wealth of information allows imagers to detect the characteristic directional,
spectral, and temporal signatures of aerosol particles. On the other hand, retrieval methods are devised
to exploit these features with the goal of estimating aerosol properties such as the aerosol optical depth
(AOD) [2]. However, aerosol remote sensing may become challenging in some cases when observations
do not provide enough contrast between the observed aerosols and the underlaying surface [3].
The coupling at the satellite level between these two elements of the atmosphere-surface system
represents the main obstacle for aerosol (and surface) remote sensing in the visible and near-infrared
ranges. The success in retrieving accurate estimates of AOD; therefore, strongly depends on the variety
of the information acquired by the satellites.

Recently, geostationary satellites have gained prominent interest for aerosol studies [4-7]. The main
reason is that this type of spacecrafts provides a wealth of multi-varied information thanks to the
sensing of a same region of the Earth multiple times during the day and during the year. This is possible
thanks to the high temporal resolution of the on-board imagers and the motion of the Sun with respect to
the satellite, which is otherwise immobile with respect to the Earth. Among the current meteorological
geostationary satellites, we find the Meteosat Second Generation (MSG) platform from the European
Organization for the Exploitation of Meteorological Satellites (EUMETSAT) [8], the Geostationary
Operational Environmental Satellites (GOES)-16/17 from the National Oceanic and Atmospheric
Administration (NOAA) [9], and the Himawari-8/9 spacecrafts from the Japan Aerospace Exploration
Agency (JAXA) [10]. Other examples are the FengYun-2/4 platform operated by China’s National
Satellite Meteorological Center and the Indian National Satellite System (INSAT)-3DR from the Indian
Space Research Organization (ISRO). Regarding the current Meteosat platform, MSG is equipped with
the multi-spectral imager Spinning Enhanced Visible and InfraRed Imager (SEVIRI) that scans the
Earth disk that is seen from the MSG position at 0° longitude every 15 minutes. The multi-directional
and multi-spectral information that is made available by the MSG/SEVIRI platform is combined with its
high spatial resolution (i.e., 3 km at the sub-satellite point) to make aerosol retrieval possible. The new
generation of geostationary platforms such as Himawari-8/9, GOES-16/17, and the upcoming Meteosat
Third Generation-Imager (MTG-I) [11] (launch scheduled for late 2021) brings new capabilities for
aerosol remote sensing, principally thanks to their additional sensing wavelengths [12,13].

Nowadays, many retrieval algorithms exist to derive AOD from geostationary satellites [14-26].
Regarding Meteosat, one example is the approach named aerosol and surface albedo retrieval using a
directional splitting method-application to geostationary data (AERUS-GEO), which provides daily
averaged AOD based on observations from SEVIRI [16,20]. Similar to AERUS-GEO, the majority of the
retrieval algorithms do not take into account the different sensitivity to aerosols of the observations
that are made available by geostationary imagers. For example, some observations may be related to a
higher contrast between the aerosols and the surface thanks to a more favorable acquisition geometry
or wavelength. Such favorable observations could be prioritized by inversion algorithms as they are
prone to give a more accurate AOD estimate. Contrarily, observations related to unfavorable inversion
conditions could be flagged or dealt differently by retrieval methods.

This work provides a tool to tackle these limitations based on the concept of the critical surface
albedo (CSA). CSA is linked to the degree of sensitivity to aerosols of a given spaceborne observation,
as it is defined as the value of surface albedo that makes the satellite signal insensitive to a varying
AOD. An increasing aerosol load over a dark surface (i.e., albedo lower than CSA) will make
top-of-atmosphere (TOA) reflectance increase [27]. Conversely, the same situation over a bright surface
(i.e., albedo greater than CSA) will make TOA reflectance decrease. When surface albedo is equal to
CSA, the TOA reflectance becomes insensitive of the aerosol amount because the increased scattering
is counterbalanced by the enhanced attenuation of radiation. In contrast, the sensitivity to the AOD
increases with the difference between the surface albedo and the CSA.
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Critical surface albedo (or reflectance) was first introduced in the context of aerosol remote sensing
by Fraser and Kaufman [28]. Afterwards, some studies exploited the CSA concept to gain information
on the optical properties of aerosols [29-31]. A comprehensive study on the CSA and its dependence
on the different parameters that play an important role in remote sensing was conducted by Seidel and
Popp [32]. Boehmler et al. used the implications of CSA to study the limits of aerosol retrieval over the
bright surfaces of Nevada [33]. Recently, some works considered the CSA to study the above-cloud
radiative effects of aerosols [34]. Finally, Zhang et al. underlined the loss of accuracy that the retrieval
of other atmospheric constituents, namely column-weighted CO, mixing ratio, suffers for surfaces
close to CSA [35].

The present study extends the work conducted by Seidel and Popp in [32] by investigating the
properties of the typical CSA values that correspond to geostationary observations. The difference
between the CSA and the albedo of the observed surface (hereafter referred to as dCSA) is calculated to
quantify the sensitivity to the AOD. The value of dCSA is finally exploited to determine the potential of
geostationary observations for aerosol remote sensing. This study is done across the spatial, temporal,
and spectral characteristics of the observations thanks to the dependence of dCSA on the acquisition
parameters (i.e., geometry and wavelength) and the properties of the observed surface and aerosols.
In particular, the maps of dCSA corresponding to one complete year of Meteosat observations are
generated based on radiative transfer simulations and ancillary information. Several channels from
the imagers SEVIRI on MSG and the future Flexible Combined Imager (FCI) on MTG-I are considered.
The obtained maps of dCSA are used to determine the capabilities of these geostationary platforms for
aerosol remote sensing according to the time of the year, the time of the day, the geographic location,
and the sensing wavelength. Another result of this study is the derivation of simple equations to allow
the scientific community to calculate CSA without the need of performing costly radiative transfer
simulations. The outcomes of this study can be useful for the developing of aerosol retrieval algorithms
and can be easily extrapolated to other geostationary platforms such as GOES-16/17 or Himawari-8/9.

The article is organized as follows. First, the method to calculate the maps of dCSA for Meteosat
are detailed in Section 2. The data used in this work are also described here. The analysis of the
obtained results is reported in Section 3. Section 4 discusses the relation between the value of dCSA
and the sensitivity to the aerosol signal, as well as the potential implications of the present work for
studies on aerosol remote sensing. Finally, conclusions are drawn in Section 5.

2. Methods and Materials

2.1. Overview

The strategy to study the dCSA corresponding to the Meteosat platforms is presented in Figure 1.
First, a look-up table (LUT) of satellite-alike values of top-of-atmosphere (TOA) reflectance was built
based on radiative transfer simulations for multiple combinations of acquisition geometry, aerosol
conditions, and wavelength (see Section 2.2). Second, the LUT of TOA reflectance was used to calculate
a second LUT of CSA values (see Section 2.3). Third, the sensor geometry and the ancillary data that
were used to define the surface and the aerosols are detailed in Section 2.4. Fourth, Section 2.5 describes
the combination of the LUT of CSA and the ancillary data that was carried out to calculate the maps of
dCSA corresponding to one year of Meteosat observations.
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Figure 1. Scheme describing the calculation of the maps of difference between CSA and surface albedo
(dCSA) for one full year of Meteosat observations.

2.2. Look-up Table of TOA Reflectance

Values of TOA reflectance were simulated using the radiative transfer code libRadtran [36,37]
(seebullet 1 in Figure 1). Simulations were carried out for an extensive range of configurations regarding
solar and view geometry, aerosol properties, surface albedo, and wavelength (see Table 1) to encompass
the different observations that are made available by geostationary satellites. The acquisition geometry
was defined by the solar zenith angle (SZA, 6;), the view zenith angle (VZA, 6,), and the relative
azimuth angle (RAA, ¢). A dense sampling was chosen for surface albedo (a;) in order to carry out an
accurate retrieval of CSA in the following step. Table 1 shows the five spectral channels for which the
simulations were carried out. Channels VIS06, VIS08, and IR016 correspond to the first three spectral
bands of the SEVIRI imager, which are generally used to study aerosols [16,20]. Channels VIS04 and
IR022 correspond to two additional spectral bands that will be made available by the future imager
FCI aboard MTG-I. The spectral responses corresponding to the five channels were used in libRadtran
to generate SEVIRI-like and FCI-like values of TOA reflectance. All simulations were performed using
a U.S. standard atmosphere 1976 [38].

Table 1. Parameters of Meteosat-Like Values of top-of-atmosphere (TOA) Reflectance Simulated

with LibRadtran.
Geometry Aerosols Surface Spectral
SZA (°) VZA (°) RAA (°) AOD 550 nm Aerosol type Albedo Wavelength (um)
Channel

O Oy [ T o as A
- ViS04 ! 044
0,01,02,03, " e S VIS06 0.63
0:5:85 0:5:85 0:20:180 0.4,0.6,0.8, 1.0, dese;f 0:0.05:1 VIS08 0.81
1.5,2.0,3.0 maritime clean IR016 1.64
y IRO22! 2.25

maritime_polluted

1 Spectral channel of the Flexible Combined Imager (FCI). Other channels correspond to the Spinning Enhanced
Visible and InfraRed Imager (SEVIRI).
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Table 1 also details the aerosol conditions that were considered for the simulations. The aerosol
optical depth (AOD, 7) was supposed to vary from 0 to 3 for a total of six common aerosol types (i.e.,
continental_clean, continental_average, continental_polluted, desert, maritime_clean, and maritime_polluted).
These types are available in libRadtran thanks to the well-known OPAC (optical properties of aerosols
and clouds) data base [39] and were chosen to cover most of the aerosol mixtures that are observed
by geostationary satellites. Continental types are mostly composed of fine aerosols particles (e.g.,
sulfates), while the rest of aerosol mixtures correspond to coarser particles (e.g., mineral dust and
sea salt). Table 2 details the single scattering albedo (SSA) and the asymmetry parameter (g) for each
aerosol type and for channels VIS06 and IR016. Figure 2 shows the phase function that was obtained
using the MOPSMAP package (modeled optical properties of ensembles of aerosol particles) [40] for
three selected types (i.e., continental_average, desert, and maritime_clean). The phase function is plotted
according to the scattering angle (&), which is defined as

& = 11— cos~ ! (cos 05 cos B, + sin B sin B, cos @). 1)

The predominant forward-scattering peak of aerosols is observed in Figure 2 when scattering
angle is close to 0. A secondary scattering peak is also seen in the backward direction when scattering
angle is at its maximum. The back-scattering peak of aerosols is stronger for coarse particles such as
those included in the types desert and maritime_clean. Figure 2 also shows the scattering minimum that
happens between the two peaks, around 120°.

Table 2. Single scattering albedo and asymmetry parameter for channels VIS06 and IR016 for the six
aerosol types considered in this study.

VIS06 IR016
SSA g SSA g

continental_clean 0.94 0.68 0.85 0.68
continental_average 0.89 0.66 0.77 0.66
continental_polluted 0.84 0.65 0.68 0.63

desert 0.92 0.7 0.94 0.69
maritime_clean 0.98 0.75 0.98 0.79
maritime_polluted 0.96 0.74 0.96 0.78

Aerosol type

102 - continental_average
desert
—— maritime_clean

c
S 10!+
kY]
=
2
]
n
©
£
& 1004

10-1 4

0 20 40 60 80 100 120 140 160 180
Scattering angle

Figure 2. Phase function corresponding to the aerosol types continental_average, desert, and maritime_clean
for channel VIS06.

Figure 3 illustrates the radiative transfer simulations that were obtained from libRadtran and the
input parameters listed in Table 1. Values of TOA reflectance are shown according to surface albedo
for the different values of AOD considered in the LUT. The simulations in the figure correspond to
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the aerosol type continental_average and the geometric configuration set by SZA = 0°, VZA = 30°, and
& =150° (see Equation (1) for definition of scattering angle). The different sensitivity to a varying AOD
(or, in other words, the aerosol signal) according to the value of surface albedo is observed in Figure 3.
On the one hand, an increasing concentration of aerosol particles over a dark surface makes the TOA
reflectance increase. On the other hand, the presence of aerosols over brighter surfaces makes the
reflectance observed by the satellite decrease. The inflection point happens when the TOA reflectance
does not vary with an increasing aerosol load (i.e., surface albedo close to 0.2 in Figure 3). This value
corresponds to the critical surface albedo, which is the result of multiple scattering and compensation
factors such as surface reflection, aerosol extinction and, to a lesser extent, molecular absorption and

Rayleigh scattering.
—-AO0D = 0.0 AOD = 0.8
0.8 1 —AOD=0.1 —AQD =10
’ AOD =0.2 —AOD =1.5
AOD = 0.3 —AO0D = 2.0
—AO0D = 0.4 AOD = 3.0
AOD = 0.6
v 0.6
o
c
S
I~
2
T 0.4
o
<
o
=4
0.2 1 /
0.0

0.0 0.2 0.4 06 058
surface albedo
Figure 3. TOA reflectance according to surface albedo for increasing values of aerosol optical depth
(AOD). Configuration is set by SZA = 0°, VZA = 30°, £ = 150°, and channel VIS06.

2.3. Look-Up Table of CSA

The critical surface albedo was calculated for each configuration of geometry, aerosol conditions,
and wavelength encompassed by the LUT that is described in the previous section (see bullet 2
in Figure 1). The derivation of CSA was based on the method proposed by Seidel and Popp [32].
A summary of this approach is given here.

As seen in Figure 3, CSA is defined as the value of surface albedo for which a varying AOD ()
does not alter the satellite measurement at the TOA. Let p)T/OA be the ensemble of TOA reflectance
values that are obtained for a given configuration set by 0s, 0, ¢, A, and a given aerosol type a.
The value of CSA results in

PIPA (= 11, = CSA) = I = T, = CA) =0, @

where 71 # 7p.
The calculation of CSA is performed by fitting a fifth-order polynomial to the variation of the

TOA reflectance according to AOD
5

prOMTa) = ) e, ©)
i=0

where ¢; are the polynomial coefficients, a5 is fixed, and 7 is a free variable. The continuity and
differentiability of Equation (3) allows the calculation of its partial derivative according to AOD:

9pTOA(z,05)

5
S~ Y e, o)

i=0
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from which the CSA can be derived by determining the albedo value that makes Equation (4) equal
to zero:
8p)T,OA(T, as = CSA)
It

The calculation of CSA is illustrated in Figure 4, which shows the derivative of TOA reflectance
with respect to AOD for three aerosol types (i.e., continental_average, desert, and maritime_clean).
The three curves correspond to the configuration set by SZA = 40°, VZA = 40°, RAA = 140°, and
channel VIS06. The CSA that is derived from each curve corresponds to the value of surface albedo that
makes the function equal to 0 (e.g., CSA~0.22 for continental_average). Figure 4 shows the dependency
of CSA on aerosol type, which is driven by the different extinction properties.

=0. ®)

0.10

continental_average
-=-maritime_clean
desert

0.00 $eeeeeer \-\'

-0.05

Derivative of TOA reflectance
with respect to AOD

-0.10
0.0 0.2 0.4 0.6 0.8 1.0

Surface albedo

Figure 4. Derivative of TOA reflectance with respect to AOD as a function of surface albedo for
AOD = 0.2 and three aerosol types (continental_average, desert, and maritime_clean), when SZA = 40°,
VZA =40°, RAA = 140°, and for channel VIS06.

2.4. Input Data to Compute Maps of dCSA for Meteosat

The LUT of CSA values was exploited to calculate the maps of dCSA corresponding to one
complete year of Meteosat observations. The acquisition geometry of the satellite was employed for
this purpose. Ancillary information on the commonly observed aerosol properties and surface albedo
during the year was also used to calculate the maps of dCSA (see bullet 3 in Figure 1). The period of
one year was considered to be enough for this study, as it allowed the consideration of all the major
changes in geometry and properties of surface and aerosols related to geostationary satellites.

2.4.1. Geometry

The angles describing the acquisition geometry (SZA, VZA, and RAA) of Meteosat observations
were directly obtained from SEVIRI ancillary data. The three angles were available at the SEVIRI
acquisition frequency of 15 minutes during the year 2012. The geometry of the future FCI imager
(corresponding to channels VIS04 and NIR22 in this study) was assumed to be the same as SEVIRI's
since MTG-I will be situated at the same position than MSG. The increase of the temporal and spatial
resolution of FCI versus SEVIRI was not taken into account in this study for the sake of simplicity.

2.4.2. Aerosol Properties

Information on aerosol content and type were obtained from the Copernicus Atmospheric
Monitoring Service (CAMS, https://atmosphere.copernicus.eu). Monthly averages were calculated
from CAMS reanalysis for the AOD of each of the five aerosol components that are considered in the
CAMS system, namely sulfates (SU), dust (DU), sea salt (SS), black carbon (BC), and organic matter
(OM). The total AOD was calculated as the sum of the five AOD values. Monthly estimates of the
predominant aerosol type were also obtained from CAMS data. The methodology in [41] was followed
to determine the OPAC aerosol type that corresponds to a given set of CAMS individual AOD values.
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For example, this approach chooses the OPAC desert aerosol type when the AOD of the DU component
is higher than 40% of the total AOD. OPAC aerosol types Antarctic and artic were not considered in
our study since polar regions are not observed from the geostationary orbit. Similarly, the OPAC type
urban was excluded since it is rarely observed at the spatial resolution of Meteosat (i.e., ~5 km over
Europe). The absence in the OPAC data base of an aerosol mixture related to biomass burning particles
resulted in the choice of the type continental_polluted (i.e., the one with the highest content of black
carbon) for regions where these carbonaceous particles predominate.

2.4.3. Surface Albedo

Monthly averages of surface albedo were derived from two sources. First, land surface albedo
was taken from the reanalyzed MSG daily surface albedo (MDAL) product of the Satellite Application
Facility for Land Surface Analysis (LSA SAF) program of EUMETSAT (http://Isa-saf.eumetsat.int/).
This satellite product provides the land surface albedo estimated from the MSG/SEVIRI platform
thanks to the inversion of a radiative transfer-based model [42]. The accuracy of this product has
proved to be in agreement with other satellite products and ground measurements [43]. The values of
surface albedo for the future FCI channels VIS04 and IR022 were calculated based on the albedos for the
SEVIRI channels VIS06, VIS08, and IR016 using a linear regression approach. Regression coefficients
were derived from a data base of thousands of spectral signatures of natural surfaces, as it was done by
Samain et al. in [44] to convert TOA radiances from one satellite to another. Second, static values were
chosen to describe ocean surface albedo for the five spectral channels considered in this study (see
Table 3). The chosen values correspond to the average albedo of sea water for a non-glint condition [45].

Table 3. Surface albedo for water surfaces.

Channel Surface Albedo
VIS04 0.1
VIS06 0.05
VIS08 0.01
IR016 0
IR022 0

2.5. Calculation of Maps of dCSA for Meteosat

The maps of dCSA for Meteosat were calculated based on the LUT of CSA and the inputs described
in the previous sections (see bullet 4 in Figure 1). The dCSA for each pixel of a given Meteosat image
was calculated by doing

dCSA(x,y,t,A) = CSA(O7Y", O3, ¥vt, o ot 1) — g, (6)
where a?’y’m corresponds to the surface albedo described in Section 2.4.3 for coordinates (x, y),
instant of time ¢, and channel with central wavelength A. Equation (5) was applied after the linear
interpolation of the LUT of CSA in order to provide the exact CSA value corresponding to the geometry
(9:’y 't, 6’5’”, “¥1)y and the aerosol load (T¥!). Aerosol type () was not interpolated.

The operation in Equation (5) was made every hour for one year of Meteosat observations.
This temporal resolution is only slightly superior to the temporal resolution of Meteosat platforms,
with 15 minutes for the current imager SEVIRI and 10 minutes for the future imager FCI. A series of
8760 maps (i.e., 24 hours per 365 days) of dCSA were obtained for the Earth disk that is observed
by Meteosat. The variation of the information contained in one year of Meteosat observations (both
spatially and temporally) comes from the instantaneous geometry, the monthly aerosol properties, and
the monthly surface albedo described in Section 2.4. A temporal interpolation was done for AOD and
surface albedo to avoid jumps at the beginning of each month. In particular, a linear interpolation
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was performed considering that the monthly averages correspond to the fifteenth day of the month.
Aerosol type was not interpolated in time.

The absolute value of Equation (5) is often used in the results section. The reason is that the
sensitivity to the aerosol signal is independent of the sign of dCSA. The only difference is that a
positive (respectively, negative) dCSA means that aerosols appear brighter (respectively, darker) than
the underlying surface.

3. Results

This section presents the results that were obtained following the methods described in Section 2.
First, Section 3.1. investigates the dependency of CSA on the different parameters of the generated LUT.
Second, the calculation of a map of dCSA for one Meteosat image is illustrated in Section 3.2. The results
section continues with the analysis of the one year of maps of dCSA for Meteosat. The analysis was
done according to the different scales of time that are made possible by geostationary satellites, namely
diurnal (Section 3.3), seasonal (Section 3.4), and yearly (Section 3.5). Each temporal scale is related to
particular variations in aerosol properties and solar geometry. This investigation was also carried out
over the spatial domain by inspecting the values of dCSA across the regions of the Earth encompassed
by the Meteosat disk. Each region is related to different viewing angles. Channel VIS06 from SEVIRI
was considered for most of the experiments due to its proximity to the traditional wavelength used in
aerosol remote sensing, namely 550 nm.

3.1. Dependence of CSA on the Remote Sensing Parameters

The LUT of CSA values obtained in Section 2.3 depends on solar and viewing geometry (0s, Oy, @),
wavelength (1), and aerosol properties. Figure 5 illustrates these dependences by showing the variation
of CSA according to joint solar—view zenith angle (JZA), scattering angle, AOD, and aerosol type.
JZA is defined as the sum of VZA and SZA [46] and is linked to the air mass. For geostationary
satellites, high SZA happens in the local morning and evening and high VZA is related to the regions
located along the outer edge of the Earth’s disk. Second order polynomials were fitted to the CSA
points in Figure 5a—c in order to highlight the main trends. A box plot is used for Figure 5d to study
the correlation between CSA and aerosol type.

The increase of the CSA with JZA that is observed in Figure 5a comes from two reasons. First,
the higher scattering of aerosols in the forward direction, which is sensed from space when zenith
angles are high, requires a higher value of albedo to reach the CSA situation. Second, the increase
of the air mass with JZA results in a higher atmospheric scattering, which also makes the CSA
increase. The increase of CSA for low JZA is due to the back-scattering peak of some aerosol types
(e.g., maritime_clean). The spread in Figure 5a is due to the variations in scattering angle. Figure 5b
underlines the correlation of CSA with the aerosol phase function by showing the maximum values
of CSA for low and high scattering angles (close to the forward and backward peak, respectively).
Analogously, the lowest values of CSA are obtained when the phase function is at its lowest (i.e.,
& =100°-140°, see Figure 2). The spread of CSA values comes from the varying sun/view zenith angles
(and; therefore, air mass) for a given scattering angle. Figure 5c shows a strong independence of CSA
with AOD. The slight increase of CSA with AOD is illustrated in Figure 3, which shows that the curves
of TOA reflectance do not cross exactly in the same point. Finally, Figure 5d shows the relation between
CSA and aerosol type. The aerosol types that were considered in our study were sorted according
to their SSA for channel VIS06 in ascending order (see Table 2). A positive correlation is observed
between CSA and SSA, making CSA greater for aerosol types with high scattering properties. Again,
the presence of a back-scattering peak for maritime and desert aerosol types results in higher values of
CSA. The spread of CSA values in Figure 5c,d comes from the variations in acquisition geometry.
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Figure 5. Sensitivity study of the critical surface albedo (CSA) for three aerosol types (continental_average,
desert, and maritime_clean) and for channel VIS06 against different variables: (a) CSA versus JZA when
AOD = 0.2, (b) CSA versus scattering angle when AOD = 0.2, and (¢) CSA versus AOD when VZA = 40°.
The box plot in (d) shows CSA versus aerosol type when AOD = 0.2. The box extends from the first to
third quartile values of the data, with a line at the median. The whiskers extend from the box to show
the fifth and ninety-fifth percentiles.

3.2. Calculation of the Map of dCSA for One Meteosat Image

Figures 6 and 7 summarize the calculation of the dCSA for the Meteosat image corresponding to
21 June 2012 at 12:00 UTC. Channel VIS06 from SEVIRI was considered for this experiment. Figure 6
shows the inputs used to calculate the dCSA map for the selected Meteosat image. Figure 7 shows the
maps of CSA and dCSA that were obtained by following the proposed approach. In this experiment,
the absolute values of dCSA are considered. A logarithmic color scale is used in Figure 7 to enhance
the low values of dCSA, which are associated with the lower aerosol sensitivity. As it can be seen in
Figure 7a, CSA is driven by aerosol type and acquisition geometry. Higher values of CSA are obtained
for highly scattering aerosol particles (e.g., maritime types) and along the outer edge of the Meteosat
disk, where high values of JZA (and; therefore, lower scattering angles) are found (see Figure 6b,d,
respectively). Figure 7b also shows the impact of aerosol type and geometry on the map of dCSA.
Furthermore, dCSA is shaped by the spatial distribution of surface albedo (see Figure 6a) or, more
precisely, the relation between the surface albedo and the scattering power of aerosols. For example,
the highly scattering maritime aerosols result in high values of dCSA over the dark ocean surfaces.
The highest values of dCSA are found along the outer edge of the Meteosat disk due to the high VZA.
Over land; however, the higher albedo values and the presence of less scattering aerosols (e.g., desert
and continental types) result in lower dCSA values. Another reason is the generally weaker aerosol
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brightness due to the low scattering angles happening at 12:00 UTC (see Figures 2 and 6e), when the
Sun is behind Meteosat. As expected, no strong relation is observed between AOD and dCSA due to
the weak dependence between these two variables.

Spectral Albedo June
chnel (0.6 um) . Aerosol types June

desert

maritime
polluted

maritime
clean

continental
polluted

continental
average

continental
clean

(@) (b)

AOD June
channel (0.55 um)

(c)

i 2 Joint zenith angle 21-06-2012 12:00

(d)

Figure 6. Inputs used to calculate dCSA for 21 June 2012 at 12:00 UTC: (a) Average surface albedo for
June and VIS06 channel, (b) predominant aerosol type for June, (c) average AOD at 550 nm for June,
(d) joint solar—view zenith angle in degrees for the given Meteosat image, and (e) scattering angle in

degrees for the given Meteosat image.

CSA 21-06-2012 12:00 distance to CSA 21-06-2012 12:00
channel (0.6 um) ° channel (0.6 um)
=l =

Figure 7. Results for 21 June 2012 at 12:00 UTC with (a) CSA and (b) dCSA for the given Meteosat image.

3.3. Diurnal Study

This experiment investigates the diurnal variation of dCSA, which is often strong due to the
evolution of solar geometry during the day. These sub-daily variations are sensed by geostationary
imagers thanks to their high temporal resolution. This study was conducted over several locations in
order to investigate the dependence of the diurnal variation across the geostationary disk.
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The location of seven ground stations belonging to the Aerosol Robotic Network (AERONET) were
considered in this study. Figure 8 situates these stations with yellow circles and the sub-satellite point
with a red circle. Ground stations were selected to cover varied geometric configurations and aerosol
activity. The station Black_Forest_ AMF is situated in a needle-leaved forest in Western Germany, where
continental aerosols predominate throughout the year [47]. Station Ilorin is located in a shrubland area
in Nigeria that is often impacted by Saharan dust in spring and biomass burning aerosols the rest of
the year. Agoufou is situated in a grassland area in Northern Mali, which can be heavily impacted by
dust storms [48]. Desert aerosols are also common in the station Solar_Village, which is located in a
bare area northwest of Riyadh in Saudi Arabia. Station Rome_Tor_Vergata is located in the suburbs of
Rome close to the Mediterranean Sea, which may bring maritime aerosols in the wintertime. Finally,
two stations are selected to encompass biomass burning aerosols in two different regions of the world.
First, Gorongosa is situated in a broad-leaved forest in Mozambique, where grass fires are common in
the second half of the year [49]. Second, Alta_Floresta is located in a forest area in Brazil, south of the
Amazon forest, where fires may occur until November.

goufou
N
llorin

oF

Figure 8. Yellow circles pinpointing the location of the seven ground stations considered for the
inspection of the diurnal variation of dCSA. Red circle shows the sub-satellite point for Meteosat.

Figure 9 shows the monthly averaged diurnal evolution of dCSA for the seven locations and
for selected months. This information was obtained by averaging, for each month, the dCSA values
corresponding to the location of the selected AERONET stations. These data were extracted from the
full year of maps of dCSA that was generated following the approach in Section 2.5. Again, channel
VIS06 from the SEVIRI imager was considered in this study. Red vertical bars correspond to the
standard deviation of the hourly values over the month. Horizontal axis corresponds to time in units of
UTC hour. The left vertical axis corresponds to the dCSA value from -1 to 1. A double logarithmic scale
was chosen to enhance the values of dCSA close to zero and; therefore, related to a low sensitivity to
aerosols. Very low values of dCSA were shaded in red color to highlight the interval where sensitivity
becomes critically low. The right vertical axis in gray color corresponds to the monthly averaged diurnal
variation of the scattering angle, which is shown by a gray dashed line. Finally, the average surface
albedo and the predominant aerosol type are, respectively, given in the left-bottom and right-bottom
corners of the plots in Figure 9.
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Figure 9. Monthly averaged diurnal variation of dCSA for (a) Black_Forest_ AMF in July, (b) Ilorin
in July, (c) lorin in April, (d) Agoufou in April, (e) Solar_Village in April, (f) Rome_Tor_Vergata in
January, (g) Alta_Floresta in October, and (h) Gorongosa in October. Horizontal axes correspond to
time in hour UTC. Left vertical axes correspond to dCSA, which is shown by a black curve. Red vertical
bars correspond to the monthly standard deviation of each hourly value of dCSA. Right vertical axes
correspond to scattering angle in degrees, which is shown by a gray dashed line. The predominant
aerosol type and average surface albedo are given for every plot.

Figure 9a shows the diurnal variation of dCSA for station Black_Forest_ AMF in July. The presence
of continental aerosols over the predominant dark vegetation resulted in positive values of dCSA
during the day. The large variation during the day of the scattering angle resulted in a strong diurnal
variation of dCSA, with maxima in the morning and in the evening when scattering angle is low and
scattering is high (see Figure 2). The variation of geometry comes from the solar zenith angle, which
varies greatly during the day in the European summer. A similar correlation between dCSA and solar
zenith angle is observed in Figure 9b corresponding to the station Ilorin in July. In this case, dCSA
decreased down to values close to zero. The reason to this lower sensitivity is the higher surface
albedo and the lower excursion of the scattering angle during the day due to the proximity of this
station to the sub-satellite point (see Figure 8). The U-shaped diurnal cycle of dCSA that is observed
in Figure 9a,b is typical of stations with continental aerosols with a weak back-scattering peak (see
Figure 2). Figure 9c shows a different diurnal shape for Ilorin in April, when dust aerosol particles are
predominant. The sensing of the stronger back-scattering peak of the desert aerosol type (see Figure 2)
resulted in a maximum of sensitivity at midday. The higher SSA of dust aerosols with respect to
continental aerosols (see Table 2) explains the higher values of dCSA for Ilorin in April with respect to
July. The impact of surface albedo on dCSA is illustrated in Figure 9d, which shows the diurnal cycle
for the same month of April in Agoufou. Despite the similar geometry and aerosol type compared
to Ilorin, the higher albedo of Agoufou (0.294 versus 0.123) made the dCSA lower on average while
the same diurnal shape prevailed. In this case, the aerosols are darker than the surface, which gave
negative values of dCSA. Figure 9e shows the diurnal cycle for Solar_Village in April, which is also
covered by dust particles but it is related to lower scattering angles due to the greater distance to the
sub-satellite point. While maxima of dCSA are again observed in the morning and evening, a strong
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minimum is observed around noon. This comes from the sensing of the lowest scattering values of the
phase function (see Figure 2). It is interesting to note that, for this station, aerosols are brighter than
the surface in the morning and evening (positive dCSA values) but they are darker at noon (negative
dCSA values). Figure 9f details the diurnal cycle of dCSA over Rome_Tor_Vergata during January.
The presence of highly scattering maritime aerosols over a rather dark surface resulted in high values
of dCSA during the day. The occurrence of high scattering angles due to the lower sun in the European
winter also contributed to this high sensitivity, which resulted in a maximum of dCSA at midday
when the back-scattering peak of maritime aerosols is sensed (see Figure 2). Finally, the presence of
biomass burning aerosols (represented by the continental_polluted type) is investigated in Figure 9g,h
corresponding to stations Alta_Floresta and Gorongosa, respectively. The variation of dCSA during the
day in these two cases is similar but symmetrical with respect to the vertical axis defined by the local
noon. Indeed, the two stations are located southeast and southwest of the sub-satellite point, which
give rather symmetrical scattering angles during the day. The lowest values of dCSA were similarly
obtained around the local noon for the two stations when the phase function reaches its minimum.

3.4. Seasonal Study

This experiment explores the variation of dCSA during the four seasons of the year. The Earth’s
axial tilt relative to the ecliptic plane results in the motion of the Sun between the tropics of Cancer
and Capricorn. This variation of the solar position across the seasons has an impact to the value of
dCSA. Another impact comes from the variations of aerosol properties with seasons. This experiment
was conducted by inspecting the maps of dCSA corresponding to the four meteorological seasons (i.e.,
winter for DJF, spring for MAM, summer for JJA, and fall for SON). Seasonal maps were obtained by
averaging the dCSA obtained for all Meteosat images corresponding to each season.

Figure 10a shows the seasonal maps of absolute dCSA obtained over the Meteosat disk for
channel VIS06. The seasonal averages of the inputs used are given in Figure 10b—f. As it was seen in
Figure 7b, dCSA is strongly dependent on geometry, aerosol type, and surface albedo. The variation
with time of these parameters drive the seasonal evolution of dCSA for the different regions of the
disk. For example, Western Europe shows rather high values of dCSA during the most part of the year
due to the predominance of scattering maritime aerosols according to CAMS [50]. The less scattering
continental aerosols happening in the summer reduce the contrast with the surface, thus giving lower
values of dCSA. Results on Northern Africa show a dependence on the value of surface albedo with, for
example, the sandy deserts of El Djouf (between Mauritania and Mali) and Ténéré (in Niger and Chad)
obtaining the highest values of dCSA due to their high surface albedo [51]. On the contrary, the Sahel
region shows the lowest values of dCSA due to its medium value of albedo, which results in a strong
coupling with the predominant desert aerosol type during the year [50]. The coast of Ghana and Ivory
Coast also obtained low values of dCSA due to the low albedo and the predominant continental_polluted
aerosols found in this region. The value of dCSA do not change much across the seasons in this region
due to its proximity to the sub-satellite point resulting in a low variation of solar geometry. The only
exception happens in spring, when the arrival of dust particles from the Sahara Desert result in a
higher contrast between the aerosols and the surface. The impact of the varying geometry across
the seasons is more visible in Namibia and Western South Africa where continental_polluted aerosols
predominate during the year. The sensitivity to aerosols in this region is driven by the geometry, with
a minimum in summer, when the scattering angle is at its highest (and thus the phase function reaches
its minimum), and a maximum in winter, when the scattering angle is at its lowest (and thus the phase
function reaches its maximum). Similar to the brightest regions in the Sahara Desert, the sand dunes in
the Namib Desert show high values of dCSA throughout the year due to the contrast between the
surface albedo of this region and the overlaying aerosols. Over ocean, dCSA is high in general due
to the presence of maritime aerosols. Lower values happen over the Gulf of Guinea where darker
continental_polluted aerosols were considered due to the presence of biomass burning in this area [52].
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The absence of a strong back-scattering peak for this type of particles combines with the high scattering
angles happening for regions near the sub-satellite point.
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Figure 10. Seasonal maps of (a) dCSA for VIS06, (b) surface albedo for VIS06, (c) predominant aerosol
type, (d) AOD at 550 nm, (e) JZA in degrees, and (f) scattering angle in degrees. Seasons are ordered
by columns.
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3.5. Yearly Study

The last experiment investigates dCSA across the Meteosat disk averaged over the year.
This experiment conducted on channel VIS06 is intended to evaluate the average sensitivity of
Meteosat platforms to aerosol particles.

Figure 11a shows the yearly map of absolute dCSA obtained over the Meteosat disk for channel
VIS06. The yearly averaged inputs are given in Figure 11b—f. As it can be seen, the map of dCSA is
similar to the seasonal maps obtained in the previous experiment (see Section 3.4). The highest values
of dCSA are obtained for the outer edge of Meteosat, over ocean, and for very bright desert regions.
In contrast, low values of dCSA happen across the Sahel, and the coast of Namibia and Ivory Coast.
In general, dark surfaces are related to higher values of dCSA, especially if they are far away from the
sub-satellite point (e.g., South America). Again, an impact of the aerosol load on the dCSA map is not
observed (see Figure 11d).
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Figure 11. Maps of yearly dCSA for VIS06 and yearly averaged inputs: (a) dCSA, (b) surface albedo,
(c) predominant aerosol type, (d) average AOD at 550 nm, (e) joint solar—view zenith angle in degrees,
and (f) scattering angle in degrees.

(d)

3.5.1. Wavelength Dependence

The yearly experiment continues with the investigation of the impact of the sensing wavelength
on dCSA. Figure 12 summarizes the yearly averaged maps of absolute dCSA (in the upper row) and
the corresponding surface albedo (in the lower row) that were obtained for the five channels from
imagers SEVIRI and FCI (i.e., VIS04, VIS06, VIS08, IR016, and IR022, see Table 1). The inputs used in
this experiment are given in Figure 11b—f.

As it can be seen in Figure 12(top), the maps of dCSA show significant variations for the different
channels. These changes result from the spectral variation of aerosol properties and surface albedo.
On the one hand, dCSA is higher for greater wavelengths due to the generally lower reflectivity
of fine aerosols (see Table 2). On the other hand, dCSA is driven by the spectral signature of the
land surfaces. For example, the dCSA for arid regions, such as the Sahara Desert, increases with
wavelength, reaching its maximum for channel IR016, similarly to the albedo of bare soil, as it is
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shown by Figure 12(bottom). In this case, the surface is brighter than aerosols for all wavelengths. In
contrast, vegetated areas obtain higher values of dCSA for wavelengths for which they appear darker,
as overlaying aerosols are usually brighter. This is the case of the Amazon Forest, which obtains the
highest value of dCSA for channel VIS04. Regions with intermediate surface albedo, such as the Sahel,
show higher values of dCSA for longer wavelengths (i.e., channels IR016 and IR022). This increase
comes from the increasing spectral signature of bare soils combined with the flat signature of the
predominant coarse dust particles (see spectral variation of SSA in Table 2). It is also worth mentioning
the increase of dCSA with wavelength for Namibia and Western South Africa. The reason in this case
is not only the increase of surface albedo with wavelength, but also the decrease of aerosol scattering
with wavelength. Regarding ocean surfaces, variations of dCSA are in agreement with the decreasing
spectral signature of water, as it is shown by Figure 12(bottom). Values of dCSA reach are minimum for
channel VIS04, when water reflectance is highest becoming close to that of continental_polluted aerosols
(e.g., in the Gulf of Guinea). Values of dCSA increase with wavelength, reaching its maximum for
channel VIS08. However, it decays again with wavelength due to the decrease of the reflectance of fine
aerosol particles for channels IR016 and IR022 (see Table 2).
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Figure 12. Study on the impact of wavelength on dCSA with (top row) maps of yearly dCSA and
(bottom row) the corresponding surface albedo. Columns correspond to channels in this order, VIS04,
VIS06, VIS08, IR016, and IR022. Inputs are shown in Figure 11b—f)

3.5.2. Impact of Cloudiness

The yearly experiment concludes with the study of the impact of cloudiness on the yearly averages
of dCSA. The fact that most aerosol retrieval methods using passive remote sensing data do not work
in the presence of clouds [3] is taken into account in this experiment. The yearly average of dCSA
for channel VIS06 was calculated a second time considering only the dCSA values corresponding to
cloud-free observations of Meteosat during the year. This is done to provide a more accurate idea of
the potential of spaceborne passive observations for aerosol retrieval. Information on cloudiness was
taken from the cloud mask product from the Satellite Application Facility on Support to Nowcasting
and Very Short Range Forecasting (NWC SAF) program (http://www.nwcsaf.org/) derived from SEVIRI
observations [53].

Figure 13(left) shows the occurrences of cloud-free Meteosat images during the year as it is derived
from the NWC SAF product. Figure 13(right) shows the yearly average of the difference between
values of dCSA calculated for all-sky Meteosat pixels (i.e., cloud-free and cloudy conditions) and
values of dCSA calculated only for clear-sky Meteosat pixels. The resulting map shows in blue(red) the
regions that obtained a lower(higher) value of dCSA when only cloud-free conditions were considered.
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As expected, the changes in the yearly dCSA appear only for regions that are covered by clouds
at some point of the year. Eastern and Northern Europe increase the average dCSA thanks to the
filtering of many observations corresponding to winter, when cloudiness is higher and dCSA is lower
(see Figure 10a). The same thing happens along the coast of Kenya and Tanzania, which shows an
increase of the sensitivity to aerosols due to the link of the cloudy observations to the lowest values of
dCSA. On the other hand, the yearly average of dCSA drops for many regions across the outer disk of
Meteosat including a part of the Amazon Forest and the Mediterranean Sea. For the latter region, the
reason comes from the filtering of the cloudy pixels during winter corresponding to a high dCSA due
to the predominance of maritime aerosols. In the drier (and; therefore, clearer) summer, the presence
of the less scattering continental particles results in lower values of dCSA.

Cloud free count dCSA (all-sky) - dCSA (cloud free)
ot elear=pte channel (0.6 um)

Figure 13. Maps of (a) cloud-free occurrence in percentage and (b) differences in dCSA due to
consideration of cloud-free pixels only.

4. Discussion

4.1. dCSA and Sensitivity to Aerosols

The results reported in the previous section provide a global view of the potential of geostationary
platforms, and Meteosat in particular, for aerosol remote sensing. This potential is evaluated by means
of the difference between the albedo of the observed surface and the corresponding CSA. The basis of
this study is the link between the difference between the observed surface albedo and the corresponding
CSA (i.e., dCSA) and the sensitivity of remote sensing observations to a varying aerosol concentration
(see Figure 3). The greater the value of dCSA, the higher the sensitivity to the AOD and the potential
to retrieve it.

Overall, aerosol remote sensing is generally possible due to the positive values of dCSA. This comes
from the generally higher brightness of the aerosol signal with respect to the surface signal at the TOA
level [27]. In this context, dark surfaces (e.g., dense forests) and bright aerosols (e.g., sea salt particles)
correspond to the most suitable conditions for AOD retrieval. Nonetheless, aerosol retrieval becomes
more challenging for some regions on Earth, especially over land, due to the proximity of the surface
albedo to CSA. Even in these situations, geostationary satellites have the potential to retrieve the AOD
thanks to the large variety of geometric information that they make available.

4.1.1. Geometric and Temporal Information

The variation of geometry in geostationary observations is mainly driven by the changing
illumination by the Sun during the day, which is sensed thanks to the high temporal resolution of the
imagers. This large diurnal variation of geometry can make aerosol retrieval possible at some instants
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of time despite the impossibility for the rest of the day. The diurnal variation of the scattering angle
always follows a concave function with a maximum at the local noon (12:00 UTC for Meteosat due
to its position at 0° of longitude, see Figure 9). Different parts of the phase function of aerosols are;
therefore, sampled during the day. For example, the sensing of the shoulder of the forward peak in the
local morning and the local evening results in a maximum of sensitivity to aerosols at these times. In
contrast, the minimum of the phase function is usually sensed at the local noon when scattering angle is
high. At this time, the reduced aerosol brightness becomes similar to that of the surface. An exception
happens for regions close to the sub-satellite point where scattering angles become close to 180°. In
this situation, the back-scattering peak of some types of aerosols is sensed, making the aerosol signal
stronger again.

The variations of solar geometry with seasons may also increase the potential of geostationary
observations. This is the case of periods of time showing large variations of geometry during the day
(e.g., summer in Northern hemisphere). Seasons may also bring changes in cloudiness and aerosol
type, which may also impact the sensing of aerosols. This is the case of the increased sensitivity over
Europe in winter due to the predominance of maritime aerosols and the reduced sensitivity over the
Amazon Forest due to persistent cloudiness during favorable retrieval situations (see Section 3.5.2).

4.1.2. Spatial Information

The sensitivity to AOD also depends on the region of study due to the different geometry.
For example, the higher view zenith angles corresponding to the outer edge of the geostationary disk
make aerosols appear brighter due to their forward-scattering peak. It is worth mentioning that the
enhanced sensitivity to AOD that is observed in this region may be impacted as one goes to the limb
by the loss of spatial resolution and the viewing of more air mass. The results reported in Section 3
show significant differences between land and ocean. First, continental surfaces are generally closer to
CSA because they are mostly located in the central regions of the Meteosat disk (e.g., Africa), which
correspond to lower zenith angles. Furthermore, albedo of land surfaces is often closer to the reflectivity
of aerosols, in part because of the similar chemical composition of some aerosols and surfaces (e.g.,
dust aerosols over dusty areas) [27]. Some of these regions (e.g., the Sahel) neither appear brighter nor
darker than aerosols, making them difficult for aerosol remote sensing. On the other hand, significantly
dark or bright surfaces usually result in a sufficient contrast that makes AOD retrieval possible. Second,
ocean surfaces are generally more suitable for aerosol remote sensing due to the low reflectivity of
water and the predominance of bright maritime aerosols. Exceptions happen in the presence of less
scattering aerosols and lower zenith angles (e.g., biomass burning in the Gulf of Guinea).

4.1.3. Spectral Information

The different channels of geostationary imagers also provide varied information for aerosol remote
sensing, as some sensing wavelengths may allow the retrieval that is not possible at others. This is
common to polar orbiting satellites equipped with multi-spectral imagers. For example, the results
reported in Section 3.5.1 show that the low sensitivity to aerosols observed for the MSG channel VIS06
over the Sahel region may be overcome if longer wavelengths are considered. The distinct information
provided along the spectral dimension will be further exploited by the future MTG-I mission thanks
to the new channels of the FCI imager. For example, results show that the sensing of fine aerosols
over the Amazon Forest and Northern Europe may be improved thanks to the FCI channel VIS04,
which does not exist for SEVIRI (see Figure 12). Similarly, the new channel IR022 may also help
with the detection of coarser particles. This additional potential of MTG-I may help to improve the
detection of aerosols [13] and to enhance chemical transport models through data assimilation [12].
Similar wavelengths to those of the two FCI channels considered in this work are already available for
the Himawari-8/9 and GOES-16/17 platforms.
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4.2. Limitations

Some limitations may impact the results reported in the present article. For example, the quality
of the information on aerosol type may be limited in some cases due to the potential uncertainties in
CAMS reanalysis and the conversion of CAMS aerosol components to OPAC aerosol types. Similarly,
the surface albedo derived from the MDAL product may present some inaccuracies for some regions
where aerosol correction is challenging (e.g., desert areas). Furthermore, the Lambertian assumption
that is made for surface reflectivity could impact the results obtained for the diurnal study. Finally, some
static parameters that are considered in the radiative transfer simulations may not be representative
for all Meteosat observations. For example, a different content in water vapor, than the one in the U.S.
standard atmosphere 1976 used in this study, may play on the properties of aerosols through their
hygroscopic nature [54]. Additionally, the impact of a different height distribution of aerosols, than the
one in the OPAC aerosol types [39] used in this work, was not investigated. All these limitations were
considered to be minor and acceptable for the goal of the article, which aims to provide a qualitative
but reliable overview of the potential of geostationary satellites for AOD retrieval.

4.3. Implications to Remote Sensing and Future Directions

The outcomes of this work provide useful information for studies on aerosols based on
geostationary remote sensing. The conclusions on the variable sensitivity of spaceborne observations to
aerosols according to the changes in CSA can be used to quantify the quality of satellite AOD products.
Moreover, studies on surface remote sensing can also benefit from this work. While aerosol remote
sensing becomes difficult for conditions close to CSA, the estimation of surface albedo is no longer
limited to the existing AOD uncertainties in this situation [55].

The current study may also be also helpful in the design of retrieval algorithms for meteorological
satellites. For example, dCSA may be used to weight the satellite observations according to its
suitability for aerosol detection prior to their inversion. The value of dCSA could be also linked to
the uncertainty of AOD retrievals, which is a key parameter for conducting aerosol studies [56,57].
Finally, the correlation between CSA and SSA shown in Figure 5d could be exploited to derive the
latter parameter, as it was pointed out by Seidel and Popp [32]. Future research will be carried out in
these directions.

Another outcome of the present work is the possibility of filling the gaps that arise when retrievals
are not possible (i.e., due to low dCSA) at some instants of the day. Gap-filling methods could be
applied to extrapolate the AOD retrievals resulting from favorable observations (i.e., due to high dCSA)
of the same day. This extrapolation should be possible since aerosol conditions do not often change
much in the short time scales (i.e., below a few hours) [58]. However, the retrieval of AOD at different
times of the day requires the accurate knowledge of the aerosol phase function, which is often not
known with a high degree of precision.

Parallel to the work presented in previous sections, an additional effort was done to allow the
scientific community to calculate CSA without the need of performing radiative transfer simulations.
Polynomial equations were derived from the regression of the CSA look-up table. The use of these
simple equations in retrieval methods may be more efficient than using a large LUT. The outcomes of
this experiment are reported in Appendix A.

5. Conclusions

Remote sensing from space is a unique tool to study atmospheric aerosols at the regional and
global scales. However, the success of aerosol retrieval from space depends on the sensing parameters,
such as satellite geometry, aerosol type, and surface reflectivity. This study exploited the concept of
critical surface albedo to determine the potential of geostationary observations for the determination
of the AOD depending on the observed region, the time of the day, the season, and the sensing
wavelength. This potential was measured by means of the difference between the observed surface
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albedo and the corresponding CSA (referred to as dCSA), which is intimately linked to the sensitivity
of spaceborne observations to the AOD. The better conditions for aerosol retrieval were found for
observations far away from the satellite local noon when low scattering angles result in a higher aerosol
signal. One exception happens for regions close to the sub-satellite point with overlaying coarse
aerosols. In this case, the back-scattering peak of aerosols allows their detection at the local noon when
scattering angle is high. Potential for aerosol retrieval also increases for seasons when the excursion of
the geometry during the day is significant, which enhances the chances to obtain observations with
suitable geometry for AOD retrieval. The varying feasibility during the day to detect aerosols that
is made possible by geostationary satellites can be exploited for the commonly challenging bright
surfaces (e.g., deserts and urban areas). Regarding the spatial coverage of geostationary satellites, the
outer edge of the disk obtains higher values of dCSA thanks to their low scattering angle. However,
the enhanced sensitivity to AOD observed in this region may be impacted as one goes to the limb
by the loss of spatial resolution and the viewing of more air mass. Oceans generally show a higher
sensitivity to aerosols due to the greater contrast between the surface and the aerosols. Finally, a
higher potential in terms of dCSA is reported for the retrieval of fine particles using short wavelengths
(lower than 0.5 microns) over vegetation surfaces and coarse particles using long wavelengths (higher
than 1.5 microns) over bare soil regions. These results were obtained based on one year of maps
of dCSA calculated for MSG and MTG-I observations. However, this work can be extrapolated to
other geostationary satellites such as GOES-16/17 and Himawari-8/9. Another outcome of this work is
the derivation of simple equations to calculate CSA without the need of performing costly radiative
transfer simulations. The information provided in this study using the CSA concept can be used to
refine aerosol retrieval algorithms and to estimate the quality of satellite-derived aerosol products.
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Appendix A

The LUT of CSA values generated in Section 2.3 was fitted using an ordinary least squares
multi-regression approach. Geometries corresponding to Meteosat observations were given a larger
weight for the fitting. The regression method allowed the expression of the CSA using a linear
combination of simple terms depending on the view and solar geometry of each observation

CSA = a+ bcos (&) + ccos (&)* +dexp (=1/us) + eexp (—1/ o) + f cos (&) exp(~1/

Al
fo) + 808 (£)2exp (~1/ ) + exp (~1/p1s) exp (=1/ o), (AD

where ¢ is the scattering angle, u; is the cosine of the SZA, and pi, is the cosine of the VZA. This
multiple regression was carried out for aerosol types continental_average, desert, and maritime_clean and
for channel VIS06. Regression coefficients are given in Table A1, as well as the statistics of the fit (i.e.,
average correlation, bias, and root mean square error).
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Table Al. Multi-regression coefficients for channel VIS06 and fitting scores.

continental_average desert maritime_clean
a 0.492 0.543 0.660
b 0.526 0.812 1.137
c 0.409 0.954 1.308
d —0.540 —0.858 —0.586
e -0.792 -0.865 -0.994
f -0.747 -0.512 -0.969
g —0.609 -0.729 -0.789
h 1.709 2.678 2.665
R-value 0.973 0.908 0.915
Bias 0.000 0.000 0.000
RMSE 0.013 0.048 0.061
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