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Abstract. From a passive satellite remote sensing point of
view, the richest set of information on aerosol properties
can be obtained from instruments that measure both inten-
sity and polarization of backscattered sunlight at multiple
wavelengths and multiple viewing angles for one ground
pixel. However, it is challenging to exploit this information
at a global scale because complex algorithms are needed
with many fit parameters (aerosol and land/ocean reflection),
based on online radiative transfer models. So far, two such al-
gorithms have demonstrated this capability at a global scale:
the Generalized Retrieval of Atmosphere and Surface Prop-
erties (GRASP) algorithm and the Remote sensing of Trace
gas and Aerosol Products (RemoTAP) algorithm. In this pa-
per, we present a detailed comparison of the most recent
versions of RemoTAP and GRASP. We evaluate both algo-
rithms for synthetic observations, for real PARASOL (Po-
larization and Anisotropy of Reflectances for Atmospheric
Science coupled with Observations from a Lidar) obser-
vations against AERONET (Aerosol Robotic Network) for
common pixels, and for global PARASOL retrievals for the
year 2008. For the aerosol optical depth (AOD) over land,
both algorithms show a root mean square error (RMSE) of
0.10 (at 550 nm). For single scattering albedo (SSA), both
algorithms show a good performance in terms of RMSE
(0.04), but RemoTAP has a smaller bias (0.002) compared to
GRASP (0.021). For the Ångström exponent (AE), GRASP
has a smaller RMSE (0.367) than RemoTAP (0.387), mainly
caused by a small overestimate of AE at low values (large
particles). Over ocean both algorithms perform very well.
For AOD, RemoTAP has an RMSE of 0.057 and GRASP
an even smaller RMSE of 0.047. For AE, the RMSEs of Re-

moTAP and GRASP are 0.285 and 0.224, respectively. Based
on the AERONET comparison, we conclude that both algo-
rithms show very similar overall performance, where both
algorithms have stronger and weaker points. For the global
data products, we find a root mean square difference (RMSD)
between RemoTAP and GRASP AOD of 0.12 and 0.038
over land and ocean, respectively. The largest differences oc-
cur over the biomass burning region in equatorial Africa.
The global mean values are virtually unbiased with respect
to each other. For AE the RMSD between RemoTAP and
GRASP is 0.33 over land and 0.23 over ocean. For SSA,
we find much better agreement over land (bias =−0.01,
RMSD= 0.043 for retrievals with AOD> 0.2) than over
ocean (bias= 0.053, RMSD= 0.074). As expected, the dif-
ferences increase towards low AOD, over both land and
ocean. We also compared the GRASP and RemoTAP AOD
and AE products against MODIS. For AOD over land, the
agreement of either GRASP or RemoTAP with MODIS is
worse than the agreement between the two PARASOL algo-
rithms themselves. Over ocean, the agreement is very sim-
ilar among the three products for AOD. For AE, the agree-
ment between GRASP and RemoTAP is much better than
the agreement of both products with MODIS. The agree-
ment of the latest product versions with each other and with
AERONET improved significantly compared to the previ-
ous version of the global products of GRASP and RemoTAP.
The results demonstrate that the dedicated effort in algorithm
development for multi-angle polarimetric (MAP) aerosol re-
trievals still leads to substantial improvement of the resulting
aerosol products, and this is still an ongoing process.
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1 Introduction

Terrestrial aerosol is a complex mixture of liquid, solid, or
mixed-phase particles emitted by natural and anthropogenic
sources. Aerosols affect Earth’s climate as they scatter and
absorb solar radiation and act as condensation nuclei for
cloud droplets and ice crystals. Substantial changes in an-
thropogenic aerosol emissions in the industrial age occurred.
The overall increase in aerosol emissions has led to a cool-
ing of Earth’s atmosphere, compensating for part of the tem-
perature increase imposed by anthropogenic greenhouse gas
emissions (Andreae et al., 2005). Prevailing uncertainty in
the (effective) radiative forcing (ERF) from anthropogenic
aerosol emissions continues to limit the accuracy of es-
timates of global climate sensitivity to changes in green-
house gas concentrations, as clearly stated in the 6th As-
sessment Report by the Intergovernmental Panel on Climate
Change (IPCC-AR6; Forster and et al., 2021). This uncer-
tainty severely hampers future predictions of climate change.
There have been significant changes in aerosol emissions in
the past 2 decades. Over Europe and the USA aerosol emis-
sions have declined since the 1990s. Over East Asia, there
was an increase in aerosol emissions until 2010 and a decline
afterwards. Over south Asia, aerosol emissions are contin-
uing to increase (Forster and et al., 2021). Overall, reduc-
tions in global aerosol emissions are expected in the next
decades, improving air quality but also likely leading to a
further warming of the atmosphere. For aerosol–radiation
interactions (ARIs) substantial uncertainties exist related to
insufficient knowledge on aerosol absorption (J. Li et al.,
2022). However, aerosol–cloud interactions (ACIs) represent
the most uncertain contribution to the total aerosol ERF (Bel-
louin et al., 2020). By acting as cloud condensation nuclei
(CCN), aerosols affect the cloud droplet number concen-
tration (Nd) and consequently the cloud albedo (Twomey,
1974; Quaas et al., 2020), causing the radiative forcing due to
ACIs (RFaci). Subsequently, rapid adjustments take place in,
e.g., cloud fraction and liquid water path that result from an
initial change in Nd (Gryspeerdt et al., 2020). A key step in
quantifying RFaci (and subsequent rapid adjustments) is to
quantify the sensitivity of Nd to the number concentration of
cloud active aerosol, which depends mostly on the (dry) size
distribution (Dusek et al., 2006; Hasekamp et al., 2019a).

To improve our understanding of the effect of aerosols on
climate, weather, and air quality, measurements of aerosol
chemical composition, size distribution, refractive index, op-
tical properties like aerosol optical depth (AOD) and single
scattering albedo (SSA), and the aerosol height profile are of
crucial importance. It has been demonstrated by various stud-
ies that multi-angle polarimetric (MAP) measurements are
needed to provide information about detailed aerosol proper-
ties like size distribution, refractive index, and SSA, in addi-
tion to the AOD. The only space-based MAP instrument that
has provided a multi-year data set (2005–2013) in the past
has been the French POLDER-3 instrument on the PARA-

SOL (Polarization and Anisotropy of Reflectances for At-
mospheric Science coupled with Observations from a Lidar)
mission (hereafter simply referred to as PARASOL). Now
space agencies realize the large potential of MAP instrumen-
tation (Dubovik et al., 2019): in the 2020s several such in-
struments will be launched, e.g., SPEXone (Hasekamp et al.,
2019a) and HARP-2 on PACE by NASA in 2024 (Werdell
et al., 2019), 3MI on METOP-SG by ESA in 2025 (Foug-
nie et al., 2018), a MAP instrument on the CO2 Monitor-
ing Mission by ESA in 2026, and a MAP instrument on
the Atmosphere Observing System (AOS) mission by NASA
in 2028. To cope with the increased information content on
aerosols of MAP instrumentation and to assess the climatic
effect of aerosols, new tools for retrieval need to be (further)
developed. So far, this development has lagged behind the
instrument development, which is the reason for the under-
exploitation of the existing PARASOL data sets.

There are currently a number of aerosol retrieval algo-
rithms available for the exploitation of MAP measurements.
The first algorithms to generate the operational PARASOL
products were using lookup tables (LUTs) based on a limited
number of standard aerosol models (a combination of size
distribution and refractive index) and omit measurements
that have a considerable contribution from land/ocean reflec-
tion (Deuzé et al., 2001; Herman et al., 1997). Retrievals
from PARASOL measurements using LUT approaches have
so far hardly demonstrated added value compared to single-
viewing-angle radiometer retrievals from, e.g., MODIS. In
order to make full use of the information contained in MAP
measurements, full inversion approaches are needed that con-
sider a continuous space of aerosol microphysical properties
(size distribution, refractive index) instead of using standard
aerosol models and that properly account for land or ocean
reflection by retrieving land or ocean parameters simultane-
ously with aerosol properties. Examples of such algorithms
are the Generalized Retrieval of Aerosol and Surface Proper-
ties (GRASP) algorithm (Dubovik et al., 2011, 2014, 2021;
Chen et al., 2020), the Remote sensing of Trace gas and
Aerosol Products (RemoTAP) algorithm (Hasekamp et al.,
2011; Fu and Hasekamp, 2018; Fu et al., 2020; Lu et al.,
2022), the Jet Propulsion Laboratory (JPL) algorithm (Xu
et al., 2017, 2018), the Microphysical Aerosol Properties
from Polarimetry (MAPP) algorithm (Stamnes et al., 2018),
and the Multi-Angular Polarimetric Ocean coLor (MAPOL)
algorithm (Gao et al., 2021a, b, 2022, 2023). Of the full inver-
sion approaches only the RemoTAP and GRASP algorithms
have demonstrated this capability using real data at a global
scale. These are the two algorithms that are evaluated in the
present work.

Already important scientific advancement has been made
based on retrieval products from the GRASP and RemoTAP
algorithms. For example, data assimilation and inverse mod-
eling studies have been performed for GRASP (Chen et al.,
2018, 2019) and RemoTAP (Tsikerdekis et al., 2021, 2023),
making use explicitly of unique MAP information on size
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and absorption by aerosols. Also, the data products have
been used for the model evaluation of aerosol absorption and
quantifying the direct radiative effect of aerosols (Lacagnina
et al., 2016, 2017; Chen et al., 2022b), as well as the radiative
forcing due to aerosol–cloud interactions (Hasekamp et al.,
2019b). Both algorithms have already shown good perfor-
mance against ground-based measurements from the Aerosol
Robotic Network (AERONET) (Chen et al., 2020; Lacagnina
et al., 2017; Schutgens et al., 2021; Zhang et al., 2021), al-
though also limitations of the products were identified in the
validation studies (e.g., bias at low AOD for both products).

In this paper, we present a detailed comparison of the most
recent versions of RemoTAP and GRASP. We evaluate both
algorithms for synthetic observations, for real PARASOL ob-
servations against AERONET for common pixels, and for
global PARASOL retrievals for the year 2008. Through this
comparison, we identify aspects of both data products with
high fidelity and aspects that need improvement. Section 2
describes the data and methods used in this study, Sect. 3
shows a comparison between the RemoTAP and GRASP for-
ward models and a comparison of the retrievals from simu-
lated observations, and Sect. 4 shows a comparison of the
GRASP and RemoTAP data products against AERONET
and each other. Finally, Sect. 5 concludes the paper.

2 Methodology

In this section, we summarize the main characteristics of the
RemoTAP and GRASP algorithms and describe experiments
with synthetic data and the validation and comparison ap-
proach for retrievals from real PARASOL observations.

2.1 Retrieval algorithms

The RemoTAP algorithm has been developed at SRON
Netherlands Institute for Space Research. It combines the
capability for aerosol retrieval from MAP measurements
(Hasekamp et al., 2011; Wu et al., 2015, 2016; Fu and
Hasekamp, 2018; Fu et al., 2020) with the capability to re-
trieve trace gas columns from spectrometer measurements in
the near-infrared and shortwave-infrared bands (Hasekamp
and Butz, 2008; Butz et al., 2009; Butz et al., 2011) into
one algorithm (Lu et al., 2022). The latest version of Re-
moTAP is described by Lu et al. (2022) for retrievals over
land, whereas the ocean model for retrievals over ocean is
described by Fan et al. (2019). RemoTAP is based on the it-
erative fitting of a linearized radiative transfer model to the
measurements of intensity and polarization of light reflected
by the Earth’s atmosphere and surface. It has large flexibil-
ity in the definition of parameters to be retrieved and allows
retrievals over land, ocean, and clouds. The RemoTAP soft-
ware has a strong tradition in the application to PARASOL
measurements, as well as airborne measurements of the Re-
search Scanning Polarimeter (RSP), Spectropolarimeter for

Planetary EXploration (SPEX) airborne instrument, and the
Airborne Multi-angle SpectroPolarimeter Imager (airMSPI).
RemoTAP is also planned to be used for operational process-
ing of the data from SPEXone on PACE. Main characteristics
of the algorithm are summarized in Appendix A.

The GRASP algorithm has been developed and maintained
by the Laboratoire d’Optique Atmosphérique (LOA)/CNRS
of the University of Lille and the GRASP SAS company.
GRASP is a new-generation algorithm developed for deriv-
ing extensive aerosol and surface properties from diverse
space-borne and ground-based instruments, as well as their
synergy (Dubovik et al., 2014, 2019, 2021). In applica-
tions for MAP measurements, the algorithm retrieves a set
of aerosol and surface parameters simultaneously using the
measurements at all wavelengths, all angles, and all states
of polarization. GRASP retrieval is based on statistical opti-
mization in the frame of the multi-term least-squares method
concept (Dubovik et al., 2021) that allows the use of mul-
tiple constraints simultaneously. In addition, GRASP is de-
signed to perform multi-pixel inversion where statistically
optimized retrieval is implemented for a large group of satel-
lite pixels (Dubovik et al., 2011). This allows us to improve
retrieval by using additional a priori constraints on spatial
or temporal variability in any retrieved parameter in differ-
ent pixels. Moreover, the GRASP algorithm is highly flexible
and versatile in the modeling of aerosol and surface proper-
ties and can be adapted to various situations with different in-
formation content in the measurements (Dubovik et al., 2021;
Litvinov et al., 2011; Lopatin et al., 2013, 2021; Chen et al.,
2020, 2022a; L. Li et al., 2022). The open-source software
and documentation are available at https://www.grasp-open.
com/ (last access: 23 February 2024). Main characteristics of
the algorithm are summarized in Appendix A.

Both RemoTAP and GRASP algorithms are so-called “full
physics” algorithms that iteratively fit a radiative transfer
model to observations of intensity and polarization of scat-
tered/reflected light. However, there are also important dif-
ferences between RemoTAP and GRASP.

– Inversion approach. GRASP uses a multi-pixel ap-
proach where multiple ground pixels (in time and space)
are used at the same time in the inversion procedure
(Dubovik et al., 2011, 2014, 2021), imposing smooth-
ness constraints on the temporal and spatial changes in
surface and aerosol properties. All GRASP retrievals
in this paper have been performed using the multi-
pixel approach. RemoTAP uses a single-pixel approach
where a separate inversion is applied for each ground
pixel.

– State vector definition. GRASP uses an aerosol descrip-
tion based on five fixed-size modes (three for the fine
and two for the coarse mode). The GRASP refractive in-
dex for each mode is represented as the internal mixture
of several chemical components (Li et al., 2019). Here,
the refractive index for fine mode is represented as the
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internal mixture of the black and brown carbon (BC and
BrC), quartz (fine-mode dust), and soluble components.
The refractive index of the coarse mode is internal mix-
ture of iron oxides, quartz, and soluble components. For
both modes the soluble component mimics sulfate, am-
monium nitrate, or sea salt dissolved in water. Remo-
TAP uses an aerosol description based on three modes
where effective radius reff and effective variance veff of
each mode are retrieved. As in GRASP, the refractive in-
dex is described by a mixture of chemical components,
but the contribution of each component is retrieved in-
dependently.

– Forward model. Both GRASP and RemoTAP use the
same pre-calculated tables (kernels) of the single scat-
tering aerosol optical properties, based on Mie, T-
matrix, and geometrical optics computations for spheri-
cal and spheroidal particles in a wide range of the com-
plex refractive indices, non-sphericity, and size param-
eters (Dubovik et al., 2006). The kernels are presented
on a fixed grid of the size parameter ( 2πr

λ
) taken at the

wavelength of 340 nm. To do calculations for an arbi-
trary wavelength, RemoTAP uses a fixed grid of the
size parameter so that the tabulated values do not have
to be interpolated (but the size distribution has to be
computed for a different radius grid for different wave-
lengths). GRASP on the other hand uses a fixed radius
grid of the size distribution, which means that the tabu-
lated optical properties have to be interpolated for each
different wavelength. The radiative transfer solvers used
by RemoTAP (Landgraf et al., 2002; Hasekamp and
Landgraf, 2002; Hasekamp and Landgraf, 2005; Schep-
ers et al., 2014) and GRASP (Lenoble et al., 2007; Wa-
quet and Herman, 2019; Herreras-Giralda et al., 2022)
are also different, but this has a minor impact.

– Measurement vector. RemoTAP includes (sun-
normalized) intensity I together with the degree
of linear polarization (DoLP), which is defined as
√
Q2+U2

I
. The assumed (1σ ) uncertainty is 1 % for

I and 0.007 (absolute) for DoLP. GRASP includes
(sun-normalized) intensity I together with the Stokes
fractions q =Q/I and u= U/I . The assumed uncer-
tainty is 1 % for I and 0.002 (absolute) for q and u. The
assumed measurement uncertainties for both GRASP
and RemoTAP are likely underestimated (Fougnie
et al., 2007; Snik et al., 2014), which results in χ2

values that are larger than 1.

– Data filtering. GRASP applies cloud screening from
PARASOL based on Zeng et al. (2011) prior to the
retrievals and applies a posteriori filter-removing re-
trievals with a pixel-level minimum relative fit residual
> 3 % over land and > 10 % over ocean. RemoTAP ap-
plies a cloud screening based on MODIS, keeping only

cloud fractions < 0.20, prior to the retrieval and applies
a posteriori filter-removing pixels for which χ2 > 5.
The a posteriori filter based on χ2 provides an addi-
tional cloud filter (Stap et al., 2015). The different fil-
tering approaches between GRASP and RemoTAP can
partly compensate for the different assumed measure-
ment uncertainties.

The latest version of RemoTAP (Lu et al., 2022) used in
this paper is substantially different from the previous ver-
sion used for global PARASOL processing (Lacagnina et al.,
2017). The most important difference from the previous ver-
sion is the three-mode aerosol description compared to the
two-mode description used previously. Other differences in-
clude a more extended lookup table for first-guess retrievals,
the description of the refractive index by a contribution from
different chemical components, and the use of a new model
for the ocean body contribution (Fan et al., 2019). The ver-
sion of GRASP, referred to as GRASP-CC, is based on the
recently developed chemical component approach (Li et al.,
2019; Zhang et al., 2021), while the previous global versions
of GRASP (Chen et al., 2020) were based on the GRASP
“optimized”, “high precision”, and “models” approaches, re-
ferred to as GRASP-O, GRASP-HP, and GRASP-M. The
validation results of Chen et al. (2020) suggest that GRASP-
M provides the most accurate AOD, while the most accu-
rate detailed aerosol microphysical properties are provided
by GRASP-HP. At the same time, the total AOD from the
GRASP-HP product had an issue of non-negligible biases for
low-AOD cases, which suggested a general difficulty in re-
trieving many free parameters when the information content
is low (Chen et al., 2020). In that respect, the latest GRASP-
CC approach uses a reduced set of parameters but more pa-
rameters than in the GRASP-M approach. In the present pa-
per we also shortly summarize the validation results of the
previous RemoTAP and GRASP products mentioned above
in order to compare with the latest versions.

2.2 Setup for synthetic comparison

For a comparison between the forward models of RemoTAP
and GRASP we use a set of aerosol properties of Table 1 and
surface properties of Table 2. We have chosen a typical bi-
modal size distribution, with refractive index representative
of organic carbon, where we vary the AOD of the fine and
coarse modes. So, different size distributions are accounted
for by different contributions of the fine and coarse modes.
We do not expect the forward model comparison to depend
much on the refractive index because the optical properties
of the refractive index (in the Mie and T-matrix code) are
treated the same in GRASP and RemoTAP. For the geome-
tries, we use PARASOL geometries from overpasses of the
AERONET stations of Table 3, which represent a wide va-
riety of geometries. The next step is to compare synthetic
retrievals of RemoTAP and GRASP. For this purpose we cre-
ated two sets of synthetic measurements that are as realistic
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as possible and not consistent with assumptions made in both
retrieval codes:

– RemoTAP-ECHAM is based on aerosol microphysi-
cal properties from simulations by the ECHAM-HAM
aerosol climate model. ECHAM-HAM provides the
mass mixing ratio in different vertical layers of the at-
mosphere of different aerosol species (sulfate, organic
carbon, black carbon, dust, sea salt) in seven differ-
ent size modes: nucleation soluble (NS), Aitken soluble
(KS), accumulation soluble (AS), coarse soluble (CS),
Aitken insoluble (KI), accumulation insoluble (AI), and
coarse insoluble (CI). Based on the composition we can
compute the refractive index for each mode. The seven-
mode aerosol description is different from the standard
setup of the RemoTAP algorithm (three modes with
different refractive indices) and also from the standard
GRASP algorithm (five modes with a mixture of dif-
ferent chemical components for the refractive index).
For surface BRDF (bidirectional reflectance distribution
function) and BPDF (bidirectional polarization distribu-
tion function) properties and AOD we use PARASOL-
retrieved values over the AERONET sites of Table 3.
The solar and viewing geometries are based on PARA-
SOL geometries for overpasses of these AERONET sta-
tions. The corresponding measurements are generated
by the RemoTAP forward model.

– GRASP-AERONET is based on AERONET retrievals
for the five stations of Table 3. AERONET retrieves the
aerosol size distribution in 22 bins, as well as one size-
independent, wavelength-dependent complex refractive
index. The 22-bin size distribution is inconsistent with
the assumptions in both RemoTAP and GRASP. For
surface BRDF–BPDF and geometry we use the values
from PARASOL overpasses as above. The correspond-
ing measurements are generated by the GRASP forward
model.

We apply both RemoTAP and GRASP-CC to both sets of
synthetic measurements.

2.3 Validation and comparison approach for
PARASOL retrievals

We performed retrievals from PARASOL Collection 3 (C3)
level-1 data for the year 2008 by both RemoTAP and
GRASP-CC and validated the results with AERONET Ver-
sion 3 Level 2.0 data (https://aeronet.gsfc.nasa.gov/, last ac-
cess: 23 February 2024). Also, we performed a global com-
parison of retrieved properties. Both RemoTAP and GRASP-
CC perform retrievals at the native PARASOL pixel size
of 6 km× 6 km. For validation with AERONET, we con-
sider 3×3 pixels centered over all available AERONET sites
in 2008. Only comparisons were performed if AERONET,
GRASP-CC, and RemoTAP were available. We performed

Table 1. Aerosol properties used for forward model comparisons.
RRI: real refractive index; IRI: imaginary refractive index.

Mode 1 Mode 2
Parameter (log-normal) (log-normal)

reff (µm) 0.15 1.5
veff 0.2 0.6
RRI 1.53 1.53
IRI 0.005 0.005
fsphere 1.0 0.5
AOD 0.3, 1.0 0, 0.1, 0.5, 1.0, 2.0
Altitude homogeneously homogeneously
Distribution 0–2 km 0–2 km

Table 2. Surface parameters used for the forward model compari-
son.

Wavelength (nm) 440 490 563 670 865 1020

Isotropic part (A) 0.03 0.03 0.05 0.07 0.40 0.5
Ross thick 0.6 0.6 0.6 0.6 0.6 0.6
Li sparse 0.1 0.1 0.1 0.1 0.1 0.1
BPDF scaling (Bpol) 1 1 1 1 1 1
Maignan ν 0.1 0.1 0.1 0.1 0.1 0.1

validation for the AOD and SSA at 550 nm (AOD550 nm;
SSA550 nm), as well as the Ångström exponent (AE) be-
tween 440 and 870 nm. Here, it should be noted that the
AOD (and hence AE) AERONET product is based on direct
sun measurements achieving high AOD accuracy (± 0.01–
± 0.02), whereas the SSA is based on the inversion of diffuse
sky measurements which rely on several retrieval assump-
tions, leading to a moderate accuracy of ± 0.03 (Dubovik
et al., 2000). Also, inversion level-2 products are strongly fil-
tered on many quality criteria and are only available when
AOD (440 nm)> 0.4. This significantly reduces the num-
ber of SSA comparisons with AERONET. For the different
aerosol properties we compare the mean retrieved value of
the nine PARASOL pixels corresponding to an overpass to
the mean AERONET value within ± 1 h of the overpass. We
evaluate the differences between the PARASOL retrievals
and AERONET against the requirements formulated by the
Global Climate Observing System (GCOS). For AOD the
GCOS requirement is that the AOD error should be smaller
than 0.03 % or 10 % (whichever is greater). For AERONET
validation, this requirement has been modified in the Aerosol
CCI (Climate Change Initiative) study (Popp et al., 2016) to
0.04 % or 10 % to also take into account the uncertainty in
AERONET AOD. For SSA the GCOS requirement is that
the error should be smaller than 0.03. This requirement is
not modified for AERONET evaluation given that the 0.03
requirement is considered already loose (Popp et al., 2016).
As a validation metric we use the fraction of retrievals with
an “error” (defined as the difference between retrieved value
and corresponding AERONET value) smaller than the corre-
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Table 3. AERONET stations for which the geometries of PARA-
SOL overpasses have been used for forward model comparisons and
generic retrieval experiments. Also, aerosol and surface data from
these stations have been used to create synthetic measurements for
more realistic conditions.

AERONET station Coordinates (long, lat)

Mongu 23.15, −15.25
Ilorin 4.34, 8.32
Kanpur 80.23, 26.51
Banizoumbou 2.66, 13.54
Beijing 116.38, 39.98

sponding requirement. Although for AE no requirement has
been formulated, we report the fraction of retrievals with an
AE error smaller than 0.2.

For the global comparison between RemoTAP and
GRASP products we first grid both products on a 0.1° by
0.1° grid and perform the comparison of all common grid
cells. Finally, we compare both RemoTAP and GRASP-CC
AOD against a merged MODIS Deep Blue (MODIS-DB)
(Hsu et al., 2013) and Dark Target (MODIS-DT) (Levy et al.,
2013) product and the AE against MODIS-DT (land and
ocean). MODIS Collection 6.1 aerosol products (MYD04L2)
from the DT and DB algorithms were acquired from the
AERIS ICARE Data and Services Center (http://www.icare.
univ-lille.fr, last access: 23 February 2024), where the un-
changed NASA MODIS data are redistributed.

3 Comparison of simulated observations

3.1 Forward model comparison

Figure 1 shows the forward model comparisons between Re-
moTAP and GRASP. The bias and standard deviation of the
differences in radiance are mostly below 2 % and for DoLP
mostly below 0.005. There is a dependence on wavelength
of the differences: for radiance the differences are larger at
490 and 565 nm, and for DoLP the differences are larger at
670 nm (up to 0.01 for some angles). The wavelength depen-
dence of the differences can most likely be explained by dif-
ferences in the way optical aerosol properties are computed
from micro-physical properties using the tabulated Mie, T-
matrix, and geometric optics calculations because GRASP
and RemoTAP use different methods to interpolate wave-
length and particle size. Overall, the comparison between
the GRASP and RemoTAP forward models looks reason-
ably good, and the differences are in general smaller than the
measurement uncertainty for PARASOL: of 2 % for radiance
(Fougnie et al., 2007) and 0.01–0.02 for DoLP (Snik et al.,
2014). Below we will investigate the importance of the for-
ward model differences by performing RemoTAP retrievals

on synthetic measurements created by the GRASP forward
model and vice versa.

3.2 Synthetic retrievals

In reality, the assumed aerosol description in the retrieval will
typically be different from the real aerosol properties. There-
fore, it is important to investigate the performance of the al-
gorithms for synthetic measurements created with a more ex-
tended and realistic set of aerosol properties than assumed in
the retrieval. At the same time, it is important to evaluate the
effect of differences due to differences in the forward mod-
els of GRASP and RemoTAP. Therefore, the “RemoTAP-
ECHAM” measurements have been created with the Remo-
TAP forward model, and the “GRASP-AERONET” mea-
surements have been created with the GRASP forward model
(see above).

Figure 2 shows the results for the RemoTAP-ECHAM
synthetic measurements created by the RemoTAP forward
model. For AOD, GRASP-CC retrievals have a root mean
square error (RMSE) and mean absolute error (MAE) of
0.10 % and 0.055 % and are 69 % within the GCOS–CCI
requirement, whereas RemoTAP has a smaller RMSE and
MAE of 0.064 and 0.036 and a larger fraction (78.2 %) within
the GCOS requirement. For SSA, GRASP-CC shows the
best performance with an RMSE and MAE of 0.027 and
0.024 (77.8 % within GCOS–CCI), while RemoTAP has an
RMSE and MAE of 0.04 and 0.029 (63.6 % within GCOS).
For AE, GRASP-CC also has a smaller RMSE and MAE
(0.17 and 0.135) than RemoTAP (0.21 and 0.164). Figure 3
shows the results for the GRASP-AERONET synthetic mea-
surements created by the GRASP forward model. For AOD,
GRASP-CC has an RMSE and MAE of 0.13 % and 0.077 %
and 54.1 % within GCOS–CCI requirements, whereas Re-
moTAP has an RMSE and MAE of 0.17 % and 0.083 % and
56.1 % within GCOS–CCI requirements. For SSA, GRASP-
CC has an RMSE and MAE of 0.028 % and 0.02 % with
73.1 % of retrievals within GCOS–CCI requirements and a
bias of −0.006. RemoTAP has an RMSE and MAE of 0.033
and 0.024 and a fraction of retrievals within GCOS–CCI re-
quirements (69.8 %) but a similar bias (−0.004). For AE
RemoTAP has a smaller RMSE and MAE in the GRASP-
AERONET synthetic measurements (RMSE and MAE of
0.269 and 0.217 versus 0.319 and 0.237). To conclude, we
see that for AOD the best performance is obtained for the
algorithm whose forward model has been used to gener-
ate the synthetic measurements. For SSA, GRASP-CC has
a smaller RMSE and MAE for both sets of synthetic mea-
surements. For AE, interestingly GRASP-CC has a smaller
RMSE and MAE for the RemoTAP-ECHAM synthetic mea-
surements, and RemoTAP has a smaller RMSE and MAE
for the GRASP-AERONET synthetic measurements. How-
ever, overall the difference in performance for synthetic mea-
surements is small, and both RemoTAP and GRASP-CC
have demonstrated robustness against aerosol assumptions
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Figure 1. Forward model comparisons between RemoTAP and GRASP for the aerosol and surface properties of Tables 1 and 2 and geometries
of PARASOL overpasses for the AERONET stations of Table 3. Shown are the bias and standard deviation of the differences.

and forward model differences and are capable of performing
accurate retrievals under different circumstances.

4 Comparison of real PARASOL observations

4.1 Validation with AERONET

4.1.1 Retrievals over land

Figure 4 shows the validation of AOD550 nm, AE, and
SSA550 nm against AERONET for both RemoTAP and
GRASP-CC retrievals over land. Metrics for AOD valida-
tion for different AOD ranges can be found in Table 4 and
metrics for SSA, AE, and fine- and coarse-mode AOD in
Table 5. Only common pixels are included in this valida-
tion. For comparison, we also show validation results of the
previous versions of RemoTAP (Lacagnina et al., 2017) and
GRASP (GRASP-HP and GRASP-M) (Chen et al., 2020) in
Table 6. Although these validation results correspond to a
different year (2006) and a different spatial gridding (0.2°
versus 0.1°), we can clearly see that the latest versions of
RemoTAP and GRASP(-CC) have substantially improved
compared to the earlier version(s). The latest algorithm ver-
sions used in the present study show closer agreement with
AERONET for AOD and SSA. For AE, the present version of
GRASP (CC) shows similar agreement to AERONET as the
previous (HP) version, but RemoTAP improved significantly,

removing a large positive bias at small AOD, also reported by
Tsikerdekis et al. (2023). If we compare the performance be-
tween RemoTAP and GRASP-CC, we see that for AOD both
algorithms show very similar performance to AERONET,
both in terms of MAE and RMSE and bias but also for the
fraction of the retrievals within GCOS–CCI requirements.
For AE, GRASP-CC still has a smaller RMSE because Re-
moTAP still shows a small overestimate at low AE values
and an underestimate at large values, although the difference
in RMSE with GRASP-CC is very small. The comparison of
fine- and coarse-mode AOD confirms the better performance
of GRASP-CC for aerosol size retrieval. For SSA, RemoTAP
shows a smaller bias against AERONET than GRASP-CC.
The RMSE for SSA is comparable for both RemoTAP and
GRASP-CC, and the fraction of retrievals within the GCOS–
CCI requirements is 61.4 % for RemoTAP and 55.2 % for
GRASP-CC.

Figures 5 and 6 show the RMSE and bias of AOD, AE,
and SSA, respectively, for different regions/countries: Eu-
rope (EU), Asia (AS), Africa (AF), Oceania (OC), South
America (SA), China (CN), and the Sahara (Sah). In AOD,
we see many similarities between RemoTAP and GRASP-
CC in the regional dependence of RMSE, with large RMSE
(in absolute sense) over Asia, China, and the Sahara for both
algorithms, which are regions with large AOD. Low val-
ues for RMSE are found over Europe and South and North
America. Over Oceania, RemoTAP has larger RMSE than
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Table 4. Comparison of RemoTAP and GRASP-CC AOD (at 550 nm) over land.

AOD range RemoTAP AOD550 nm GRASP-CC AOD550 nm

RMSE MAE Bias GCOS (%) RMSE MAE Bias GCOS (%)

Full 0.10 0.063 −0.009 54.2 0.10 0.062 −0.002 53.6
[0–0.2] 0.065 0.041 0.009 65.8 0.072 0.044 0.013 63.7
[0.2–0.7] 0.13 0.092 −0.024 33.7 0.11 0.082 0.018 36.3
[0.7–4.2] 0.242 0.175 −0.127 36.0 0.233 0.166 0.095 36.0

Table 5. Comparison of RemoTAP and GRASP-CC for SSA, AE, and fine- and coarse-mode AOD over land.

Property
RemoTAP GRASP-CC

RMSE MAE Bias GCOS (%) RMSE MAE Bias GCOS (%)

SSA 0.039 0.03 0.002 61.4 0.04 0.031 0.021 55.1
AE 0.39 0.29 0.016 46.1 0.37 0.25 −0.11 58.0
AODfine 0.085 0.050 −0.004 61.5 0.071 0.044 −0.006 65.4
AODcoarse 0.082 0.049 −0.009 63.8 0.074 0.043 −0.003 68.9

GRASP-CC (especially at smaller wavelengths). Looking at
the bias, RemoTAP has a smaller bias over Europe, Asia,
and China and a larger bias over Oceania and the Sahara.
Both algorithms have a similar bias over Africa (although
opposite in sign), North America, South America, and the
USA. The regional dependence for RMSE and bias for AE
shows a similar pattern to that of AOD for both RemoTAP
and GRASP-CC, with the exception that GRASP-CC, like
RemoTAP, also shows large RMSE and bias over Oceania,
while for AOD this region was only problematic for Remo-
TAP. Further, we see from Figs. 5 and 6 that overall the AE
behaves similarly for different wavelength pairs, although the
pair 550–870 nm shows smaller RMSE and bias over Ocea-
nia. For SSA we see that GRASP-CC shows larger variation
in RMSE over regions than RemoTAP. For bias, GRASP-CC
also shows larger variation over region than RemoTAP, but
there is a clear correlation between the two algorithms. We
also see that both RemoTAP and GRASP-CC show worse
performance for SSA at 870 nm than the other wavelengths,
which is most likely caused by the fact that AOD at 870 nm
is typically small.

4.1.2 Retrievals over ocean

Figure 7 shows the validation of AOD550nm, AE, and
SSA550 nm against AERONET observations for coastal sta-
tions for both RemoTAP and GRASP-CC retrievals (com-
mon pixels) over ocean. It should be noted that in coastal
regions the ocean (body) reflection is more complex than
over the open ocean, which may be expected to result in less-
accurate aerosol retrievals. Metrics for AOD validation for
different AOD ranges can be found in Table 7 and metrics
for SSA, AE, and fine- and coarse-mode AOD in Table 8.
As expected, the performance for AOD and AE of both al-

gorithms over ocean is better than over land, and both algo-
rithms perform very well against AERONET. We also note
that GRASP-CC has a larger GCOS fraction and smaller
MAE, RMSE, and bias for AOD than RemoTAP, although
the differences are small (≤ 0.01). Zooming in to different
AOD ranges (Table 7), we see the same general behavior.
For AE, both RemoTAP and GRASP-CC show a tendency to
underestimate AE for larger values. Like for AOD, GRASP-
CC shows smaller MAE, RMSE, and bias than RemoTAP.
For SSA, the agreement with AERONET is similar to Re-
moTAP and GRASP-CC, but the number of co-locations is
too small to draw further conclusions. Comparing the vali-
dation results over ocean to those of the previous versions of
the RemoTAP and GRASP products in Table 6, we can see
that the RMSE of the RemoTAP AOD improved by about a
factor of 2 and the GRASP-CC product improved by even
more compared to the previous GRASP-HP product and by
about 30 % compared to the GRASP-M product. Also the
bias of RemoTAP (overall and for AOD smaller than 0.2)
and the bias of GRASP improved compared to the previous
GRASP-HP product. For AE, GRASP-CC improved consid-
erably, while the RemoTAP performance for AE stays similar
to the previous product version. Like over land, GRASP-CC
has a smaller RMSE for AE over ocean, and this is consistent
with the results for fine- and coarse-mode AOD.

4.2 Comparison of global data products

We performed global processing with RemoTAP and
GRASP-CC and compared the gridded data products
(0.1× 0.1°). Both RemoTAP and GRASP-CC provide a sim-
ilar number of valid retrievals after data filtering. Also, we
perform a comparison with MODIS data products.
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Table 6. Validation metrics of the previous RemoTAP (Lacagnina et al., 2017) and GRASP-HP and GRASP-M (Chen et al., 2020) PARASOL
products. Note that for SSA the validation was not separated in retrievals over land and ocean because not enough data points are available
for comparison. The validation has been performed for the year 2006 and a spatial gridding of 0.2° because the RemoTAP global product is
only available for this year and spatial gridding. The difference in gridding explains the different values for RMSE than those found by Chen
et al. (2020), where a spatial gridding of 0.1° was used.

RMSE GCOS (%) Bias Bias AOD< 0.2
(land/ocean) (land/ocean) (land/ocean) (land/ocean)

AOD (550 nm)

RemoTAP (V2017) 0.181/0.122 32.8/46.1 0.02/0.04 0.07/0.03
GRASP-HP (V2020) 0.164/0.127 34.3/32.4 0.05/0.07 0.06/0.06
GRASP-M (V2020) 0.165/0.068 42.8/63.3 0.0/0.01 0.0/0.01

AE (440–870 nm)

RemoTAP (V2017) 0.63/0.27 n/a 0.05/0.06 n/a
GRASP-HP (V2020) 0.382/0.39 n/a −0.16/−0.22 n/a
GRASP-M (V2020) 0.53/0.365 n/a 0.1/0.02 n/a

SSA 550 nm (land plus ocean)

RemoTAP (V2017) 0.040 44.8 0 n/a
GRASP-HP (V2020) 0.056 40.7 −0.03 n/a
GRASP-M (V2020) 0.061 36.9 −0.03 n/a

Table 7. Comparison of RemoTAP and GRASP-CC AOD550 nm over ocean.

AOD range
RemoTAP AOD550 nm GRASP-CC AOD550 nm

RMSE MAE Bias GCOS (%) RMSE MAE Bias GCOS (%)

Full 0.057 0.037 0.008 70.9 0.044 0.030 0.002 77.2
[0–0.2] 0.047 0.030 0.011 76.9 0.033 0.023 0.008 83.8
[0.2–0.7] 0.062 0.044 0.007 61.7 0.051 0.035 −0.005 67.2
[0.7–4.2] 0.15 0.136 −0.04 27.3 0.131 0.114 −0.049 36.36

4.2.1 Comparison of AOD

Figure 8 shows maps of the mean AOD for GRASP-CC and
RemoTAP, respectively, and a map of the mean differences.
Overall, GRASP-CC and RemoTAP show the same AOD
pattern with high AOD over the Sahara (dust) and equato-
rial Africa (biomass burning) and the outflow of dust and
biomass burning aerosol over the Atlantic Ocean. Also, high
AOD values are retrieved over polluted areas in east Asia and
the Ganges valley. Also interesting is the high mean AOD
over Siberia, which is related to boreal forest fires. If we
look at the differences between RemoTAP and GRASP-CC,
for most of the globe the differences are small. Exceptions
are the Sahara and the Arabian Peninsula, where RemoTAP
AOD is higher by 0.05–0.10, related to differences in re-
trieved BPDF (see Sect. 4.4) and equatorial Africa, where
RemoTAP AOD is lower than GRASP-CC by almost 0.15.
Also notable is the difference (especially in relative sense)
over the most southern part of the ocean where RemoTAP
retrieves lower AOD than GRASP-CC.

Figure 9 shows scatter plots of the RemoTAP AOD versus
the GRASP-CC AOD at 550 nm and separately for retrievals
over land and ocean. Also, a histogram of the differences is
shown. Over land, the root mean square difference (RMSD)
is 0.12, and the difference in the mean (RemoTAP−GRASP)
is 0.01. The RMSD and bias are larger at 443 nm (0.14 and
0.026, respectively) and comparable at 865 nm (not shown).
Over ocean, the RMSD is 0.038 nm and the bias is −0.008.
The differences are larger at 443 nm and smaller at 865 nm
(not shown).

4.2.2 Comparison of AE and fine- and coarse-mode
AOD

Figure 10 shows maps of the mean AE (440–865 nm) for
GRASP-CC and RemoTAP and the map of the mean differ-
ences. These maps include only retrievals for cases where
AOD550nm > 0.2. The AE maps for RemoTAP and GRASP-
CC both show a very similar overall pattern. Small AE val-
ues (larger sizes) occur over desert and over the open ocean
and correspond mostly to situations dominated by dust or
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Table 8. Comparison of RemoTAP and GRASP-CC for SSA, AE, and fine- and coarse-mode AOD over ocean.

Property
RemoTAP GRASP-CC

RMSE MAE Bias GCOS (%) RMSE MAE Bias GCOS (%)

SSA 0.034 0.026 0.006 60.9 0.035 0.025 0.001 60.9
AE 0.29 0.23 −0.048 50.6 0.23 0.17 0.001 67.7
AODfine 0.090 0.050 0.021 67.7 0.057 0.041 0.022 61.4
AODcoarse 0.070 0.038 −0.014 74.6 0.036 0.026 −0.018 81.8

Figure 2. Synthetic retrieval results for the “RemoTAP-ECHAM”
synthetic measurements created by the RemoTAP forward model.
Shown are the results for RemoTAP (a, c, e) and GRASP-CC (b,
d, f). Properties shown (from top to bottom) are the AOD, SSA,
and AE. AOD results have been filtered for RemoTAP χ2< 1 and
GRASP-CC minimum residual< 3 % (keeping 197 out of 202 re-
trievals). AE and SSA results have been additionally filtered for
AOD> 0.2.

sea salt. Larger AE values (smaller sizes) occur over ar-
eas with anthropogenic pollution (Asia, Europe, North and
South America) and over areas with biomass burning (south-
ern Africa, South America, Indonesia, Australia). The most
important differences between RemoTAP and GRASP-CC

Figure 3. Synthetic retrieval results for the “GRASP-AERONET”
synthetic measurements created by the RemoTAP forward model.
Shown are the results for RemoTAP (a, c, e) and GRASP-CC (b, d,
f). Properties shown (from top to bottom) are the AOD, SSA, and
AE. Results have been filtered for RemoTAP χ2< 1 and GRASP-
CC minimum residual< 3 % (keeping 157 out of 202 retrievals).
AE and SSA results have been additionally filtered for AOD> 0.2.

arise over the Sahara and Middle East, where RemoTAP re-
trieves higher AE than GRASP-CC, which is consistent with
the AERONET comparison showing overestimated AE val-
ues for big particles provided by RemoTAP. On the other
hand, the maximum differences (where RemoTAP can be
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Figure 4. Validation of RemoTAP (a, b, c) and GRASP-CC (d, e, f) retrievals over land with AERONET for AOD (a, d), AE (b, e), and SSA
(c, f) at 550 nm.

Figure 5. RMSE for different regions/countries for AOD (a, d), AE (b, e), and SSA (c, f). Upper panels correspond to RemoTAP retrievals
and lower panels to GRASP-CC retrievals. Metrics are shown for all stations (all), Europe (EU), Asia (AS), Africa (AF), Oceania (OC),
South America (SA), North America (NA), USA (US), China (CN), and the Sahara (Sah).

0.5 higher than GRASP-CC) are not expected from the
AERONET comparison.

Figure 11 shows scatter plots of the RemoTAP AE ver-
sus the GRASP-CC AE and separately for retrievals over
land and ocean. Only retrievals with AOD> 0.2 are included.
Also, a histogram of the differences is shown. Over land, the
RMSD is 0.33, while over ocean the RMSD is 0.23. Over

land, the agreement is very good for larger values of AE
(small particle size) and a bit worse for lower AE values
(large particles size), where RemoTAP retrieves larger AE.
Over ocean, the agreement is very good for both low and
high AE values.

When using a lower AOD threshold of 0.1 (not shown), the
agreement gets worse with RMSD values of 0.48 and 0.36
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Figure 6. Bias for different regions for AOD (a, d), AE (b, e), and SSA (c, f). Upper panels correspond to RemoTAP retrievals and lower
panels to GRASP-CC retrievals.

Figure 7. Validation of RemoTAP (a, b, c) and GRASP-CC (d, e, f) retrievals over ocean with AERONET for AOD (a, d), AE (b, e), and
SSA (c, f) at 550 nm.

over land and ocean, respectively. Over land, the overall scat-
ter of the data increases compared to the higher AOD thresh-
old, while over ocean we also see some specific cases where
RemoTAP retrieves a small AE (close to 0) and GRASP-CC
retrieves values up to 1.5. To investigate the dependence of
AE difference on AOD in more detail, Fig. 12 shows the AE
difference as a function of AOD. We can see the AE differ-
ence depends strongly on AOD. Over land, there is a large

positive bias (0.4) at AOD= 0.10 which decreases gradually
to 0 at AOD= 0.4. Over ocean, there is a bias of −0.45 at
AOD= 0.05 which decreases more rapidly with AOD than
over land. The strong dependence of AE difference on AOD
results from the fact that at small AOD, the AE calculation
is very sensitive to even small errors in AOD at the different
wavelengths.
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Figure 8. Annual mean AOD for (a) RemoTAP and (b) GRASP-CC and (c) the bias between them (RemoTAP−GRASP).

Figure 9. AOD (550 nm) scatter plots (GRASP-CC versus RemoTAP) for retrievals over land (a) and ocean (b) and a histogram of the
differences (c), where the dashed line corresponds to retrievals over ocean and the solid line to retrievals over land.

Figure 13 shows the comparison of the fine-mode AOD
and Fig. 14 of the coarse-mode AOD. Over land, the RMSD
for the fine-mode AOD is smaller than for the coarse-mode
AOD (RMSD 0.063 versus 0.107). This means that for the
total AOD, most of the differences can be explained by
differences in the coarse-mode AOD. Further, we see that
for the fine-mode AOD RemoTAP retrieves smaller values
than GRASP-CC towards higher AOD, while for the coarse
mode the opposite is observed. For retrievals over ocean, the
RMSD for the coarse-mode AOD is smaller than for the fine
mode. Further, for the fine mode RemoTAP is systemati-
cally smaller than GRASP-CC (−0.02 bias), while for the
coarse mode RemoTAP is larger (0.016 bias) such that the
total AOD bias between RemoTAP and GRASP-CC is very
small.

4.2.3 Comparison of SSA and absorbing aerosol
optical depth (AAOD)

Figure 15 shows maps of the mean SSA (550 nm) for
GRASP-CC and RemoTAP, as well as the bias. Overall, the
maps show similar patterns, but there are also important dif-
ferences. In general, RemoTAP retrieves a higher SSA over
ocean and lower SSA over land. Larger differences occur
over equatorial Africa (biomass burning region) where Re-
moTAP retrieves a significantly higher (> 0.10 difference)
SSA than GRASP-CC over ocean but also over land (in con-
trast to other land regions). The difference is especially ap-

parent over ocean. Also, over India and the Indian ocean
there are notable differences in SSA between RemoTAP and
GRASP-CC. Here, over land RemoTAP retrieves a mean
SSA of 0.90, while GRASP-CC retrieves 0.95. Over ocean,
the difference is opposite: RemoTAP retrieves an SSA of
0.95–1, while GRASP-CC retrieves 0.90. Both RemoTAP
and GRASP-CC show an unexpected sharp transition be-
tween land and ocean in this region. A similar pattern can
be seen at the west coast of the USA.

Figure 16 shows scatter plots of the RemoTAP SSA versus
the GRASP-CC SSA at 550 nm and separately for retrievals
over land and ocean. Also, a histogram of the differences is
shown. Over land, the RMSD is 0.043, whereas the overall
bias is < 0.01. There is some compensation between differ-
ent areas, as is apparent from the world map, but overall, the
agreement can be considered good over land. Over ocean the
differences are substantially larger, with an RMSD and bias
of 0.074 and 0.053, respectively. Here, RemoTAP retrieves a
higher SSA than GRASP-CC, as was already seen from the
world map. As noted above, the AERONET SSA validation
over ocean does not have sufficient points to indicate whether
the difference is caused by errors in RemoTAP or GRASP-
CC. Clearly, there is a need for more SSA validation points
over ocean. Figure 16 also shows the comparison of AAOD.
Over land, the overall bias is relatively small (0.003), but
there is considerable scatter between RemoTAP and GRASP-
CC. Over ocean, there is a clear bias between RemoTAP and
GRASP-CC where GRASP-CC retrieves higher AAOD than
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Figure 10. Annual mean AE for (a) RemoTAP and (b) GRASP-CC and (c) the bias between them (RemoTAP−GRASP). Only retrievals
with AOD550nm > 0.2 are included.

Figure 11. AE scatter plots (GRASP-CC versus RemoTAP) for retrievals over land (a) and ocean (b) and a histogram of the differences (c),
where the dashed line corresponds to retrievals over ocean and the solid line to retrievals over land. Only retrievals with AOD550nm > 0.2
are included.

Figure 12. Difference in AE (RemoTAP−GRASP) versus AOD for
retrievals over land (a) and ocean (b).

RemoTAP. This is expected because GRASP-CC retrieves
a smaller SSA than RemoTAP over ocean and comparable
AOD, which should result in a higher AAOD.

Figure 17 shows the SSA difference (RemoTAP−GRASP)
as a function of AOD (mean of RemoTAP and GRASP-CC)
for retrievals over land and ocean. Over land, we see that for
AOD< 0.15 the difference between RemoTAP and GRASP-
CC is largest where the mean difference reaches −0.10 for
the lowest AOD values. The SSA difference decreases (in ab-
solute sense) rapidly till AOD= 0.15 where the SSA differ-
ence is −0.01 and slowly decreases further to higher AOD.
Despite the fact that on average the RemoTAP SSA is lower
than the GRASP-CC SSA, we see that for a substantial num-
ber of retrievals the GRASP-CC SSA is higher. These re-

trievals correspond mostly to biomass burning retrievals (see
above).

4.3 Summary of global aerosol comparison

Table 9 shows a summary of the global comparison between
GRASP-CC and RemoTAP for 2008. For reference, also the
global comparison of the old RemoTAP and GRASP (-HP
and -M) products is shown (for 2006 and at 0.2° spatial
gridding). We can see that for AOD the agreement between
GRASP-CC and RemoTAP improved significantly, with a re-
duction in RMSD by about a factor of 2. For AE over land,
both the RMSD and bias improved by about a factor of 2,
while for AE over ocean the agreement stays similar to the
previous product versions. For SSA, the agreement over land
is reasonable and significantly improved compared to the
previous product versions. Over ocean, the agreement is poor
with a bias of 0.053 (RemoTAP retrieves a higher SSA than
GRASP-CC), and the agreement did not improve compared
to the previous product versions.

4.4 Land surface properties

Table 10 shows the RMSD and bias for the comparison of
the isotropic BRDF parameters (see Sect. B1) between Re-
moTAP and GRASP-CC at different wavelengths. We can
see that RemoTAP retrieves a higher isotropic BRDF than
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Figure 13. Fine-mode AOD (550 nm) scatter plots (GRASP-CC versus RemoTAP) for retrievals over land (a) and ocean (b) and a histogram
of the differences (c), where the dashed line corresponds to retrievals over ocean and the solid line to retrievals over land.

Figure 14. Coarse-mode AOD (550 nm) scatter plots (GRASP-CC versus RemoTAP) for retrievals over land (a) and ocean (b) and a his-
togram of the differences (c), where the dashed line corresponds to retrievals over ocean and the solid line to retrievals over land.

GRASP-CC at all wavelengths, with a bias ranging from
0.018 to 0.028. The RMSD ranges from 0.018 to 0.036. The
largest differences (in absolute sense) occur over the Sahara
and the Arabian Peninsula (not shown), where the largest dif-
ference in AE aerosol parameter is also observed. Only at
865 nm does RemoTAP retrieve a smaller isotropic BRDF
parameter than GRASP-CC over equatorial Africa. Table 11
shows the RMSD and bias for the directional BRDF param-
eters and the BPDF. RemoTAP retrieves larger values for the
directional BRDF parameters and substantially lower BPDF
scaling parameter than GRASP-CC. Like for all surface pa-
rameters, the difference is largest over the Sahara and the
Arabian Peninsula. To investigate the difference in the BPDF
scaling parameter in more detail, Fig. 18 shows the difference
in the BPDF scaling parameter as a function of the difference
in the isotropic BRDF parameter (490 nm). There is a very
clear dependence when the difference in the isotropic BRDF
parameter is in the range 0–0.05. Here, the difference in
BPDF scaling gets more negative with the increasing differ-
ence in the isotropic BRDF parameter. So, a larger isotropic
BRDF is compensated for with a smaller BPDF scaling in
RemoTAP. This can be explained by the fact that the Fres-
nel reflection matrix that is scaled in the BPDF model also
contributes to the BRDF. This would imply that the surface
polarization is either too small in RemoTAP or too large in
GRASP-CC.

Figure 19 shows the difference in AOD between Remo-
TAP and GRASP-CC as a function of the difference in the
retrieved isotropic BRDF parameter (at 490 nm) and the dif-
ference in the BPDF scaling parameter. It can be seen that for
cases where RemoTAP retrieves a smaller isotropic BRDF
parameter than GRASP-CC, it also retrieves a smaller AOD.
The difference in AOD increases to −0.10 when the dif-
ference in the isotropic BRDF is also −0.10. For cases
where RemoTAP retrieves a higher isotropic BRDF parame-
ter, there is no clear dependence of AOD differences on the
difference in the isotropic BRDF. There is also a clear depen-
dence of the AOD difference on the difference in the BPDF
scaling parameter. As noted above, RemoTAP retrieves much
smaller values for the BPDF scaling than GRASP-CC. When
the BPDF difference is −8, RemoTAP retrieves on average
a higher AOD (0.10) than GRASP-CC. These cases corre-
spond mostly to the Sahara and the Arabian Peninsula. On
the other hand, when RemoTAP retrieves a higher BPDF
than GRASP-CC (mostly over higher latitudes), it retrieves
a smaller AOD, where the mean difference is −0.05. Fig-
ure 21 shows the difference in SSA between RemoTAP and
GRASP-CC as a function of the difference in the retrieved
isotropic BRDF parameter (at 490 nm) and the difference in
the BPDF scaling parameter. For SSA, we see in particu-
lar a large effect on the isotropic BRDF parameter, where
the SSA difference can be almost up to 0.10 when the dif-
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Figure 15. Annual mean SSA for (a) RemoTAP and (b) GRASP-CC and (c) the bias between them (RemoTAP−GRASP). Only retrievals
with AOD550nm are included.

Figure 16. SSA and AAOD (550 nm) scatter plots (GRASP-CC versus RemoTAP) for retrievals over land (a, d) and ocean (b, e) and a
histogram of the differences (c, f), where the dashed line corresponds to retrievals over ocean and the solid line to retrievals over land.

ference in the isotropic BRDF parameter is −0.10. The de-
pendence on BPDF is smaller and mostly apparent when
RemoTAP retrieves a higher BPDF than GRASP-CC. Fig-
ure 20 shows the difference in AE between RemoTAP and
GRASP-CC as a function of the difference in the retrieved
isotropic BRDF parameter (at 490 nm) and the difference in
the BPDF scaling parameter. Here we see a strong depen-
dence on the BPDF scaling parameter. For large negative
differences, i.e., when RemoTAP retrieves a smaller BPDF
than GRASP-CC, there is a large positive difference in AE.
These cases correspond mostly to the Sahara where indeed
RemoTAP retrieves a higher AE than GRASP-CC. Here, the
higher polarized reflectance retrieved by GRASP-CC will re-
quire bigger aerosol particles (smaller AE) and as a result a
smaller degree of polarization over these areas to fit the top-
of-atmosphere polarized reflectance. In contrast, smaller po-
larized surface reflectance provided by RemoTAP will result

in smaller particles (bigger AE) and larger degree of polar-
ization to insure the good fit of satellite polarization measure-
ments. The AERONET comparison indicates a positive AE
bias in RemoTAP over the Sahara, where a possible expla-
nation is that RemoTAP retrieves a surface reflection matrix
with polarization that is too small. Observed dependencies
require additional studies to improve aerosol size character-
ization from polarimetric measurements. Having a “ground
truth” for BRDF and BPDF retrievals, e.g., from airborne
campaigns (Litvinov et al., 2011), would be useful for this
purpose.

4.5 Comparison to MODIS

The MODIS Dark Target (MODIS-DT) (Levy et al., 2013)
and Deep Blue (MODIS-DB) (Hsu et al., 2013) AOD prod-
ucts are the most widely used aerosol products. Here, we
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Figure 17. Difference in SSA (RemoTAP−GRASP) versus AOD for retrievals over land (a) and ocean (b). The x axis and y axis have been
divided into 100 bins. The white circles indicate the median y value per x bin. The color indicates the number of data points per bin.

Table 9. RMSD and bias between GRASP and RemoTAP for global retrievals for the year 2008 (Jan–Nov) for the properties AOD, SSA,
and AE. The table shows both the comparison of the new products and the previous versions of the RemoTAP (Lacagnina et al., 2017) and
GRASP (Chen et al., 2020) products.

New products Old products Old products
(GRASP-HP) (GRASP-M)

Property Surface RMSD Bias RMSD Bias RMSD Bias

AOD (550 nm) land 0.12 0.007 0.22 0.01 0.234 0.08
SSA (550 nm) land 0.043 −0.01 0.083 0.06 0.077 0.04
AE (440–865 nm) land 0.33 0.12 0.58 0.33 0.58 0.24
AOD (550 nm) ocean 0.038 0.00 0.073 −0.02 0.078 0.04
SSA (550 nm) ocean 0.074 0.053 0.066 0.02 0.079 0.05
AE (440–865 nm) ocean 0.23 0.00 0.22 0.01 0.31 0.19

compare AOD and AE retrieved from PARASOL by both
RemoTAP and GRASP-CC to the MODIS-DT and MODIS-
DB products. Figure 22 shows the comparison of AOD over
land and ocean. Over land, GRASP-CC has a smaller RMSD
with MODIS than RemoTAP, but it should be noted that the
RMSD between GRASP-CC and RemoTAP is smaller (see
Fig. 9) than the agreement between both algorithms with
MODIS. Over ocean, the agreement of both GRASP-CC
and RemoTAP with MODIS is similar to the agreement be-
tween GRASP-CC and RemoTAP, although GRASP-CC has
a smaller RMSD with MODIS than RemoTAP. The smaller
differences between GRASP-CC and RemoTAP products
over land than the differences between both algorithms and
MODIS may suggest a more accurate AOD product over
land for the PARASOL algorithms, especially because both
PARASOL algorithms over land are closer to AERONET
than MODIS (Chen et al., 2020). For the global distribu-
tion of differences (not shown), both GRASP-CC and Re-
moTAP show very similar patterns to MODIS, with a strong
positive difference over most of Africa, India, and China; a
weaker positive difference over Europe and the US; and some
small spots of negative differences (e.g., over South Amer-
ica). Over the global ocean, RemoTAP shows a small (0.01–
0.02) negative difference against MODIS, whereas GRASP-

CC shows a small positive difference at midlatitudes and a
small negative difference in most of the tropics.

Figure 23 shows the AE comparison of both PARASOL
products with the MODIS-DT product over land and ocean.
Over land, we can clearly see that the MODIS-DT AE tends
to be centered around a number of discrete values. This is
probably a result of the MODIS retrieval approach based
on a discrete set of aerosol models. For both RemoTAP and
GRASP-CC there is a large difference from the MODIS-DT
AE, and the difference between RemoTAP and GRASP-CC,
shown in Fig. 11, is much smaller than the agreement of both
products with MODIS. This is expected because MODIS has
limited information content on aerosol size over land which
results in the poor comparison of MODIS-DT AE against
AERONET (Chen et al., 2020; Reid et al., 2022). The same
conclusions hold for the AE comparison with the MODIS-
DB product over land (not shown). Over ocean, the differ-
ence between the PARASOL products and MODIS is smaller
than over land but still substantially larger than the agreement
between RemoTAP and GRASP-CC. This suggests that also
over ocean both PARASOL algorithms provide a more accu-
rate AE than MODIS, as expected.
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Table 10. RMSD and bias for comparison of the isotropic BRDF parameters at different wavelengths.

443 nm 490 nm 565 nm 670 nm 865 nm 1020 nm

RMSD 0.019 0.018 0.024 0.031 0.034 0.036
Bias 0.018 0.022 0.027 0.028 0.023 0.023

Table 11. Statistical metrics for BRDF and BPDF comparison.
BRDF2 refers to the coefficient of the Ross-thick kernel and BRDF3
to the coefficient of the Li-sparse kernel.

Metric BRDF2 BRDF3 BPDF

RMSD 0.143 0.042 1.68
Bias 0.051 0.013 −2.3

Figure 18. Difference in BPDF scaling parameters as a function
of the difference in the isotropic BRDF parameter (490 nm). Dif-
ferences represent RemoTAP−GRASP. The x axis and y axis have
been divided into 100 bins. The white circles indicate the median
y value per x bin. The color indicates the number of data points per
bin.

5 Conclusion and outlook

In this paper, we have performed a systematic intercompari-
son of the GRASP-CC and RemoTAP algorithms for aerosol
retrieval from MAP measurements. The study involved a
comparison of forward models, synthetic retrievals, valida-
tion results with AERONET, and a global comparison of
1 year of data processed by both algorithms. The forward
models of GRASP and RemoTAP agree within 2 % (1 % for
most wavelengths and angles) for radiance and within 0.01
(0.005 for most wavelengths and angles) for degree of linear
polarization (DoLP). The differences are within the range of
PARASOL uncertainties but may become important for more
accurate future polarimeters like SPEXone (Hasekamp et al.,

2019a) and the CO2 Monitoring Mission (CO2M) (Sierk
et al., 2019). Synthetic retrievals were performed on two sets
of synthetic measurements: one created by the RemoTAP for-
ward model and the other one by the GRASP forward model.
Both sets of synthetic measurements were based on a more
complex aerosol description than that assumed in the algo-
rithms. Both algorithms perform well on both sets of syn-
thetic measurements.

For the AERONET comparisons, we obtained very similar
results for AOD retrieved by both RemoTAP and GRASP-
CC over land: both algorithms show an RMSE of 0.10 (at
550 nm), and 54 % of the retrievals fall within the GCOS re-
quirements. For SSA, both algorithms have a similar RMSE
(0.04), but RemoTAP has a smaller bias (0.002) compared
to GRASP-CC (0.021). For AE, GRASP-CC has a slightly
smaller RMSE (0.367) than RemoTAP (0.387), which is re-
lated to a small overestimate of AE at low values (large par-
ticles) by RemoTAP. Over ocean, RemoTAP has an RMSE
of 0.057 and GRASP-CC an RMSE of 0.047. For AE, the
RMSEs of RemoTAP and GRASP-CC are 0.285 and 0.224,
respectively. Based on the AERONET comparison, we con-
clude that both algorithms show very similar overall per-
formance, where both algorithms have stronger and weaker
points. It should be noted that for SSA the agreement with
AERONET in terms of RMSE is already close to the SSA
uncertainty of AERONET itself (0.03), so possible further
improvements in the algorithms for SSA will be hard to eval-
uate with AERONET. On the other hand, the RMSE for AOD
is much larger than the AERONET uncertainty (0.01–0.02),
which means there is enough margin to evaluate further im-
provements.

Finally, global processing with both algorithms for PARA-
SOL data of the year 2008 has been performed, and a com-
parison of gridded products (0.1 by 0.1°) has been per-
formed. For the global comparison of AOD, the RMSD
values are 0.12 and 0.037 over land and ocean, respec-
tively. The largest differences occur over the biomass burn-
ing region in equatorial Africa. The global mean values are
virtually unbiased with respect to each other. For AE the
RMSD between RemoTAP and GRASP-CC is 0.33 over land
and 0.23 over ocean when only retrievals with AOD> 0.2
are included. When taking retrievals with AOD> 0.1, the
RMSD increases to 0.48 over land and 0.36 over ocean.
Towards lower AOD, significant differences occur between
the two data products because the AE calculation becomes
very sensitive to even small errors in AOD at the different
wavelengths when the AOD is small. Concerning fine- and
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Figure 19. Dependence of the AOD difference (RemoTAP−GRASP) on the difference in the isotropic BRDF parameter at 490 nm (a) and
the BPDF scaling parameter (b). The x axis and y axis have been divided into 100 bins. The white circles indicate the median y value per
x bin. The color indicates the number of data points per bin.

Figure 20. Same as Fig. 19 but for AE.

coarse-mode AOD, over land, the RMSD is smaller for fine-
mode AOD (RMSD= 0.063) than for coarse-mode AOD
(RMSD= 0.11) and vice versa over ocean (RMSD= 0.049
for fine mode and 0.037 for coarse mode). Over ocean, the
fine and coarse modes have opposite biases (0.02) that com-
pensate for each other in the total AOD. For SSA, we find
good agreement over land (RMSD= 0.030) for retrievals
with AOD> 0.2. Over ocean the agreement is poor with a
bias of 0.053 (where RemoTAP retrieves a higher SSA) and
an RMSD of 0.074. As expected, the differences increase to-
wards low AOD, over both land and ocean. For the AAOD,
the agreement is reasonable over land and biased over ocean,
where GRASP-CC retrieves higher AAOD than RemoTAP
(as expected from the lower SSA). The surface BRDF prod-
ucts show reasonable agreement, where for the majority of
cases RemoTAP retrieves a higher isotropic BRDF parame-
ter than GRASP-CC. The differences in the BPDF are sub-
stantial, where RemoTAP retrieves a smaller BPDF scaling
factor than GRASP-CC in most cases. The differences in AE
are strongly related to differences in BPDF.

We also compared the GRASP-CC and RemoTAP AOD
and AE products against MODIS. For AOD over land, the
agreement of either GRASP-CC or RemoTAP with MODIS
is worse than the agreement between the two PARASOL al-

gorithms. Over ocean, the agreement is very similar among
the three products for AOD. For AE, the difference be-
tween GRASP-CC and RemoTAP is much smaller than the
difference between MODIS and both products, especially
over land. This is expected because the PARASOL measure-
ments have a larger information content on aerosol size than
MODIS (e.g., Mishchenko and Travis, 1997a; Hasekamp and
Landgraf, 2007).

To the best of our knowledge, the agreement between
GRASP-CC and RemoTAP is unprecedented, which gives
confidence in the quality of both RemoTAP and GRASP
products. The agreement of the latest product versions with
each other and with AERONET improved significantly com-
pared to the previous version of the global products of
GRASP (Chen et al., 2020) and RemoTAP (Lacagnina et al.,
2017), and it surpasses that of widely used MODIS prod-
ucts (Chen et al., 2020). The results demonstrate that the
dedicated effort in algorithm development for MAP aerosol
retrievals still leads to substantial improvement in the re-
sulting aerosol products, and this is still an ongoing pro-
cess. In general, the comprehensive studies performed with
GRASP-CC and RemoTAP on synthetic and real PARASOL
measurements allowed the identification of weak and strong
points of the algorithms, which are crucial for the further
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Figure 21. Same as Fig. 19 but for SSA.

Figure 22. AOD comparison with MODIS for RemoTAP (a, b, c) and GRASP-CC (d, e, f). Left panels show comparison over land, middle
panels comparison over ocean, and right panels histograms of the differences. For MODIS the DT and DB aerosol products have been
combined.

improvements in aerosol and surface characterization from
space-borne remote sensing. There are still several aspects
that need improvement. Away from the AERONET stations,
differences between RemoTAP and GRASP-CC can be sub-
stantially larger, with systematic differences in a different di-
rection than expected from the AERONET comparison. Most
notably, over ocean GRASP-CC retrieves a smaller SSA than
RemoTAP. Both GRASP-CC and RemoTAP show at some
locations an unexpected sharp transition between land and
ocean for SSA. For the Ångström exponent, both algorithms
compare well for moderate and high AOD (> 0.2). For low
AOD, the retrieval of both AE and SSA becomes more chal-
lenging and needs improvement. For AOD, a relatively large
bias between RemoTAP and GRASP-CC occurs over equa-
torial Africa. The issue of cloud screening has not been in-
vestigated in the present study. First of all, AERONET mea-

surements have been cloud screened already, and hence a
comparison between PARASOL and AERONET already in-
volves an implicit cloud screening. Furthermore, because we
have compared RemoTAP and GRASP-CC for common pix-
els, effectively the combination of both cloud-screening ap-
proaches has been used.

Possible points for improvements for MAP aerosol re-
trieval are improved cloud screening, quality filtering, and
development of joint aerosol cloud retrievals (aerosol above
cloud: Waquet et al., 2014; in between clouds: Hasekamp,
2010; Stap et al., 2016; and below cirrus: Lu et al., 2022).
For future algorithm comparisons it will be useful to take
into account formal retrieval uncertainties based on error
propagation. Also, focused development is needed of higher-
level data products, such as cloud condensation nuclei (CCN)
(Hasekamp et al., 2019b), aerosol composition (van Dieden-
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Figure 23. AE comparison with MODIS-DT for RemoTAP (a, b, c) and GRASP-CC (d, e, f). Left panels show comparison over land, middle
panels comparison over ocean, and right panels histograms of the differences.

hoven et al., 2022; L. Li et al., 2022), PM2.5, and radia-
tive fluxes. For validation, a better validation infrastructure
is needed for “new” aerosol products like single scattering
albedo (SSA), size distribution, and refractive index (chemi-
cal composition). AERONET validation of these products is
restricted to high AOD cases (> 0.4 at 440 nm), which will
occur less in the coming decade because of expected reduced
aerosol emissions. Also, more validation points for retrievals
over ocean are needed. Finally, also for future MAP aerosol
retrieval products, it is important to perform global com-
parisons between RemoTAP and GRASP-CC and preferably
more algorithms.

Appendix A: Algorithm descriptions

A1 RemoTAP

The RemoTAP algorithm is based on the iterative fitting of
a forward model to measurements of radiance and/or polar-
ization of reflected light. The forward model consists of the
LINTRAN2 radiative transfer model (Hasekamp and Land-
graf, 2005; Hasekamp and Butz, 2008) and a model to com-
pute optical aerosol properties from micro-physical proper-
ties using the Mie- and T-matrix-improved geometrical op-
tics database by Dubovik et al. (2006) along with their pro-
posed spheroid aspect ratio distribution for computing opti-
cal properties for a mixture of spheroids and spheres. For re-
trievals over land RemoTAP uses a surface reflection matrix
(Litvinov et al., 2011) that accounts for the directional and
polarization properties of the surface, based on the Ross–Li
model (Wanner et al., 1995) total reflectance and the model

of Maignan et al. (2009) for polarized reflectance. For a
full description of the surface reflection model, which is the
same for RemoTAP and GRASP, see Sect. B1. RemoTAP de-
scribes reflection by the ocean using the contribution of the
Fresnel reflection matrix on the rough ocean (Cox and Munk,
1954; Zhang and Wang, 2010) and scattering and absorption
inside the ocean body using a neural network trained with
radiative transfer calculations in the ocean body (Fan et al.,
2019). Additionally, a wavelength-dependent correction term
is fitted. For more details see Appendix B2.

While earlier aerosol retrieval studies with RemoTAP used
a bi-modal aerosol description (Hasekamp et al., 2011; Wu
et al., 2015; Di Noia et al., 2017) or a five-mode aerosol de-
scription (Fu and Hasekamp, 2018; Fu et al., 2020), in this
study we follow the approach of Lu et al. (2022) and de-
scribe the aerosol size distribution in RemoTAP by three log-
normal modes, with one fine mode and two coarse modes
(soluble and insoluble). The spectrally dependent refractive
index m(λ) per mode is parameterized by

m(λ)=

nα∑
k=1

αk m
k(λ), (A1)

where mk(λ) is prescribed functions of wavelength, for
which we use standard refractive index spectra for dif-
ferent aerosol components, i.e., dust (DU) (Torres et al.,
2007), inorganic and sulfate (INORG) and black carbon (BC)
(d’Almeida et al., 1991), and organic carbon (OC) (Kirchstet-
ter et al., 2004).

For the fine mode the state vector includes reff; veff; Naer;
fsph; and the refractive index coefficients αk that correspond
to the standard refractive index spectra INORG, BC, and OC.
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The coarse insoluble mode consists of non-spherical dust.
For this mode the state vector includes reff, Naer, and a co-
efficient for the imaginary part of the DU refractive index.
The fixed parameters are fsph, veff, and αk for the DU real
part of the refractive index. One value for zaer is included,
which is assumed to be the same for modes 1 and 2. The
width w0 of the altitude distribution is fixed. The third mode
is a coarse soluble mode. For this mode the state vector in-
cludes reff, Naer, and coefficient αk of the INORG refractive
index spectrum. The fixed parameters are fsph, veff, and zaer.
An overview of the fit parameters is given in Table A1.

A2 GRASP

The Generalized Retrieval of Aerosol and Surface Properties
is a new-generation algorithm developed for deriving exten-
sive aerosol properties from diverse space-borne and ground-
based instruments. The bigger the information content is in
the remote sensing instrument, the higher the performance
will be that the GRASP algorithm demonstrates. The over-
all concept of the algorithm is described by Dubovik et al.
(2011) and Dubovik et al. (2021). The algorithm is based on
a highly advanced statistically optimized fitting implemented
as multi-term least-square minimization that had earlier been
successfully implemented (Dubovik et al., 2002, 2006) for
aerosol retrievals from ground-based AERONET radiome-
ters. The GRASP aerosol model used for global processing in
these studies is based on the chemical component approach
(Li et al., 2019; J. Li et al., 2022) where aerosol is repre-
sented as external mixture of two different aerosol modes.
Each aerosol mode itself is considered an internal mixture
of different chemical species whose spectral complex refrac-
tive index is calculated through Maxwell Garnett (MG) ef-
fective approximation. The first mode is dominated mainly
by small particles whose size is represented by three precal-
culated log-normal size distribution bins, and the complex
refractive index is calculated from the mixture of predefined
aerosol species: black and brown carbons, quartz, and am-
monium nitrates. The second mode represents coarse aerosol
particles with two precalculated log-normal size distribution
bins and internal mixture of iron oxides, quartz, and ammo-
nium nitrate species.

The retrieved parameters of the GRASP algorithm are pre-
sented in Table A2.

Appendix B: Land and ocean reflection

B1 Land surface reflection

Both RemoTAP and GRASP use the same model to describe
the surface reflection matrix over land:

Rs(λ,θin,θout,1ϕ)= r11(λ,θin,θout,1ϕ) D+Rpol, (B1)

where D is the null matrix except D11 = 1. For the
bidirectional reflection distribution function (BRDF)
r11(λ,ϑin,ϑout,1ϕ), the Ross–Li model modified for hot
spot effect is used (Maignan et al., 2009). Moreover, follow-
ing the studies performed in Litvinov et al. (2011), r11 is
renormalized on the isotropic parameter to separate spectral
and angular-dependent terms:

r11(λ,θin,θout,1ϕ)= A(λ)
(
1+ kgeofgeo

(θin,θout,1ϕ)+ kvolfvol(θin,θout,1ϕ)), (B2)

where fgeo and fvol are, respectively, the geometric
(Li sparse) and volumetric (Ross thick, modified for hot spot
effect) kernels (Wanner et al., 1995, and references therein).
They are given by

fvol (θin,θout,1ϕ)=
(π/2− γ )cosγ + sinγ

µin+µout
fHotSp−

π

4
, (B3)

fgeo (θin,θout,1ϕ)=O
(
θ ′in,θ

′
out,1ϕ

)
− secθ ′out

− secθ ′in+
1
2
(1− cos2′) secθ ′out secθ ′in , (B4)

O =
1
π
(t − sin t cos t)

(
secθ ′out+ θ

′

in
)
, (B5)

cos t =
h

b

√
D2+ (tanθ ′in tanθ ′out sin1φ)2

secθ ′out+ secθ ′in
, (B6)

D =

√
tan2θ ′in+ tan2θ ′out− 2 tanθ ′in tanθ ′out cos1φ, (B7)

cos2′ =−cosθ ′in cosθ ′out− sinθ ′in sinθ ′out cos1φ, (B8)

θ ′out = tan−1
(
b

r
tan |θ ′out|

)
, (B9)

θ ′in = tan−1
(
b

r
tan |θ ′in|

)
, (B10)
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Table A1. State vector elements, prior values, and parameter range for the parametric three-mode aerosol description. The superscripts ci

and cs denote “coarse insoluble” and “coarse soluble”, respectively. The “fit” column indicates whether a parameter is fitted (fit= 1) or fixed
(fit= 0) to the prior value. n/a: not applicable.

State vector element Prior value Fit Min–max

Aerosol parameters

r
f
eff 0.15 µm 1 0.02–0.30 µm
v
f
eff 0.20 1 0.01–0.80
Nf from LUT retrieval 1 0.001–n/a
f
f
sphere 0.95 1 0.0–1.0

α
f
inorg 1.0 1 such that 1.3<mr < 1.69

α
f
bc 0.015 1 such that 1.3<mr < 1.69
α
f
oc 0.10 1 such that 1.3<mr < 1.69
rci
eff 1.0 µm 1 0.7–5.0 µm
vci

eff 0.60 0 n/a
Nci from LUT retrieval 1 0.001–n/a
f ci

sphere 0.0 0 n/a

αci
du,im 0.95 1 0–1

z
f,ci
aer 2 km 1 −2–10 km
rcs
eff 2.5 µm 1 0.7–5.0 µm
vcs

eff 0.60 0 n/a
Ncs from LUT retrieval 1 0.001–n/a
f cs

sphere 1.0 0 n/a
αinorg,im 0.9 1 such that 1.3<mr < 1.69
zcs

aer 0.5 km 0 n/a

Ross–Li land surface parameters

A(λi), i = 1, · · ·,Nband,map from LUT retrieval 1 0.0–1.0
kgeo 0.1 1 0.0–0.35
kvol 0.5 1 0.0–1.5

Land surface parameters (Maignan)

Bpol 1.0 1 0.2–10.0
ν 0.1 0 n/a

Ocean parameters

Wind speed 7 m s−1 1 0.1–100 m s−1

xchl 2 mg m−3 1 0–30 mg m−3

A(λi), i = 1, · · ·, Nband,map 0.0 1 −0.10–0.10

fHotSp = 1+
1

(1+π − γ )/α+ 0
,α0 = 1.5. (B11)

Numerically, the absolute value of the right-hand side of
Eq. (B6) can exceed 1. In this case we set cos t = 1. The vol-
umetric kernel represents the scattering within a dense vege-
tation canopy and is based on a radiative transfer approxima-
tion of single scattering due to small, uniformly distributed,
and non-absorbing leaves. The angular behavior of this ker-
nel is to have a minimum near the backscatter direction and
bright limbs (Knobelspiesse et al., 2008). The geometric ker-
nel represents surfaces with larger gaps between objects and

thus accounts for self-shadowing. The angular behavior of
this kernel is therefore to have a maximum at backscattering
where there are no shadows. fgeo is based on the work of
Wanner et al. (1995) and Li and Strahler (1992) but is used
in the reciprocal form given in Lucht et al. (2000) for the
case when the ratio of the height of the tree at the center of
the crown to the vertical crown radius is h/b = 2 and when
the ratio of the vertical crown radius to the horizontal crown
radius is (spherical or compact crowns) b/r = 1.
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Table A2. State vector description of the GRASP chemical component (CC) approach.

Initial Single-pixel Multi-pixel constraints
State vector guess Min–max constraints (order) Spatial (order) Temporal (order)

Aerosol parameters

V
f
ci , i = 1,2,3 0.01 0.000005–5 5.0× 10−3 (2) 1.0× 10−2 (1) 5.0× 10−4 (1)
V cci, i = 1,2 0.01 0.000005–5 – 1.0× 10−2 (1) 5.0× 10−4 (1)
BC fraction (f1) 0.01 0.0001–0.1

– 1.0× 10−2 (1) 3.0× 10−2 (1)BrC fraction (f2) 0.1 0.0001–0.8
Quartz fraction (f3) 0.5 0.0001–0.95
Iron oxide fraction (c1) 0.01 0.00001–0.03

– 1.0× 10−2 (1) 3.0× 10−2 (1)Quartz fraction (c2) 0.8 0.3–00.95
Relative humidity 0.29 0.28–0.98 – 1.0× 10−2 (1) 3.0× 10−2 (1)
fsphere 0.9 0.005–0.9999 – 1.0× 10−2 (1) 1.0× 10−3 (1)
Aerosol layer height 2000 m 10–5000 m – 1.0× 10−2 (1) 1.0× 10−3 (1)

Ross–Li land surface parameters

A(λ) 0.1 0.001–[0.2, 0.3, 0.4, 0.7, 0.8, 0.8] 1.0× 10−4 (1) – 8.0× 10−0 (1)
kvol 0.1 0.01–2.0 1.0× 101 (1) – 8.0× 10−0 (1)
kgeo 0.1 0.01–1.0 1.0× 101 (1) – 8.0× 10−0 (1)

Land surface parameters (Maignan)

Bpol 2.1 0.01–10 1.0× 101 (1) 1.0× 10−3 (1) 8.0× 10−0 (1)

Ocean surface parameters (Cox–Munk)

A(λ) 0.01 0.001–0.05 1.0× 10−3 (1) 1.0× 10−3 (1) 1.0× 10−3 (1)
δFR 0.9 0.3–1 1.0× 101 (1) 1.0× 10−3 (1) –
2σ 2 0.02 0.0015–0.1 1.0× 101 (1) 1.0× 10−3 (1) –

In Eq. (B1) Rpol is given by Maignan et al. (2009).

Rpol (θin,θout,φv −φ0)= Bpol(
exp

(
−tan(π−22 )

)
exp(−ν) Fp(m,2)

4(µin+µout)

)
(B12)

Here, Bpol is a scaling parameter (band-independent).
Fp(m,2) is the Fresnel scattering matrix with refractive in-
dex m= 1.5. We use ν = 0.1 (Litvinov et al., 2011).

B2 RemoTAP ocean reflection

For retrievals over ocean, RemoTAP describes the ocean re-
flection matrix as

Rs (λ,θin,θout,1ϕ)= Rfrn (θin,θout,1ϕ)

+Rul (λ,θin,θout,1ϕ)+A(λ) D, (B13)

where Rfrn is the contribution of the ocean surface, which
is described by the Fresnel reflection matrix on a rough
ocean surface, depending on the wind speed and direction
to provide a Gaussian distribution of surface slopes (Cox and
Munk, 1954). Rul is the ocean body (underlight) contribu-
tion. For the ocean body, we need a bio-optical model to
compute optical properties of the ocean from bio-physical

ocean parameters. We used the bio-optical model of Chowd-
hary et al. (2012) for case-1 waters (open ocean), which
has the chlorophyll-a concentration xchl as the only bio-
physical ocean parameter to compute the ocean optical prop-
erties (single scattering albedo, phase matrix). Using the hy-
drosol model of Chowdhary et al. (2012), the ocean is de-
scribed as a mixture of seawater and a particulate compo-
nent. The scattering and absorption coefficients of seawater
are taken from Smith and Baker (1981), while the optical
properties of the particulate components were calculated us-
ing detritus–plankton (D–P) mixtures. The particulates were
assumed to be spherical, so the scattering phase matrix could
be obtained using Mie calculations. The relative contribution
of detritus and plankton are parameterized by Xchl. Here it
should be noted that the underlight contribution is insensitive
to the optical depth of ocean when the ocean optical thick-
ness is larger than 10. In this study, we set the ocean optical
depth to 20 and assumed a black ocean bottom surface. This
ocean surface and body system was solved by a vector radia-
tive transfer model (Hasekamp and Landgraf, 2002; Schep-
ers et al., 2014). However, this model is computationally ex-
pensive because of the large ocean optical thickness. As an
alternative, a neural network (NN) has been designed to sim-
ulate (Fourier coefficients of) the ocean body contribution to
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the reflection matrix just above the ocean surface, with the
oceanic chlorophyll-a concentration as input. Finally, A(λ)
in Eq. (B13) is a wavelength-dependent Lambertian albedo
term that accounts for oceanic foam but may also correct for
errors in Rul. Ws, Xchl, and A(λ) for the different spectral
bands are included in the state vector.

B3 GRASP ocean reflection

The reflection matrix over water surfaces (Rs) in the GRASP
algorithm used in these studies is represented as follows:

Rs (λ,θin,θout,1ϕ)= Rfrn (θin,θout,1ϕ)δfrn

fshad+ r0(λ)D, (B14)

where Rfrn is the Fresnel reflection matrix from water sur-
face facets with refractive index m, fshad is the shadowing
function for the Gaussian random rough surface (Tsang et al.,
1985; Mishchenko and Travis, 1997b), σ 2 is the mean square
facet slope related to wind speed (Cox and Munk, 1954), δfrn
is fraction of water surface providing the Fresnel reflection
matrix, and r0(λ) is the isotropic spectrally dependent wa-
ter leaving reflectance. In the presented studies no a priori
information about wind speed was used, and three parame-
ters – σ 2, δfrn, and r0(λ) – were retrieved with application of
proper spatial and temporal constraints Table A2.

Data availability. GRASP products are available at https://www.
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1 data can be downloaded from https://www.icare.univ-lille.fr/
data-access (ICARE, 2015). The AERONET data can be down-
loaded from https://aeronet.gsfc.nasa.gov/ (NASA and LOA-
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