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Abstract. Geostationary satellites allow continuous sub-
hourly monitoring of the Earth including land surfaces and
aerosols, which can now benefit from the advanced mea-
suring performance of the new Meteosat Third Generation-
Imager and its Flexible Combined Imager on board (FCI). In
this study, we aim to improve our understanding of the im-
pact of the Earth’s sphericity on geostationary observations.
Although sphericity effects in satellite data have been stud-
ied for many years, the curvature of our planet is still not ac-
counted for in many operational radiative transfer-based re-
trieval algorithms due to the required increase in processing
time, and therefore a plane-parallel atmosphere-surface sys-
tem is assumed instead. While the limitations of this approx-
imation have been widely assessed in the case of low Earth
orbit satellites, they must be reevaluated with regard to geo-
stationary satellites, which have a broader range of observing
and illumination geometries. Furthermore, we currently lack
precise benchmarking of the errors caused by neglecting the
Earth’s sphericity in the case of land surface and aerosol ap-
plications, which show significant differences with respect
to the commonly considered ocean color applications. For
example, surface/aerosol algorithms use instrument channels
in the red and near-infrared spectral ranges where there is
a growing impact of molecular absorption compared to the
ocean color-sensitive blue channels where Rayleigh scat-
tering predominates. In this context, we perform quantita-
tive analyses of the impact of ignoring the Earth’s curvature
on FCI-like top-of-atmosphere reflectance calculations using
the accurate Monte Carlo radiative transfer code SMART-G.

Results enable quantification of important biases introduced
by the plane-parallel assumption, with a strong dependency
on the sun-satellite acquisition geometry and, to a lesser ex-
tent, the measurement wavelength. Significant dependencies
on surface and aerosol properties are also identified, but only
under extreme solar and viewing conditions. We also find
that 36 % of FCI observations are significantly affected by
sphericity effects, in particular in the channels centered at
short visible wavelengths (i.e., 444 and 510nm for FCI).
Based on these results, this study makes recommendations,
that can be found in the Discussion section of this paper, on
the development of methods to account for sphericity effects
in the inversion of geostationary data so that one can cor-
rect the outcome of plane-parallel radiative transfer codes for
near-real-time operational applications.

1 Introduction

Satellites in geostationary orbit are widely used for vari-
ous meteorological and climate applications (e.g. Boukabara
et al., 2021; Levizzani et al., 2001; Stockli et al., 2019),
in particular because they enable high-temporal-frequency
monitoring of the Earth. Their distinctive orbit with an al-
titude of 35 785 km above the equator makes their orbital pe-
riod equal to the Earth’s rotation period. This particularity al-
lows geostationary satellites to constantly monitor the same
observed field-of-view roughly corresponding to one third of
the planet. This specificity of geostationary weather satellites
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allows them to obtain several images of the observed field-of-
view per hour. This configuration results in satellite observa-
tions encompassing a very broad range of both solar angles
(varying during the day due to the motion of the Sun with re-
spect to the satellite-Earth system) and view angles (constant
with time but varying across the geostationary field-of-view
due to the fixed position of the satellite).

Meteosat Second Generation is the operational geostation-
ary mission from the European Organization for the Ex-
ploitation of Meteorological Satellites (EUMETSAT) since
2002, carrying on board the multispectral imager Spinning
Enhanced Visible and InfraRed Imager (SEVIRI) (Schmetz
et al., 2002). The first Meteosat Third Generation-Imager
(MTG-I) satellite, equipped with the multispectral Flexible
Combined Imager (FCI), was launched in December 2022
and became operational in December 2024 under the name
of Meteosat-12. This new generation of Geostationary Earth
Orbit (GEO) instrument comes with major upgrades. Five
new spectral channels have been added, providing measure-
ments in visible and near-infrared wavelengths not available
on SEVIRI. In the shortwave range, FCI has a spatial resolu-
tion from 0.5 to 1 km, compared to 3 km for SEVIRI. Multi-
spectral images of the entire field-of-view are now available
every 10 min from FCI, instead of the previous 15 min tem-
poral frequency (Holmlund et al., 2021). These new charac-
teristics bring many opportunities to improve the characteri-
zation and monitoring of the Earth’s atmosphere and surface,
for example in the context of the near real time clear-sky re-
trieval of shortwave surface albedo retrieval as it is opera-
tionally conducted in the EUMETSAT Land Surface Analy-
sis Satellite Application Facility (LSA-SAF) project (Juncu
et al., 2022).

The third generation of Meteosat satellites upgrades also
come with their share of challenges, notably an increased
amount of data that may require optimization of operational
algorithms to meet near real time constraints. This is the
case of surface albedo retrieval, which can benefit from
processing an increased number of diurnal observations al-
lowed by GEO instruments, as this improves the estimation
of surface Bidirectional Reflectance Distribution Function
(BRDF). However, the quality of the atmospheric correction
(i.e the compensation for atmospherics effects in the radia-
tion measured by the satellite) required to estimate surface
reflectance from each geostationary observation strongly de-
pends on aerosol characterization. Although diurnal aerosol
estimation from geostationary observations is possible (Cea-
manos et al., 2023) and can strongly benefit from the new FCI
channels centered at 444, 510 and 2250 nm (Georgeot et al.,
2024), it requires to accurately account for the large varia-
tions in solar and satellite geometry. For example, the regions
near the edge of the geostationary field-of-view, such as high
latitudes, are constantly observed under high view zenith an-
gle (VZA), whereas the entire field-of-view is observed un-
der high solar zenith angle (SZA) close to sunrise and sunset
every day. The observations under such extreme geometries
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are generally dismissed in retrieval algorithms for they have
been reported to limit the accuracy in atmospheric correc-
tion schemes (Ruddick et al., 2014) mainly because radia-
tive transfer calculations are much more complex (and there-
fore CPU costly) due to the Earth’s curvature for example.
Despite being known for many years (Adams and Kattawar,
1978; Ding and Gordon, 1994), sphericity effects are still not
taken into account in many operational retrieval algorithms
(Zawadzka and Markowicz, 2014; EUMETSAT, 2021; Juncu
et al., 2022; EUMETSAT, 2022; Ceamanos et al., 2023),
which use the well-known and much faster plane-parallel ap-
proximation instead.

This is the case of the LSA-SAF albedo algorithm, in
which the Earth’s sphericity has not been taken into ac-
count to simplify the atmospheric correction calculations in
front of the high computational requirements imposed by the
near-real-time processing of geostationary Meteosat obser-
vations. Given that using spherical or pseudo-spherical al-
gorithms is currently not possible due to these operational
constraints, we intend to assess the validity of the plane-
parallel approximation, especially in the context of a future
simultaneous albedo and aerosol estimation from FCI. In this
study, we therefore intend to explore the impact of the Earth’s
sphericity on geostationary top-of-atmosphere (TOA) cloud-
free multispectral observations based on accurate full spher-
ical radiative transfer simulations. The main novelty of our
work with respect to earlier studies on sphericity effects lies
in the specificity of geostationary sensors, which for example
provide a much wider range of solar and view geometries in
comparison to the well studied polar orbiting satellites (Ding
and Gordon, 1994; He et al., 2018). Furthermore, we set
our work in the context of the retrieval of land surfaces and
aerosols, which shows significant differences with the com-
monly considered ocean color applications (Ding and Gor-
don, 1994; He et al., 2018; Xu et al., 2023). Hence, our re-
search focuses on the FCI spectral channels that are of inter-
est for the estimation of aerosol and land surface properties,
which cover the entire visible and near-infrared spectrum
and therefore do not correspond to the short visible wave-
lengths sensitive to ocean color that are generally assessed
in previous studies on sphericity effects. Hence, the impact
on the Earth’s sphericity of not only Rayleigh scattering but
also gaseous absorption effects is examined. Furthermore, we
identify and characterize the dependencies of sphericity ef-
fects on radiative transfer parameters that are relevant in our
application context such as surface albedo and aerosol prop-
erties. Ultimately, we aim to adjudicate on the validity of the
plane-parallel approximation particularly in the processing
of FCI observations and establish under which circumstances
appropriate corrections to partially account for sphericity ef-
fects at the radiative transfer level should be implemented.

This study is organized as follows. In Sect. 2, the Earth’s
sphericity effects are described by defining the geometry and
physics of the problem, and documenting their impact in ra-
diative transfer calculations. Section 3 focuses on present-
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ing the methodology and the purpose of our study. Section 4
presents the obtained results. Section 5 connects our results
with those found in the literature and discusses their impli-
cations on the processing of geostationary observations. Fi-
nally, Sect. 6 summarizes our findings and presents our con-
clusions.

2 Earth’s sphericity effects

The Earth consists of a near-spherical 3-D system, and must
be well represented in atmospheric radiative transfer calcu-
lations for the retrieval of geophysical properties using satel-
lite data. The general equation of radiative transfer can be
expressed as

df

Kextpds

=S5—1, ey

with I being the intensity, kex; the extinction coefficient, p
the medium density, ds an infinitesimal length and S the
source function. When studying the Earth’s atmosphere in
visible and short infrared wavelengths, thermal emission can
be neglected. The source function then represents scattering
and absorbing processes, and can be expressed as:

PI
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Q

with «g, being the scattering coefficient and P the phase
function defining the probability of a scattered radiation be-
ing scattered inside the differential solid angle dS2.

The general equation of radiative transfer (Eq. 1) and its
source function (Eq. 2) depend on the geometry of the con-
sidered scene (Chandrasekhar, 1960). In particular, identify-
ing the invariances of the considered scene and making rea-
sonable assumptions is crucial to allow simplifications, and
hence analytical solutions, to the radiative transfer equation.
We will focus on the two most common geometrical assump-
tions made in atmospheric radiative transfer calculations: the
plane-parallel approximation (PPA) and the spherical shell
approximation (SSA).

2.1 The Plane-Parallel Assumption

The PPA neglects the Earth’s curvature by defining the sur-
face and all the atmospheric layer boundaries as infinite par-
allel horizontal planes. This approximation allows to sim-
plify the equation of radiative transfer (Eq. 1) by making it
depend on three variables only, which are the altitude z, the
zenith angle 6 and the azimuth angle ¢. Equation (1) can then
be expressed as (Chandrasekhar, 1960; Lenoble, 1993):

di(z,0,
os9M=S(z,0,<p)—I(z,9,¢), 3)
Kextpdz

and can be written as follows by merging it with Eq. (2):
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The plane-parallel assumption enables the use of sim-
ple analytical resolutions of the radiative transfer equa-
tion, which drastically lower the computation time. PPA is
therefore frequently made in radiative transfer solvers such
as the discrete ordinate radiative transfer (DISORT) solver
(Stamnes and Conklin, 1984), included in the libRadtran
software (Emde et al., 2016), the Doubling-Adding (DOAD)
method (Hansen, 1971), available in the ARTDECO soft-
ware (https://www.icare.univ-lille.fr/artdeco/, last access: 27
April 2026) and the modified Sobolev approximation ana-
Iytical solver (Katsev et al., 2010), used for aerosol proper-
ties retrieval from Meteosat satellite data (Ceamanos et al.,
2023).

In Sect. 2.3, we show how PPA is found to be accu-
rate in several studies for angular geometries close to the
zenith/nadir configurations, but limited for high zenith an-
gles. Figure 1 illustrates the geometric differences between
the plane-parallel assumption and the true Earth’s sphericity
(represented by the spherical-shell assumption described in
Sect. 2.2). One can see that neglecting the Earth’s sphericity
leads to an overestimation of the thickness of the atmosphere,
and therefore of the optical path (colored in red on the figure).
This miscalculation can induce important inaccuracies in the
simulated TOA reflectances, which in turn can negatively im-
pact the estimation of surface and aerosol properties. It is
worth noting that these errors may grow with view and so-
lar zenith angles (due to the increase in the optical path error
when using PPA), which may become especially important
in the case of geostationary satellites allowing observations
in a broad angular range.

2.2 The Spherical-Shell Assumption

The SSA assumes a spherical Earth’s surface, surrounded by
a multi-layer spherical atmosphere defined by their corre-
sponding radii as shown in Fig. 1. This assumption is closer
to reality than the PPA, and can be implemented in various
ways depending on the level of precision required.

First, radiative transfer codes referred to as pseudo-
spherical methods integrate SSA corrections in otherwise
PPA-based solvers. Following the statement by Sekera and
Dave (1961) that most of the multiple scattering occurs in a
narrow cone around the zenith, many pseudo-spherical meth-
ods consist in computing single scattering in SSA for both in-
cident and reflected beams, while calculating the contribution
of multiple scattering in PPA. This approach was already ap-
plied by Deluisi and Mateer (1971) for ozone vertical distri-
bution estimation purposes. More recently, a similar logic is
found in the enhanced pseudo-spherical method (Spurr et al.,
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Figure 1. Schematic diagram of the PPA and SSA geometries, highlighting the optical path error (in red color). 4 is the altitude of the
atmosphere, r is the Earth radius, 6; is the solar zenith angle, 6y, is the view zenith angle and ¢ is the relative azimuth angle.

2022) implemented in LIDORT and VLIDORT, respectively
the linearized and vector upgrades of the discrete-ordinates
RT code DISORT (Spurr and Christi, 2019), and in the radia-
tive transfer solver RTSOS (radiative transfer model based on
the successive order of scattering; Zhai and Hu, 2022). An-
other well-known pseudo-spherical approach was developed
by Ding and Gordon (1994) in the atmospheric-correction
scheme developed for the SeaWiFS (Sea-Viewing Wide-
Field-of-View Sensor) satellite mission. There, the contribu-
tion of Rayleigh scattering to the total radiance is calculated
using a SSA geometry, while the remaining pieces of the ra-
diative transfer algorithm are calculated in PPA.

Second, radiative transfer algorithms based on Monte
Carlo methods allow simulations in true spherical geometry
by modeling particle-based light propagation. These statis-
tical approaches relying on random sampling of backward-
scattered photons were first used for radiative transfer pur-
poses by Marchuk and Mikhailov (1967). More recently,
one can cite the well-known Monte Carlo based MYSTIC
(Monte Carlo code for the physically correct tracing of pho-
tons in cloudy atmospheres) solver from the libRadtran pack-
age (Mayer and Kylling, 2005; Emde et al., 2016) and the
radiative transfer code running on graphics processing units
(GPU) named Speed-Up Monte Carlo Advanced Radiative
Transfer code with GPU (SMART-G; Ramon et al., 2019),
which is described in Sect. 3. These full-spherical RT codes
have proven their accuracy even for high zenith angles con-
figurations (Mayer et al., 2010; Ramon et al., 2019). How-
ever, their main limitation is the computation requirements
that are significantly heavier than for PPA-based algorithms.

It is worth noting that the spatio-temporal resolution of
FCI full-disk images (available every 10 min at 1km reso-
lution) makes full-spherical and pseudo-spherical radiative
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transfer codes unsuitable if near real-time data processing
constraints must be met. Hence, this study will focus on as-
sessing the errors caused by the use of the PPA in the context
of geostationary satellites, in order to help develop approxi-
mate but fast corrections methods suited for operational ap-
plications.

2.3 Impact of Earth’s sphericity on radiative transfer
calculations

Rayleigh scattering is the main radiance-inducing atmo-
spheric process in the short visible spectrum, corresponding
to the first measuring channels of most geostationary satellite
imagers. Since the main difference between the PPA and SSA
geometries lies in the difference in the optical path traveled
by the radiation, it will greatly affect Rayleigh scattering.
First, we describe the distinct effects of Earth’s sphericity in
the occurrence of high SZA or high VZA, which results in
different impacts on TOA radiances. While both geometries
involve long optical path, they affect TOA radiance differ-
ently due to the fundamental differences between PPA and
SSA (Adams and Kattawar, 1978).

Athigh SZA, the primary effect is due to the attenuation of
the incoming solar beam. In PPA, the optical path of the di-
rect solar beam scales as 1/cos(6s) and tends toward infinity
as SZA approaches 90°, leading in excessive extinction of the
incident light. In contrast, the SSA geometry allows the solar
beam to cross a finite atmosphere or illuminate layers tan-
gentially (also known as the twilight effect), allowing more
photons to interact and scatter. Consequently, PPA tends to
underestimate the scattered radiance compared to SSA, in-
ducing a negative bias in PPA-computed TOA radiances at
the beginning and end of the day (i.e., when SZA is high).
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Although high VZA causes an analogue overestimation of
the optical path, the difference is due to the integration path
along the line of sight. In PPA, a high VZA implies an optical
path through an infinite slab, artificially increasing the scat-
tering optical depth and thus the Rayleigh signal. In SSA, in
the contrary, a line of sight near the limb crosses a finite path
before exiting. This finite path limits the amount of scatter-
ing contributing to the radiance compared to the infinite PPA
path. As a result, PPA overestimates the observed radiance at
high VZA, inducing a positive bias in PPA-computed TOA
radiances near the edge of the geostationary field of view
(i.e., where VZA is high) (Lenoble, 1993; Chowdhary et al.,
2019; Frouin et al., 2019).

However at larger wavelengths, in the red and near-
infrared spectrum, Rayleigh scattering becomes weak while
molecular absorption grows important, becoming the main
process to affect radiation propagation in the atmosphere. Al-
though many earlier studies have studied the Earth’s spheric-
ity effects, and specifically the impacts of using PPA over
SSA on TOA radiance simulations, depending on the scene’s
geometry (Adams and Kattawar, 1978; He et al., 2018; Xu
et al., 2023), we find a lack of studies on sphericity effects
in the red and near infrared, and on the assessment of such
effects in weak Rayleigh diffusion and therefore more gas-
absorbing dominated wavelengths. Furthermore, discrepan-
cies exist in the literature regarding the angular thresholds
beyond which the PPA should not be used, which can be ex-
plained by the differences in the requirements of each study.
Indeed, the simulations configurations vary depending on the
research application, and therefore the quantification of the
PPA impact is given for application-specific parameters in-
cluding the scene’s geometry, the atmosphere description,
the wavelength of observation, the consideration or neglect
of polarization, etc. The following literature review aims to
give an order of magnitude of the sphericity effects and the
validity of PPA depending on the sun-sensor geometry.

Regarding view zenith angle, Adams and Kattawar (1978)
found that using PPA geometry instead of SSA with
VZAs > 60° could cause errors up to 20% in simulated
TOA radiances in a Rayleigh scattering atmosphere of op-
tical thickness 0.25 over a black surface. Xu et al. (2023)
confirmed that VZAs > 60° can lead to important relative er-
rors between PPA and SSA simulations in their case study, up
to to 12 % on TOA Rayleigh scattering radiances at 412 nm
over a flat sea surface depending on the value of SZA (both
zenith angles are limited to a maximum value of 85° in this
study). It is worth noting a general lack of VZA-dependent
studies, which makes difficult to reach a consensus on the
validity of PPA according to view geometry. As for solar
zenith angle, several works tried to identify the SZA value
above which SSA should be preferred over PPA. For ex-
ample, Adams and Kattawar (1978) found that SZA =72°
caused a relative error of 4 % between the radiance computed
with PPA and SSA geometries. Ding and Gordon (1994)
showed that the absolute relative error on TOA Rayleigh ra-
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diances exceeds 2 % for SZAs > 80° for all VZA values at
412 nm over a smooth ocean surface in the cross azimuthal
plane and concluded their study on the comparison between
PPA and SSA performances for ocean color purposes by stat-
ing that “the effects of the curvature are negligible for SZA
values below 70°”. He et al. (2018) showed that SZA = 75°
at 412 nm over a flat sea surface caused a 1 % relative error
between PPA and SSA computed Rayleigh radiances, while
SZA =80° and SZA = 85° resulted in a 3 % and 12 % rela-
tive error, respectively. Korkin et al. (2020) relies on Leno-
ble (1993) and McCartney (1976) to state that SSA should
be preferred for SZAs > 75°. Ramon et al. (2019) features
examples of comparisons between PPA and SSA in a pure
Rayleigh atmosphere of optical thickness 0.3262 at 412 nm
over a black surface, showing the relative error exceeds 1 %
from SZA values around 80°.

As expected due to the variability of radiative configura-
tions and applications, our literature overview shows no ev-
idence of a consensus on angular thresholds above which
the Earth’s curvature should be accounted for. One can also
notice the predominance of ocean-color remote sensing-
oriented studies assessing the effects of the Earth’s curvature,
due to the high precision requirements of such inversion pur-
poses, in therefore short visible wavelengths where Rayleigh
scattering predominates. Most importantly, there appears to
be a lack of studies on the assessment of the sensitivity of
common radiative parameters to the Earth’s curvature, espe-
cially for the estimation of land surface parameters in the full
shortwave range where Rayleigh scattering can be surpassed
by molecular absorption in some instrumental channels. For
example, the spectral dependency of sphericity effects are
poorly documented, as well as the impact of the atmospheric
profile and surface properties. In conclusion, we believe that
there is a need for comparative studies establishing the spe-
cific configurations where PPA should not be applied, specif-
ically in the scope of geostationary observations.

3 Scientific protocol
3.1 Overview

The experiments conducted in our study aim to assess the
impact of sphericity effects on FCI shortwave observations,
while also determining the key parameters on which these
effects depend. The rationale of this work consists in com-
paring simulations in which only the geometry assumption
(PPA or SSA) varies. An accurate Monte Carlo code is cho-
sen for this purpose, as explained in Sect. 3.2. We consider
various simulation cases, which allow us to assess the sensi-
tivity of different radiative transfer parameters to the plane-
parallel approximation. We aim to consider the broad angular
ranges allowed by geostationary imagers by investigating the
impact of the sun-sensor geometry, through the variation of
VZA, SZA and the relative azimuth angle (RAA) (Sect. 4.1).
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We also carry out TOA reflectance simulations for several
wavelengths corresponding to the selected shortwave FCI
channels (i.e., important for aerosol and surface albedo re-
trieval) to find out if the effects of the Earth’s sphericity vary
spectrally or not (Sect. 4.2). For this purpose, we use the
REPTRAN (representative wavelengths absorption param-
eterization applied to satellite channels and spectral bands)
parametrization (Gasteiger et al., 2014) which enables realis-
tic modeling of the gas absorption happening in FCI spectral
channels. REPTRAN allow us to make fast satellite simula-
tions with less than 1 % error with respect to accurate but ex-
pensive line-by-line simulations. This is achieved by running
a few monochromatic simulations at “representative” wave-
lengths, which are then linearly recombined with appropri-
ate weights. Both the wavelengths and the weights are deter-
mined by REPTRAN for each channel. Such parametriza-
tion is essential in our study to ensure proper simulations
of molecular absorption processes. It is worth noting that
although earlier works could assume pure Rayleigh scat-
tering atmospheres by focusing on wavelengths with very
low molecular absorption (see Sect. 2.3), we consider both
Rayleigh scattering and molecular absorption in all our sim-
ulations since absorption cannot be neglected in the consid-
ered long visible and near-infrared channels. Realistic sur-
face albedo values are tested to examine a possible depen-
dency of the Earth’s curvature effects on surface brightness
(Sect. 4.3). Several standard atmospheric profiles are also
investigated, in order to find out if changes in atmospheric
composition and vertical distribution modulate sphericity ef-
fects (Sect. 4.4). Finally, we assess the impact of adding an
aerosol layer (Sect. 4.5), with varying particle type, vertical
distribution and optical thickness. All these parameters inter-
vening in the radiative transfer simulation of TOA radiance
were chosen to account for the typical variability observed in
geostationary observations.

3.2 Radiative transfer solver: SMART-G

The Speed-Up Monte Carlo Advanced Radiative Transfer
code with GPU is a statistical radiative transfer solver based
on Monte Carlo processes that simulates light propagation in
the surface-atmosphere coupled system (Ramon et al., 2019).
It accounts for absorption and scattering by molecules and
aerosols as well as light polarization and is valid over the
entire solar spectrum. SMART-G enables top of atmosphere
radiance simulations to run in either PPA or SSA configura-
tions, which is a key feature to study the impacts of neglect-
ing the Earth’s curvature. A local estimate variance reduction
feature allows radiance evaluation for each altitude and direc-
tion by considering the propagation of photons as a Markov
Chain (Marchuk et al., 1980). The statistical error introduced
by this process allows the solver to estimate the standard de-
viation of the radiance, which is provided as a simulation
output, thereby enabling the calculation of an uncertainty.
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SMART-G presents great consistency with well-validated
Monte Carlo solvers such as MYSTIC and SASKTRAN-
MC (Zawada et al., 2015), while being approximately 30
times faster (Zawada et al., 2021). Zawada et al. (2021)
also showed the intensities simulated by these three radiative
transfer solvers differed by less than 0.2 % for single scatter-
ing only, and by less than 1 % when accounting for multiple
scattering.

One should note the word “photons” is used in this study
for “virtual particles of light” that spread backwards in the
computation, i.e. from the sensor to the sun, according to
Monte Carlo related constraints. We acknowledge this is a
misuse of language that does not cover its full definition
given by quantum physics.

3.3 Experimental setup

Our default setup consists of strictly similar simulations of
TOA reflectance run twice, in PPA and SSA configurations.
The simulations consist of sending photons in the visible
(VIS) and near-infrared (NIR) wavelengths corresponding
to FCI spectral channels of interest (using the REPTRAN
parametrization in SMART-G) for joint aerosol and surface
properties estimation: VIS 0.4 , VIS 0.5, VIS 0.6, VIS 0.8,
NIR 1.6 and NIR 2.2, whose spectral characteristics can be
found in Table 1. These photons propagate in a cloud-free
gaseous atmosphere accounting for both Rayleigh scatter-
ing and molecular absorption for Oz, HyO, NO; and O»,
with or without aerosol particles. The atmospheric profiles
are selected among the Air Force Geophysical Laboratory
(AFGL) atmospheric constituent profiles (defined in the al-
titude range of 0-120km) (Anderson et al., 1986), while
the aerosol properties are set using fine particle-dominated
and coarse particle-dominated models defined in the Optical
Properties of Aerosols and Clouds (OPAC) database (Hess
etal., 1998). We also set a Lambertian surface, determined by
an albedo value changing depending on the experiment. Sim-
ulations are computed for numerous solar zenith angle val-
ues to mimic a full day of geostationary observations and for
several moderate and extreme sensor zenithal geometries, in
the principal plane of relative azimuth (i.e., RAA =0, 180°),
which is convenient for examining the effects of aerosols.
The configurations used to compute the results presented in
Sect. 4 are summarized in Table 2. One should mention these
same experiments were also conducted in the cross-principal
plane of relative azimuth (i.e., RAA =90, 270°). The results
corresponding to the experiment exploring several spectral
channels (see Sect. 4.2) can be found in Appendix B, but re-
sults from other experiments for the cross-principal plane are
not presented here for the sake of brevity, and since they do
not lead to different conclusions compared to the principal
plane experiments.
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Table 1. Table listing the main spectral characteristics of the se-
lected FCI channels (Holmlund et al., 2021), as well as the corre-
sponding major absorbing gases in the atmosphere (Gasteiger et al.,
2014).

FCI Central Width  Absorbing gases

channel  wavelength (nm) (> 1% absorbance)
(nm)

VIS 0.4 444 60 None

VIS 0.5 510 50 O3

VIS 0.6 640 80 O3

VIS 0.8 865 70 HpO

NIR 1.6 1610 60 CO,,CHy

NIR 2.2 2250 50 H;O0, CHy

3.4 Definition of PPA-induced bias

In order to analyze and compare our simulation results, we
calculate the relative error as well as mean percentage error
(MPE) and mean absolute percentage error (MAPE) scores
between PPA and SSA simulated TOA reflectances. To clar-
ify the statistical significance of each result, the plots of re-
flectance and relative error in reflectance consistently feature
error bars corresponding to the calculated uncertainty, which
corresponds to a 95 % trust interval (see Appendix A).

We define two criteria to conclude that the bias induced by
the use of PPA is “significant”. The first criterion is an abrupt
rise of the relative error value. This is intuitive, as we con-
sider that the bias induced by the use of PPA becomes of im-
portance as soon as the relative error between PPA and SSA
TOA reflectances increases sharply. This means that a future
compensation for the sphericity effects should start from the
identified cut-off value. The second criterion, meant to be
more quantitative than the first, is a threshold on the rela-
tive error between PPA and SSA TOA simulated reflectances.
The acceptable error in aerosol optical depth remote sens-
ing (an essential first step before surface properties retrieval)
cannot however be determined straightforwardly, as it de-
pends on many parameters including geometry, wavelength
and aerosol-surface properties themselves (Ceamanos et al.,
2023). However, in unfavorable conditions when aerosol sen-
sitivity is low (e.g., in the occurrence of bright surfaces, or
low aerosol scattering due to high scattering angles; Seidel
and Popp, 2012; Georgeot et al., 2024), small errors on TOA
reflectance can result in significant AOD biases, which in
turn can result in biased surface reflectance. Therefore in this
study we have decided to consider a 1 % error as the thresh-
old above which the Earth’s sphericity effects should be cor-
rected.

https://doi.org/10.5194/amt-19-2787-2026

4 Results
4.1 Angular configuration

Figure 2a presents the simulated TOA reflectances both in
PPA and SSA for VZA values of 0, 60, 70, 75 and 80°, as
a function of SZA across the principal plane, i.e. mimick-
ing the full diurnal cycle of an imaginary location observed
from the geostationary orbit. We consider FCI channel VIS
0.4 centered at 444 nm, in a aerosol-free US standard AFGL
atmosphere, with a Lambertian surface of albedo 0.1, in the
principal azimuthal plane. For VZA = 0°, the reflectance ap-
pears constant for SZA values below 60° in both PPA and
SSA. The other curves suggest that the reflectance increases
with the VZA. Indeed, when VZA increases, the illuminated
volume observed by the satellite sensor grows, and thus the
TOA reflectance increases too, as explained in Sect. 2.3. We
also notice an asymmetry in the reflectance values around
noon (SZA =0°) for VZA values different than 0°. Indeed,
when VZA is non-zero, the intensity received by the satel-
lite varies depending on whether it is in backscattering mode
(RAA =0°) or forward scattering mode (RAA = 180°). For
all VZA values, the PPA and SSA reflectance curves split
above SZA = 80°. The SSA reflectances continue increasing
since fewer solar beams reflect on the surface before reaching
the sensor. Meanwhile, the PPA reflectances start dropping
since considering an infinite plane surface does not account
for this reduction of the amount of reflections. Moreover, as
explained in Sect. 2.3, PPA leads to an overestimation of the
solar beam attenuation in Rayleigh-dominated wavelengths.

Figure 2b features the relative error computed between
PPA and SSA simulated TOA reflectances for each angular
configuration shown in Fig. 2a. Figure 2c and d are the same
plot zoomed respectively on the plateau and on the drop of
the relative error curves. In these plots, we can see how the
absolute relative error generally increases with VZA and ex-
ceeds 1% at all times for VZA > 75°, as one can also see
in Table 3 summarizing all the obtained statistics. To fully
understand these results, we need to keep in mind the oppo-
site effects high VZA and high SZA have on simulated in-
tensities in Rayleigh-dominated wavelengths. As explained
in Sect. 2.2, high SZA values result in an underestimation
of TOA intensity by the PPA compared to SSA, causing
a negative bias in the resulting relative error according to
Eq. (Al). This explains the sudden drop in the relative er-
ror curves, which for example starts around SZA = 60° for
the VZA =0° curve and causes the relative error to reach
a MPE of —18.554+0.26 % for SZA < [80°;90°]. In con-
trast, high VZA values result in an overestimation of TOA
intensity by the PPA compared to SSA, resulting in a posi-
tive bias in the relative error according to Eq. (A1). This can
be observed when VZA =80° and SZA € [0°;60°], where
the MPE is 1.84 £0.08 %. The combination of these two
phenomena explains the increase preceding the drop of the
relative error curves, causing this drop to occur at higher
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Table 2. Summary table of the experimental setup corresponding to the results presented in Sect. 4. The parameter studied in each experiment

is highlighted in bold letters.

Experiment 1

Experiment 2  Experiment3  Experiment 4

Experiment 5

Experiment 6

Experiment 7

(Sect. 4.1) (Sect. 4.2) (Sect. 4.3) (Sect. 4.4) (Sect. 4.5.1) (Sect. 4.5.2) (Sect. 4.5.3)
VZA 0° 45° 45°,80° 45°, 80° 45° 45° 45°, 80°
30°
60°
70°
75°
80°
SZA 60 values 60 values 60 values 60 values 60 values 60 values 60 values
from O to 89° from O to 89° from O to 89° from O to 89° from 0 to 89° from 0 to 89° from 0 to 89°
Relative 0-180° 0-180° 0-180° 0-180° 0-180° 0-180° 0-180°
azimuth angle
FCI channel VIS 0.4 VIS 0.4 VIS 0.6 NIR 2.2 VIS 0.4 VIS 0.4 VIS 0.4
VIS 0.5
VIS 0.6
VIS 0.8
NIR 1.6
NIR 2.2
Surface 0.1 0.1 0.005 0.1 0.1 0.1 0.1
albedo 0.1
0.2
0.4
Atmospheric US standard US standard US standard US standard US standard US standard US standard
profile Tropical
Subarctic winter
Presence of No No No No Yes Yes Yes
aerosols
Aerosol type No aerosols Desertic Desertic
Urban
Desertic
Aerosol layer Default 0-2km Default
altitude OPAC setting  0-6 km OPAC setting
3-5km
AOD 1.0 1.0 0.2
1.0
3.0

SZA values for high VZA values. This also explains why the
MPE between the PPA and SSA simulations in the [80°;90°]
range reaches only —11.94+£0.11 % for VZA = 80° against
—18.55+£0.26 % for VZA =0°. It also enables the under-
standing of the near-zero MPE values in the [70°;80°] SZA
range for moderate VZA values. Indeed, the underestimation
induced by high SZA values starts prevailing, causing the rel-
ative error to drop and eventually become negative, creating
a transition region where the error appears to be extremely
small despite the multiple biases arising.

These results demonstrate that the impact of the PPA
highly depends on both SZA and VZA. According to the first
criterion on the sharp increase of the PPA-induced relative er-
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ror (defined in Sect. 3.4), we can affirm that not taking into
account the Earth’s curvature by using a PPA instead of a
SSA geometry when simulating TOA intensities has a major
impact for SZA values exceeding 70°. The errors induced by
high VZA values are lower, but according to the second cri-
terion (defined in Sect. 3.4), we still consider their impact to
be significant beyond 70° as the relative error exceeds 1 % in
such configurations.

4.1.1 Implications for FCI

In order to quantify the impact of such angular thresholds
on geostationary data processing, we compute the fraction

https://doi.org/10.5194/amt-19-2787-2026
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Figure 2. Comparison of PPA and SSA simulations for several VZA values as a function of SZA, for channel VIS 0.4 in a US standard
aerosol-free atmosphere with a Lambertian surface of albedo=0.1, in the principal relative azimuthal plane, with 1 x 107 photons. (a)
Simulated TOA reflectances. (b) Calculated relative error between PPA and SSA simulated TOA reflectances. (¢) Same plot zoomed-in
between —1 % and 4 %. (d) Same plot zoomed-in for SZA over 80°.

Table 3. Mean relative errors between PPA and SSA simulated TOA reflectances for several VZA values and ranges of SZA, for channel VIS
0.4 in a aerosol-free US standard atmosphere with a Lambertian surface of albedo 0.1 in the principal relative azimuthal plane, with 1 x 107

photons.
SZA range VZA =0° VZA =60° VZA =170° VZA =175° VZA =80°
0-60° 0.23+0.08 0.53+0.11 0.82+0.10 1.224+0.09 1.841+0.08
60-70° 0.14+0.19 0.56£0.14 0.97+0.13 1.49+0.11 2.434+0.10
MPE (%) 70-80° —0.58+0.23 —0.01£0.16 0.51+0.14 1.14+0.11 2.40+0.10
80-90° —1855+026 —17.26+0.19 —1622+£0.15 —-14924+0.13 —11.94+0.11
0-90° —1.75£0.18 —1.31+£0.13 —0.90+£0.12 —0.37£0.10 0.59+0.09
MAPE (%) 0-90° 2.09+£0.13 2.20£0.09 2.37+£0.08 2.65+0.07 3.154+0.06
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Figure 3. Maps of the FCI field-of-view featuring the fraction of daytime each pixel is affected by high SZA (a), high VZA (b) and either

high SZA or VZA (c).

of pixels affected by high zenith angles on the FCI field-of-
view over one year. Figure 3a and b feature the fraction of
daytime each pixel is observed with an angle value exceed-
ing the 70° thresholds previously identified, respectively for
SZA and VZA, over one year. As expected, the entire field-
of-view is affected by high SZAs at some point during the
day, with a minimum of 23 % of daytime at the equator and
increasing up to more than 50 % of daytime for high latitudes
such as Northern Europe. When averaged over the full disk,
29 % of data corresponds to SZA > 70°, and 12 % of data
corresponding to the edges of the field of view is related to
VZA > 70°. Figure 3c features the fraction of daytime each
FCI pixel is seen under either high SZA or VZA. When av-
eraged over the entire field of view, we find that 36 % of all
observations over one year correspond to the zenithal config-
uration in which PPA-induced errors are considered signifi-
cant.

4.2 Wavelength

Figure 4a presents the simulated TOA reflectances both in
PPA and SSA for the VIS 0.4, VIS 0.5, VIS 0.6, VIS 0.8, NIR
1.6 and NIR 2.2 FCI visible and near-infrared channels inter-
esting for albedo and aerosol retrieval, as a function of SZA.

Atmos. Meas. Tech., 19, 2787-2816, 2026

We consider an aerosol-free US standard AFGL atmosphere
using REPTRAN to account for molecular absorption, for a
VZA of 45°, with a Lambertian surface of albedo 0.1, in the
principal azimuthal plane. The simulated TOA reflectance is
visibly higher in the blue than in the green and even higher
than in the red and infrared channels, which can easily be ex-
plained by the contribution of the Rayleigh scattering in the
simulated standard atmosphere that is added to the surface
albedo of 0.1. The PPA and SSA curves start diverging for
SZAs around 80° for the three channels in the visible spec-
trum, with the SSA reflectances still increasing and the PPA
reflectances starting to diminish. This divergence is more dif-
ficult to discern for the three near-infrared curves.

Figure 4b features the relative error computed between
PPA and SSA simulated TOA reflectances for all chan-
nels as a function of SZA. Figure 4c and d show the
same plot focused respectively on the plateau and on the
drop of the relative error curves. For moderate SZAs,
the relative errors are very close between the simulations
in VIS 0.5 and VIS 0.6, and between the simulations
in VIS 0.6 and VIS 0.8, as shown by the merging er-
ror bars. The NIR 1.6 and NIR 2.2 simulations stand out
with relative errors respectively below 1% and 2% for
SZA values below 85°. One can notice in Table 4 that

https://doi.org/10.5194/amt-19-2787-2026
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Figure 4. Comparison of PPA and SSA simulations for several FCI VIS and NIR spectral channels as a function of SZA, with VZA =45°
in a US standard aerosol-free atmosphere with a Lambertian surface of albedo 0.1, in the principal relative azimuthal plane, with 1 x 107
photons. (a) Simulated TOA reflectances. (b) Calculated relative error between PPA and SSA simulated TOA reflectances. (¢) Same plot
zoomed-in between —1 % and 1 %. (d) Same plot zoomed-in for SZA over 80°.

Table 4. MPE and MAPE between PPA and SSA simulated TOA reflectances for several FCI spectral channels as a function of SZA ranges,
in a aerosol-free US standard atmosphere with a Lambertian surface of albedo 0.1, with VZA = 45° in the principal relative azimuthal plane,

with 1 x 107 photons.

SZA range VIS 0.4 VIS 0.5 VIS 0.6 VIS 0.8 NIR 1.6 NIR 2.2
0-60° 0.39+0.14 0.28+0.11 0.13+0.08 0.10+£0.09 —-0.00£0.03 —0.01+£0.01
60-70° 0.37+0.19 0.22+0.16 0.05+0.13 0.15+£0.16 —0.02+£0.05 —0.05+0.04
MPE (%) 70-80° —-0.25+£0.22 —0.44£0.20 —0.64+0.18 0.12+£0.27 —-0.09+£0.10 —-0.22+0.07
80-90° —17.88+0.23 —-2093+022 —23.64+£0.23 —-6.09£0.58 —4.12+0.52 —8.43+0.47
0-90° —1.52+0.17 —1.93+0.15 —235+£012 —-051+022 —-043+£0.17 —0.88+0.15
MAPE (%) 0-90° 2.14+0.12 2.36+0.10 2.53+0.09 0.71+0.16 0.44+0.12 0.88£0.11
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for SZA < 60°, the relative error between PPA and SSA
simulated TOA decreases when the wavelength increases
(MPE =0.39+0.14 % for VIS 0.4, MPE = —0.01 £0.01 %
for NIR 2.2). However for extreme SZA values over 80°, the
relative error is larger in the red (MPE = —23.64+0.23 %
for VIS 0.6) than in the blue (MPE=—17.88+0.23%
for VIS 0.4). This suggests that shorter visible channels
present a stronger Rayleigh scattering-induced overestima-
tion impact in PPA than longer visible channels, notice-
able for moderate zenithal geometries. However, one can no-
tice this effect does not persist for near-infrared channels
for SZA values over 80° (MPE =—6.09 +0.58 % for VIS
0.8; MPE = —8.43 +0.47 % for NIR 2.2), since absorption
is predominant in such wavelengths (see Appendix C for ev-
idence).

These results highlight a dependency of the magnitude of
PPA’s impact on the wavelength for all zenith angles. We start
to observe overall significant biases around SZA =70° for
all FCI channels, although near-infrared channels VIS 0.8,
NIR 1.6 and NIR 2.2 appear less affected by the use of PPA.
This implies that the FCI images used for aerosol and surface
properties retrieval will undergo different sphericity effects
depending on the spectral channel considered.

4.3 Surface albedo

Figure 5a presents the simulated TOA reflectances both in
PPA and SSA for Lambertian surfaces of varying albedo and
as a function of SZA. We consider FCI channel VIS 0.6 cen-
tered at 640 nm in a aerosol-free US standard AFGL atmo-
sphere, for a VZA of 45°, in the principal azimuthal plane.
The “red” FCI channel VIS 0.6 was chosen this time for as-
sessing the dependency of the sphericity effects on surface
albedo, since land surfaces show a greater albedo variability
at 640 nm compared to 444 nm, where they are darker overall
(Zoogman et al., 2016). Albedo values were set to 0.005, 0.1,
0.2 and 0.4, which in red wavelengths correspond to the fol-
lowing cover types: ocean, dense forest, grassland and sand
desert.

Figure 5a shows that simulated TOA reflectances are very
low for a surface of near-zero albedo since the only radiance
contribution comes from Rayleigh scattering in the atmo-
sphere, which is rather weak around in VIS 0.6. As expected,
reflectances are greater for surfaces of albedo 0.1, 0.2 and
0.4. We notice a splitting of the PPA and SSA curves which
occurs around SZA =75° for the 0.4 albedo reflectances,
against SZA = 80° for the 0.005 albedo reflectances.

Figure 5b features the relative error between PPA and SSA
simulations for each surface setting. Figure 5c and d show
the same plot focused respectively on the plateau and on
the drop. The relative errors for surface of albedo 0.1, 0.2
and 0.4 are extremely close, with MPE values of respec-
tively 0.24 +0.08 %, 0.17 £0.05% and 0.16 +0.03 % for
SZAs < 60° as one can see in Table 5. For a surface of near-
zero albedo and in the same angular configurations, the rel-
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ative error between SSA and PPA simulations is more im-
portant (MPE =0.34 4-0.38 %), because molecular scatter-
ing and absorption are the only contributions in the com-
puted reflectances, making the optical path differences more
significant. One can notice the error bars are very large for
this dark surface, which can be explained by the very small
TOA reflectance values. However, for SZAs > 80°, the MPE
is larger for an albedo of 0.4 (—24.91 £ 0.15 %) than for a
surface of near-zero albedo (—22.51 +0.38 %), suggesting
that the Earth’s sphericity effects slightly depend on surface
albedo.

Figure 6 is the same as Fig. 5, but at VZA =80° in or-
der to explore more extreme geometries found in geostation-
ary observations. This time, the curves are clearly separated
from each other, even for moderate SZA values. One should
note this experiment was also conducted for VZA =70° (not
shown), and a dependence of the relative error on surface
albedo was also observed for all SZA values. This suggests
that for high VZA (i.e., 70° and beyond), the value of surface
albedo impacts the error caused by the use of the PPA.

Overall, we start to observe significant biases around
SZA =70°, and absolute relative errors reach more than 10 %
for SZAs above 85° and more than 50 % for SZAs above 88°,
regardless of the surface albedo. This leads to the conclu-
sion that the Earth’s curvature should be taken into account
at least above SZA =70°, regardless of the surface reflec-
tivity. One should also note that the effects induced by the
use of the PPA on simulated TOA intensities slightly vary
depending on surface albedo, especially for SZA > 80° and
VZA > 70°.

4.4 Atmospheric profile

Figure 7a presents the simulated TOA reflectances both in
PPA and SSA for some selected AFGL atmospheric profiles
(Anderson et al., 1986) as a function of SZA. We consider
FCI channel NIR 2.2, for a 45° VZA, with a Lambertian sur-
face of albedo 0.1, in the principal azimuthal plane, without
aerosols. The investigated profiles are “US standard”, “tropi-
cal” and “subarctic winter” are chosen for their different tem-
perature and molecular concentration profiles, making them
appropriate to account for the diversity of atmospheric char-
acteristics on Earth. The near-infrared FCI NIR 2.2 channel
was chosen this time to investigate the impact of gas absorp-
tion on the Earth’s sphericity effects. Indeed, Rayleigh scat-
tering is the main radiance-inducing atmospheric process in
short visible low-absorbing wavelengths, while fluctuations
in Rayleigh optical depth between atmospheric profiles are
below 1% (Teillet, 1990), suggesting there will be no evi-
dence of a possible dependency on the atmospheric profile
in short wavelengths. However, the difference in water vapor
concentration between the three selected profiles (see figures
in Appendix 1 of Phulpin et al., 2023 for details) could have
an impact on the sphericity effects in NIR 2.2, which is a
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Figure 5. Comparison of PPA and SSA simulations for several realistic continental surface albedo values for channel VIS 0.6 as a function
of SZA, in a US standard aerosol-free atmosphere, with VZA =45° and in the 0-180° relative azimuthal plane, with 1 x 107 photons. (a)
Simulated TOA reflectances. (b) Calculated relative error between PPA and SSA simulated TOA reflectances. (¢) Same plot zoomed-in

between —1 % and 1 %. (d) Same plot zoomed-in for SZA over 80°.

Table 5. MPE and MAPE between PPA and SSA simulated TOA reflectances for several realistic continental values of surface albedo for
channel VIS 0.6 as a function of SZA ranges, in a aerosol-free US standard atmosphere, with VZA =45° in the 0-180° relative azimuthal

plane, with 1 x 107 photons.

SZA range albedo = 0.005 albedo=0.1 albedo= 0.2 albedo=0.4
0-60° 0.34+£0.38 0.24+£0.08 0.17£0.05 0.16£0.03
60-70° 0.30£0.42 0.25+0.13 0.10£0.09 0.07 £0.06
MPE (%) 70-80° —0.29+£0.43 —0.37£0.19 —0.61£0.14 —0.71£0.09
80-90° —22514+038 —2325+023 —-24.10£0.20 —-249140.15
0-90° —2.02+0.39 —2.18+0.13 —2.36+0.09 —2.46+0.07
MAPE (%) 0-90° 2.57+£0.27 2.57+£0.09 2.60£0.07 2.69+£0.05
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Figure 6. Comparison of PPA and SSA simulations for several realistic continental surface albedo values for channel VIS 0.6 as a function
of SZA, in a US standard aerosol-free atmosphere, with VZA =80° and in the 0-180° relative azimuthal plane, with 1 x 107 photons.
(a) Simulated TOA reflectances. (b) Calculated relative error between PPA and SSA simulated TOA reflectances. (¢) Same plot zoomed-in

between —2 % and 3 %. (d) Same plot zoomed-in for SZA over 80°.

channel specifically affected by water vapor absorption (see
Table 1).

The first thing one can see in Fig. 7a is PPA simulated re-
flectances are very similar between the different atmospheric
profiles to the point where it is difficult to differentiate the
US standard and subarctic winter curves. The same obser-
vation applies to the simulated SSA reflectances. Figure 7b
features the relative error between PPA and SSA simulations
for each atmospheric profile. Figure 7c and d show the same
plot focused respectively on the plateau and on the drop of
the curves. The relative errors are very similar between the
three atmospheric profiles for all SZA values, to the point
where the error bars of the curves merge. As one can observe
in Table 6, there are no deviations that are beyond the uncer-
tainties between the MPE values obtained with the different
profiles for SZA values < 80°. Only for SZAs > 80°, one can

Atmos. Meas. Tech., 19, 2787-2816, 2026

notice discrepancies in MPE values between the atmospheric
profiles, that seem to occur mostly beyond SZA =85° ac-
cording to Fig. 7d.

Figure 8 is the same as Fig. 7, but at VZA = 80° to explore
more grazing geometries. This time, the curves are slightly
separated from each other, even for moderate SZA values.
This suggests that for VZA values exceeding 80°, the choice
of the atmospheric profile impacts the error caused by the use
of the PPA.

The error induced by the use of the PPA on simulated
TOA reflectances seem to depend on the atmospheric pro-
file only for very extreme SZA (over 85°) or VZA (over 80°)
and in absorbing channels. This leads to the conclusion that
the composition of the atmosphere has an existing but limited
impact on the Earth’s sphericity effects.

https://doi.org/10.5194/amt-19-2787-2026
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Figure 7. Comparison of PPA and SSA simulations for several atmospheric profiles as a function of SZA, for channel NIR 2.2 in a aerosol-
free atmosphere with a Lambertian surface of albedo 0.1, with VZA =45° in the principal relative azimuthal plane, with 1 x 107 photons.
(a) Simulated TOA reflectances. (b) Calculated relative error between PPA and SSA simulated TOA reflectances. (¢) Same plot zoomed-in
between —1 % and 1 %. (d) Same plot zoomed-in for SZA over 80°.

Table 6. MPE and MAPE between PPA and SSA simulated TOA reflectances for several atmospheric profiles as a function of SZA ranges,
for channel NIR 2.2 in a aerosol-free atmosphere with a Lambertian surface of albedo 0.1, with VZA =45° in the principal relative azimuthal

plane, with 1 x 107 photons.

SZA range US standard tropical  subarctic winter
0-60° —0.01+0.02 —0.00+0.02 —0.01£0.02
60-70° —0.04+0.04 —0.04+0.04 —0.04+0.04
MPE (%) 70-80° —0.20+0.07 —0.224+0.07 —0.18 +£0.07
80-90° —8.33+045 —10.38+0.68 —7.51+0.48
0-90° —0.87+0.15 —1.07+0.22 —0.78£0.15
MAPE (%) 0-90° 0.87£0.10 1.07£0.15 0.78£0.11
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Figure 8. Comparison of PPA and SSA simulations for several atmospheric profiles as a function of SZA, for channel NIR 2.2 in a aerosol-
free atmosphere with a Lambertian surface of albedo 0.1, with VZA = 80° in the principal relative azimuthal plane, with 1 x 107 photons.
(a) Simulated TOA reflectances. (b) Calculated relative error between PPA and SSA simulated TOA reflectances. (¢) Same plot zoomed-in

between —1 % and 1 %. (d) Same plot zoomed-in for SZA over 80°.

4.5 Aerosol properties
4.5.1 Aerosol presence and type

Figure 9a presents the simulated TOA reflectances both in
PPA and SSA for a US standard aerosol-free atmosphere,
then for the same atmospheric settings with an aerosol layer
of selected type, as a function of SZA. We consider FCI chan-
nel VIS 0.4, for a 45° VZA, with a Lambertian surface of
albedo 0.1, in the principal azimuthal plane. We chose to in-
vestigate the impact of urban and desert type aerosols from
the OPAC database (Hess et al., 1998), which provides the
optical properties and vertical profile for each type. Here,
AOQOD is set to 1.0. Indeed, these widespread types present
quite opposite physical properties, with urban aerosols being
made of high-absorbing spherical fine particles, while desert

Atmos. Meas. Tech., 19, 2787-2816, 2026

aerosols are predominated by lower-absorbing non-spherical
coarse particles. One can notice a small reflectance peak
around SZA =30° in the 0° azimuthal plane for the curves
corresponding to both urban and desert type aerosol, which
corresponds to the back scattering peak in the aerosol phase
functions (Kokhanovsky, 1998).

Figure 9b features the relative error between PPA and SSA
simulations for each aerosol configuration. Figure 9c and d
show the same plot focused respectively on the plateau and
on the drop of the curves. The relative error curve for the
desert aerosol type shows some noise, which has to do with
the peaked phase function of such coarse particles that cause
convergence issues when using the local estimate technique
(Buras and Mayer, 2011). This effect is purely computational
and does not affect the estimation of the error induced by the

https://doi.org/10.5194/amt-19-2787-2026
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Figure 9. Comparison of PPA and SSA simulations for several aerosol types as a function of SZA, for channel VIS 0.4 in a US standard
atmosphere with a Lambertian surface of albedo 0.1, with VZA =45° in the principal relative azimuthal plane, with 1 x 108 photons.
(a) Simulated TOA reflectances. (b) Calculated relative error between PPA and SSA simulated TOA reflectances. (¢) Same plot zoomed-in
between —1 % and 1 %. (d) Same plot zoomed-in for SZA over 80°.

Table 7. MPE and MAPE between PPA and SSA simulated TOA reflectances for several aerosol types as a function of SZA, for channel VIS
0.4 in a US standard atmosphere with a Lambertian surface of albedo 0.1, with VZA =45° in the principal relative azimuthal plane, with
1x 108 photons.

SZA range No aerosols  Urban aerosols  Desertic aerosols
0-60° 0.37+0.04 0.44+0.05 0.40+0.10
60-70° 0.35+0.05 0.39+0.06 0.37+0.13
MPE (%) 70-80° —0.28 £0.06 —0.30£0.07 —0.31£0.13
80-90° —17.924+0.07 —17.96£0.07 —17.22£0.11
0-90° —1.54£0.05 —1.49£0.06 —1.45£0.11
MAPE (%) 0-90° 2.134+0.03 2.18+0.04 2.08+£0.08
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use of PPA. One can notice the relative errors are close be-
tween the three configurations, as we can assess both visu-
ally based on the plots and quantitatively with the MPE and
MAPE values featured in Table 7.

Firstly, one could notice the MPE values are very close
between the two types in each SZA range below 80°. More-
over, the associated uncertainties consistently cover the gaps
between the MPE values. However, for SZA values over
80° (even 85° according to Fig. 9d), we notice small dif-
ferences between the errors calculated for each configura-
tion. Indeed, in the [80-90°] SZA range, the MPE value
of —17.92+£0.07 % for an aerosol-free atmosphere corre-
sponds to the value obtained when adding the urban aerosol
layer (—17.96 £ 0.07 %), but it slightly differs when adding
a desert aerosol layer (—17.22 £0.11 %). Nonetheless, both
the MPE and MAPE calculated over all SZA values present
similar results between the aerosol-free and both urban and
desert type aerosol layer simulations, with merging trust in-
tervals. Overall, this suggests the impact of PPA on simu-
lated TOA reflectances only shows a slight dependence on
the presence and type of aerosols, of limited magnitude com-
pared to the results presented in Sect. 4.1 and 4.2 when vary-
ing the observation geometry or wavelength.

4.5.2 Altitude of the aerosol layer

Figure 10a presents the simulated TOA reflectances both in
PPA and SSA for a US standard atmosphere with a desert
type aerosol layer from the OPAC database as a function of
SZA. We consider FCI channel VIS 0.4, for a 45° VZA, with
a Lambertian surface of albedo 0.1, in the principal azimuthal
plane. In order to investigate the impact of the altitude of
the aerosol layer, we compare simulations with aerosols dis-
tributed from the surface to a 2 km height (corresponding to
background conditions), from the surface to a 6 km height
(Saharan air layer) and from 3 to 5 km (dust transport).
Figure 10b features the relative error between PPA and
SSA simulations for each aerosol layer altitude. Figure 10c
and d show the same plot focused respectively on the plateau
and on the drop of the curves. The noise appearing on all the
curves comes from the handling of the peaked phase func-
tion by the local estimate technique, as explained previously
for Fig. 9. The relative errors are very close between the
three configurations for SZA values below 80°, as shown by
the MPE and MAPE values featured in Table 8. For higher
SZA values, one can start to notice small deviations between
the MPE values depending on the altitude of the desert type
aerosol layer. Indeed, in the [80-90°] SZA range, the MPE
values of respectively —18.05+0.08 %, —17.27+0.10%
and —16.76+0.11 % do not correspond. However, when
looking at the MPE and MAPE values calculated over all
SZA values, one can notice these differences barely go be-
yond associated error bars. Overall, the observed discrep-
ancies between the MPE and MAPE scores in several SZA
ranges barely exceed the 95 % trust interval, suggesting the
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impact of the PPA on simulated TOA reflectances slightly
depends on the altitude of the aerosol layer. However, one
should mention the impact on MPE and MAPE scores is
quite small compared to the results presented in Sect. 4.1 and
4.2 when varying the observation geometry or wavelength.

4.5.3 Aerosol Optical Depth

Figure 11a presents the simulated TOA reflectances both in
PPA and SSA for a US standard atmosphere with a desert
type aerosol layer from the OPAC database as a function of
SZA. We consider FCI channel VIS 0.4, for a 45° VZA, with
a Lambertian surface of albedo 0.1, in the principal azimuthal
plane. In order to investigate the impact of the Aerosol Op-
tical Depth (AOD), we compare simulations with AOD val-
ues of Tper = 0.2 (background aerosols), T, = 1.0 (moderate
aerosol event) and 7,er = 3.0 (intense dust storm).

Figure 11b features the relative error between PPA and
SSA simulations for each AOD value. Figure 11c and d show
the same plot focused respectively on the plateau and on the
drop of the curves. The noise appearing on all the curves
comes from the handling of the peaked phase function by the
local estimate technique, as explained previously for Fig. 9.
The relative errors are very close between the three config-
urations for SZA values below 80°, as shown by the MPE
and MAPE values featured in Table 9. For higher SZA val-
ues, one can start to notice small deviations between the MPE
values depending on the AOD. Indeed, in the [80-90°] SZA
range, the MPE values of respectively —17.79 £0.09 %,
—17.234+0.11 % and —16.73 £0.11 % do not match within
the 95 % trust interval. However, when looking at the MPE
and MAPE values calculated over all SZA values, there are
no differences beyond associated error bars. Overall, the ob-
served discrepancies between the MPE and MAPE scores
in several SZA ranges barely exceed the 95 % trust interval,
suggesting the impact of PPA on simulated TOA reflectances
depends slightly on the AOD. However, one should mention
the impact on MPE and MAPE scores is quite small com-
pared to the results presented in Sect. 4.1 and 4.2 when vary-
ing the observation geometry or wavelength.

Figure 12 is the same as Fig. 11, but for VZA = 80°. This
time, the curves are clearly separated from each other, even
for moderate SZA values. This suggests that for VZA values
exceeding 80°, the AOD value impacts the error caused by
the use of the PPA.

5 Discussion

The results obtained in this work are generally consis-
tent with those found in the literature. For example, He
et al. (2018) investigated the effects of the Earth’s cur-
vature in ocean color applications using the PPA and a
pseudo-spherical vector radiative transfer model, consider-
ing a Rayleigh scattering 100 km high atmosphere at 443 nm.

https://doi.org/10.5194/amt-19-2787-2026
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Figure 10. Comparison of PPA and SSA simulations for aerosol layers of different altitudes as a function of SZA, for channel VIS 0.4 in a US
standard atmosphere with a Lambertian surface of albedo 0.1, in the principal relative azimuthal plane, with 1 x 108 photons. (a) Simulated
TOA reflectances. (b) Calculated relative error between PPA and SSA simulated TOA reflectances. (¢) Same plot between —1 % and 1 %.

(d) Same plot but for SZA over 80°.

Table 8. MPE and MAPE between PPA and SSA simulated TOA reflectances for desertic aerosol layers of different altitudes as a function
of SZA ranges, for channel VIS 0.4 in a US standard atmosphere with a Lambertian surface of albedo 0.1, with VZA =45° in the principal
relative azimuthal plane, with 1 x 108 photons.

SZA range 0-2km 0-6km 3-5km
0-60° 0.424+0.09 0.42£0.10 0.39+0.11
60-70° 0.37+0.11 0.38 +£0.13 0.46+0.13
MPE (%) 70-80° —0.36 £0.10 —0.32£0.14 —0.08 £0.14
80-90° —18.05£0.08 —17.27+0.10 —16.76+0.11
0-90° —1.53£0.09 —1.44£0.06 —1.37£0.12
MAPE (%) 0-90° 2.18+0.07 2.10+0.08 2.03£0.08
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Figure 11. Comparison of PPA and SSA simulations for several AOD values as a function of SZA, for channel VIS 0.4 in a US standard
atmosphere with a Lambertian surface of albedo 0.1, with VZA =45° in the principal relative azimuthal plane, with 1 x 108 photons.
(a) Simulated TOA reflectances. (b) Calculated relative error between PPA and SSA simulated TOA reflectances. (¢) Same plot zoomed-in
between —1 % and 1 %. (d) Same plot zoomed-in for SZA over 80°.

Table 9. MPE and MAPE between PPA and SSA simulated TOA reflectances for desertic aerosols of various AOD values as a function of
SZA ranges, for channel VIS 0.4 in a US standard atmosphere with a Lambertian surface of albedo 0.1, with VZA =45° in the principal

relative azimuthal plane, with 1 x 108 photons.

SZA range Taer = 0.2 Taer = 1.0 Taer = 3.0
0-60° 0.40 £ 0.06 0.40+0.10 0.40+0.12
60-70° 0.414+0.09 0.374+0.13 0.43+0.14
MPE (%) 70-80° —0.30£0.10 —0.33£0.14 —0.17£0.14
80-90° —17.79+£0.09 —17.234+0.11 —-16.73+0.11
0-90° —1.50£0.08 —145+0.11 —1.37+0.12
MAPE (%) 0-90° 2.15£0.05 2.08 £0.08 2.03£0.09

Atmos. Meas. Tech., 19, 2787-2816, 2026

https://doi.org/10.5194/amt-19-2787-2026



G. Klein et al.: Assessing Earth’s sphericity effects in the specific case of geostationary satellite observations 2807
(a) 10 - (b)
—— 1334 | Desertic aerosols - Tagp=0.2 0 /'_——_ Y
-4~ 54 | Desertic aerosols - Tagp=0.2 =S f )
1324 | Desertic aerosols - Tazp=1. L — -10 .‘I
0.87 1754 | Desertic aerosols - Tagp=1. 8
1354 | Desertic aerosols - Tagp=3. E -20
a 1574 | Desertic aerosols - Tagp=3. E
5067 o -30
o
3 3
5 = —40
= c
<C 0.4 o
e 5 —50
_
o]
- v -60
0.2 3
© —}— Desertic aerosols - Tage=0.2
& —-70 Desertic aerosols - Tagr=1.
Desertic aerosols - Tagr=3.
0.0 T T T T " y T -80 T T r - T -
75 50 25 0 25 50 75 75 50 25 0 25 50 75
SZA (°) SZA (°)
1 1l 1 Il 1
RAA =0 RAA = 180° RAA = 0O° RAA = 180"
(c) (d)
3.0
. 2 ° N R e ==
g - £ S
7] o —10 =
g 2.0 £
£ £ 20
] 3
= 1.5 %M D
g | . Y -30
S 10 | |8
= = -40
c I c
o 054 o
s S -50
c =
o] - ]
: 2 o0
E —}— Desertic aerosols - Taer=0.2 E —}— Desertic aerosols - Taer=0.2
& -05 Desertic aerosols - Tagr=1. g -70 Desertic aerosols - Tagr=1.
Desertic aerosols - Taen=3. Desertic aerosols - Tagr=3.
-1.0 = T T T J y T —-80 T T y T T T T T
75 50 25 0 25 50 75 80 81 82 83 84 85 86 87 88 89
SZA (°) SZA (°)
L 1L L |
RAA =0° RAA = 180° RAA = 180°

Figure 12. Comparison of PPA and SSA simulations for several AOD values as a function of SZA, for channel VIS 0.4 in a US standard
atmosphere with a Lambertian surface of albedo 0.1, with VZA =80° in the principal relative azimuthal plane, with 1 x 108 photons.
(a) Simulated TOA reflectances. (b) Calculated relative error between PPA and SSA simulated TOA reflectances. (¢) Same plot zoomed-in

between —1 % and 3 %. (d) Same plot zoomed-in for SZA over 80°.

In their work, He et al. (2018) found absolute relative error
values for SZA = 85° ranging from 4.8 % to 11.7 % depend-
ing on VZA, which are consistent with our results for the
same SZA value displaying absolute relative errors slightly
below 10% for VZA =0° and around 4 % for VZA =80°
(Fig. 2). Another example is found in Ramon et al. (2019),
who observed a 0.3 % reduction of simulated TOA intensity
at 412 nm caused by the use of PPA for SZA values below
50° and a moderate VZA of 45° when considering a mid-
latitude atmospheric profile and a black surface. This error is
consistent with our results presented in Fig. 2 and Table 3 for
VIS 0.4, showing an average error of 0.23 % for a VZA of 0°
and 0.53 % for a VZA of 60° for SZA values below 60°. It
must be noted that a full coherence of our results with past
studies is difficult to demonstrate since the experiment con-

https://doi.org/10.5194/amt-19-2787-2026

figurations (e.g., selected wavelengths) are often not identical
to ours.

In this work, we have assessed the validity of the plane-
parallel assumption in the particular case of the remote sens-
ing of land surfaces and aerosols using geostationary satellite
shortwave observations such as those made available by FCI.
For example, view zenith angles have been considered up
to values of 80°, which are frequent from the geostationary
orbit only. In the same manner, instrumental spectral chan-
nels have been considered from the short visible to the long
near-infrared wavelengths, which are usually used to charac-
terize land surface albedo. Hence, the following discussion
and conclusions on the necessity to account for the Earth’s
sphericity effects are valid in this context, and may vary from
those from other studies.

Atmos. Meas. Tech., 19, 2787-2816, 2026
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Looking at the results described in Sect. 4, it appears obvi-
ous that the error caused by the PPA depends on acquisition
geometry and wavelength. This result is consistent since (i)
sphericity effects are mainly driven by zenith angles (Fig. 1)
and (ii) the Rayleigh-induced radiance is much more signif-
icant in shorter wavelengths, which makes the inaccurately
estimated optical path to result in a stronger bias. Moreover,
surface albedo was found to impact the PPA-induced error
for high zenith angles only (SZA > 80° and VZA > 70°). Re-
garding the impact of the gaseous composition, we found the
sphericity effects to depend on the atmospheric profile only
in moderately absorbing instrument channels (such as those
centered at near-infrared wavelengths) and for extreme SZA
(over 85°) and VZA (over 80°). As for aerosols, our analy-
ses revealed weak and context-sensitive dependencies of the
impact on sphericity effects of aerosol presence and of all
considered aerosol parameters. Indeed, the relative errors in-
duced by PPA have been observed to slightly vary depending
on the presence or not of aerosols, their type, the layer alti-
tude and the total AOD for high SZA and VZA values only
(beyond 80°). Due to the limited angular and/or spectral do-
main of the gas composition and aerosol-related dependen-
cies as well as the weak magnitude of aerosol-related depen-
dencies, we judge their impact to be of less significance com-
pared to those found for geometry and wavelength variations.
All parameter dependencies are summarized in Table 10.

These findings can be useful in the development of meth-
ods to compensate the Earth’s sphericity effects in the in-
version of geostationary observations using fast PPA based
radiative transfer codes. Indeed, according to results in Ta-
ble 10, geometry and wavelength must be taken into account
in any correction approach. By contrast, depending on the
target accuracy and complexity of the envisaged compen-
sation method, other parameters could be excluded because
their impact is only observed in very specific configurations
(e.g., atmospheric profile, showing dependence at high zenith
angles > 80° only). These results make possible the develop-
ment of simple correction methods to be applied prior to the
retrieval of aerosol and surface properties. In the case of FCI,
this would result in a channel-dependent correction, with the
strongest correction being applied to the visible channels
(i.e., VIS 0.4, VIS 0.5 and VIS 0.6, in decreasing order of
correction strength). A similar dependence should be applied
to geometry, with high zenith angles corresponding to the
strongest correction. According to the two criteria on the er-
ror significance previously defined in Sect. 3.4, and looking
back to the results of our study in Sect. 4, we conclude that
significant biases related to sphericity effects are expected to
occur in most situations from SZA =70° on, when the ab-
solute relative error starts increasing considerably. As seen
in Sect. 4.1.1, this means that PPA is not valid due to ex-
treme solar zenith angle for approximately 29 % of geosta-
tionary observations, specifically those corresponding to the
beginning and the end of each day. Similarly, the absolute
relative error exceeds 1% for VZA values greater than 70°
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approximately, causing 12 % of the FCI field-of-view (corre-
sponding to the edge of the geostationary disk) to be unsuited
for the use of PPA-based algorithms. Considering these two
distinct effects, a total of 36 % of all FCI observations are
expected to be affected by either high SZA or high VZA
(Fig. 3). Again, the non-consideration of the Earth’s spheric-
ity in these regions results in incorrect interpretation of geo-
stationary observations. As for wavelength, the error induced
by the sphericity effects on TOA reflectance clearly depends
on the selected visible or near-infrared FCI channel (i.e., VIS
0.4, VIS 0.5, VIS 0.6, VIS 0.8, NIR 1.6 or NIR 2.2), in ad-
dition to the sharp increase of the relative error at the begin-
ning and end of each day. Hence, all channels interesting for
aerosol and surface properties retrieval should be processed
with a compensation for sphericity effects, at least for some
observations.

In conclusion, to carry out an accurate retrieval of aerosol
and surface properties from all the geostationary observa-
tions identified above, the radiative transfer scheme must be
corrected to account for the sphericity effects. However, it
should be noted that applying such correction in the inversion
of all observations (instead of only part of them) could help
avoiding any form of discontinuity in the final products. The
comprehensive characterization of the sphericity effects that
we have made in the present study can be of use to perform
such a general correction when processing FCI observations.

One should note this study applies to PPA-based retrieval
algorithms that are generally used for near-real-time estima-
tion of aerosol and surface properties using geostationary
observations. Although pseudo-spherical codes currently ex-
ceed the speed requirements of such applications, future op-
timized versions of this type of codes could become a fea-
sible option in the upcoming years, as Momoi et al. (2024)
recently managed for polar orbiting applications.

6 Conclusions

In this study, we assessed the Earth’s sphericity effects in var-
ious radiative configurations selected to represent the vari-
ability of observations from geostationary weather satel-
lites, and in particular from the Flexible Combined Imager
(FCI) on board Meteosat Third Generation-Imager. A com-
parison of top-of-atmosphere shortwave reflectances simu-
lations, simulated by the SMART-G code in both spherical-
shell and plane-parallel approximations, enabled us to quan-
tify the error caused by the use of the plane-parallel assump-
tion in the specific case of geostationary near real time re-
trieval of aerosols and land surfaces from visible and near-
infrared FCI channels. We found that the geometry and
wavelength of observation have a significant impact on the
sphericity effects at all times, whereas the other investigated
parameters (e.g., aerosol properties) showed weak to no de-
pendency for moderate solar and view zenith angles. Er-
rors induced by the use of PPA when simulating TOA re-
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Table 10. Summary of the dependencies of the Earth’s sphericity effects on radiative transfer parameters according to the results of the

sensitivity study presented in Sect. 4.

Radiative Transfer parameter

Does the variation of this parameter impact the error induced by the PPA assumption?

VZA Yes
SZA Yes
Wavelength (FCI spectral channel)  Yes
Surface albedo

Atmospheric profile
Aerosol presence

Aerosol type

Altitude of the aerosol layer
Aerosol Optical Depth

Only for high VZA (> 70°) or SZA (> 80°)

Only for significantly absorbing channels and SZA > 85°, or for VZA > 80°
Barely (weak impact, only for SZA > 85°)

Barely (weak impact, only for SZA > 80°)

Barely (weak impact, only for SZA > 80°)

Only for high SZA or VZA (> 80°)

flectances in common geostationary remote sensing config-
urations were found to exceed 1 % for either solar or view
zenith angles beyond 70° (and can easily go beyond 10 %
for zenith angles above 80°, for example), and they were
found to be higher in the shortest wavelength FCI channel
VIS 0.4 than in longer visible and near-infrared FCI channels
(up to 2.2 um) for moderate zenith angles. Due to the broad
range of solar and view geometries made possible by geo-
stationary satellites, 36 % of the FCI observations over one
year are expected to be significantly affected by sphericity
effects, which should therefore be accounted for if an accu-
rate joint aerosol-surface retrieval is to be carried out. The re-
sults from our study apply to other geostationary visible and
near-infrared instruments and can be useful to develop fu-
ture operational-friendly plane-parallel atmospheric correc-
tion methods incorporating a fast compensation for spheric-
ity effects.

Appendix A: Statistical scores

In order to analyze and compare our simulations results, we
calculate the relative error between PPA and SSA simulated
TOA reflectances. This indicator is defined as

_ Rppa — Rssa

d=——7——, (A1)
Rssa

where Rppa and Rgsa are the TOA reflectances computed
respectively with PPA and SSA.
The associated standard deviation can be calculated as

1 Rppa
05 = Reca (URPPA + R_GRSSA> ) (A2)
SSA SSA

where ogp,, and oggg, are the Monte Carlo standard devia-
tions of the simulated reflectances provided by SMART-G.
We also choose to compute the mean percentage error
(MPE), in specific angular ranges or across the entire angu-
lar coverage. MPE can be positive or negative, and the sign
gives information on whether PPA presents a higher or lower
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reflectance than SSA. We define MPE and its standard devi-
ation as

100 &L RPPA — RSSA 100 &
MPE="2 ~ s =y 2% (A3

i=1

ompe = 100 (A4)

where N is the number of points used to calculate the mean.
Another score is the mean absolute percentage error
(MAPE), which is close to the definition of MPE but com-
putes the mean using the absolute error between the PPA and
SSA simulations. MAPE is always positive and is therefore
robust against compensation of positive and negative individ-
ual errors. We express MAPE and its standard deviation as

100 (L | RPPA — RSSA| 100 &
MAPE=—=) | = —sz—| = 26l (A3
i=1 i i=1
N o2
=100 | Y -, A6
OMAPE Z2N (A6)

i=1

where the \/LQ factor in Eq. (A6) reflects the reduction of the
standard deviation of the uncertainty distribution induced by
the absolute value.

In the results section of our study, the relative error plots as
well as the MPE and MAPE values are presented alongside
their 95 % confidence level uncertainties, which are equal to
+20.
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Appendix B: Results in the cross-principal relative
azimuthal plane

Figure Bla presents the simulated TOA reflectances both in
PPA and SSA for the VIS 0.4, VIS 0.5, VIS 0.6, VIS 0.8, NIR
1.6 and NIR 2.2 FCI visible and near-infrared channels inter-
esting for albedo and aerosol retrieval, as a function of SZA.
We consider an aerosol-free US standard AFGL atmosphere
using REPTRAN to account for molecular absorption, for a
VZA of 45°, with a Lambertian surface of albedo 0.1, in the
cross-principal azimuthal plane. One can notice the curves
are very similar to the ones shown in Fig. 4a, except for the
slight asymmetry noticeable for VZA values different from
0°, that does not exist in the cross-principal plane.

Figure B1b features the relative error computed between
PPA and SSA simulated TOA reflectances for all channels
as a function of SZA. Figure Blc and d show the same plot
focused respectively on the plateau and on the drop of the rel-
ative error curves. One should note the negative sign before
SZA values in all following figures identifies the SZA val-
ues corresponding to RAA =90°, whereas the positive SZA
values correspond to a RAA =270°. One can notice the rel-
ative error curves are very close to the ones seen in Fig. 4b,
to the point that the MPE and MAPE values shown in Ta-
ble B1 are almost identical to the ones previously presented
in Table 4. Overall, these results do not lead to any additional
conclusions compared to the ones presented in Sect. 4.2.
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Figure B1. Comparison of PPA and SSA simulations for several FCI VIS and NIR spectral channels as a function of SZA, with VZA =45° in
a US standard aerosol-free atmosphere with a Lambertian surface of albedo 0.1, in the cross-principal relative azimuthal plane, with 1 x 107
photons. (a) Simulated TOA reflectances. (b) Calculated relative error between PPA and SSA simulated TOA reflectances. (¢) Same plot
zoomed-in between —1 % and 1 %. (d) Same plot zoomed-in for SZA over 80°.

Table B1. MPE and MAPE between PPA and SSA simulated TOA reflectances for several FCI spectral channels as a function of SZA ranges,
in a aerosol-free US standard atmosphere with a Lambertian surface of albedo 0.1, with VZA = 45° in the cross-principal relative azimuthal

plane, with 1 x 107 photons.

SZA range VIS 0.4 VIS 0.5 VIS 0.6 VIS 0.8 NIR 1.6 NIR 2.2
0-60° 0.40+0.14 0.29+0.11 0.13+0.07 0.10+04 —-0.00£0.02 —0.01£0.02
60-70° 0.41+0.19 0.28+0.15 0.06 £0.11 0.15+£0.12 —-0.02+0.04 —0.05+0.03
MPE (%) 70-80° —-0.20£0.22 —-0.37£0.19 —0.65+0.16 0.11+£020 —-0.09+£0.07 —-0.224+0.05
80-90° —-17.96+0.23 —-21.02+0.22 -2390+£0.21 —-635+£048 —423+037 —853+0.33
0-90° —1.51+0.17 —1.92£0.14 —237£011 —-054+0.18 —044+0.12 —-0.89+0.11
MAPE (%) 0-90° 2.15+0.12 2.38+0.10 2.56+0.08 0.73+0.13 0.44+0.09 0.89 +£0.08
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Appendix C: Simulation results without gas absorption

Figure Cla presents the simulated TOA reflectances both in
PPA and SSA for the VIS 0.4, VIS 0.5, VIS 0.6, VIS 0.8,
NIR 1.6 and NIR 2.2 FCI visible and near-infrared channels
interesting for albedo and aerosol retrieval, as a function of
SZA. We consider an aerosol-free US standard AFGL atmo-
sphere with no molecular absorption, for a VZA of 45°, with
a Lambertian surface of albedo 0.1, in the principal azimuthal
plane. Figure B1b features the relative error computed be-
tween PPA and SSA simulated TOA reflectances for all chan-
nels as a function of SZA. Figure Blc and d show the same
plot focused respectively on the plateau and on the drop of
the relative error curves.

The results were obtained using the same configurations
as Fig. 4, only without gas absorption processes. When com-
paring both figures, one can see that removing gas absorption
diminishes the relative error induced by the sphericity effects
in all channels. However, this reduction is particularly im-
portant in channels NIR 2.2 and NIR 1.6, where the relative
error stays very close to zero for all SZA values. This brings
evidence that the relatively large errors in these channels ob-
served in Sect. 4.2 are indeed caused by gas absorption.
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Figure C1. Comparison of PPA and SSA simulations for several FCI VIS and NIR spectral channels as a function of SZA, with VZA =45°
in a US standard aerosol-free non-absorbing atmosphere with a Lambertian surface of albedo 0.1, in the principal relative azimuthal plane,
with 1 x 107 photons. (a) Simulated TOA reflectances. (b) Calculated relative error between PPA and SSA simulated TOA reflectances.
(¢) Same plot zoomed-in between —1 % and 1 %. (d) Same plot zoomed-in for SZA over 80°.
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