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ABSTRACT

Atmospheric aerosols have strong impact on climate, environment, and health. To account correctly for such
impact, extended aerosol characterization, including spectral Aerosol Optical Depth (AOD), Angstrom Exponent
(AE), spectral Single Scattering Albedo (SSA) etc., are required to be derived globally from space-borne obser-
vations. Together with the aerosol, the Earth’s surfaces are an important component of climate system, reflecting
and absorbing solar and atmospheric radiation and being sources of emission of different natural aerosol, for
example, sea-salt, mineral dust or organic aerosol.

Since the beginning of space-borne atmospheric observation it was recognized that the most comprehensive
extended aerosol and surface characterization can be achieved from multi-angular polarimetric measurements. In
this paper, we show that the extended aerosol characterization can be obtained even from single viewing
radiance only satellite measurements when several crucial conditions are fulfilled both for the observations and
retrieval algorithm: (i) wide spectral range (for example, covering UV, VIR, NIR and SWIR spectra) providing rich
spectral information about aerosol and surface; (ii) wide swath of measurements ensuring frequent overpassing
over the same ground pixel to account for the different temporal variability of aerosol and surface properties as
well as for angular dependence of surface reflectance; (iii) applied algorithm should be able to treat multi-
temporal and multi-spatial observation accounting for spatial and temporal dependencies of aerosol and sur-
face characteristics.

The new possibilities of retrieval of aerosol and surface properties are investigated by applying the advanced
GRASP (Generalized Retrieval of Atmosphere and Surface Properties) algorithm to the space-borne S5P/TRO-
POMI observations. The most optimal for these purposes forward and inversion approaches are discussed, and
the quality of retrieved aerosol and surface properties is evaluated. The possibilities of TROPOMI/GRASP
approach for aerosol extended characterization are demonstrated on several aerosol events including dust
storms, biomass burning and anthropogenic aerosol pollution outbreaks in worldwide locations.
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1. Introduction

The global information about aerosol becomes increasingly impor-
tant for different atmospheric applications due its big effect on climate
and environment. The estimation of this effect is associated with well-
known high uncertainties in the global aerosol characterization (IPCC,
2021). The air quality assessment and emission estimates rely more and
more on accurate and global aerosol data (Dubovik et al., 2008; Martin,
2008; Chen et al., 2019, 2022a). Moreover, the global information about
aerosol is crucial for such applications as atmospheric trace gases
characterization and atmospheric correction for land and ocean studies
(Veefkind et al.,, 2012; Lyapustin et al., 2011, 2018; Vermote and
Kotchenova, 2008).

Together with the atmospheric aerosol, the Earth’s surfaces play a
crucial role in the climate system through radiative interaction with
atmosphere and being natural sources of primary emission of different
aerosol species (for example, sea-salt, mineral dust, organic aerosol
etc.). The surface reflection properties strongly affect the Earth’s ener-
getic balance and should be accurately accounted for in global climate
studies.

The retrieval of aerosol and surface properties from remote sensing
measurements are closely related to each other. In particular, a correct
surface reflection description is absolutely required for an accurate
characterization of such atmospheric components as aerosol, cloud and
trace gases. At the same time, an accurate characterization of surface
reflectance is not possible without knowledge about atmosphere
properties.

The most comprehensive information about aerosol scattering and
absorption properties is contained in multi-angular, multi-spectral,
photopolarimetric measurements (Van de Hulst, 1957; Bohren and
Huffman, 1998; Mishchenko et al., 2002). Therefore, since the begin-
ning of the atmospheric remote sensing studies, the instruments with
such measurement possibilities were considered as the most suitable for
full microphysical properties retrieval of aerosol (Travis, 1992, 1993;
Deschamps et al., 1994; Mishchenko and Travis, 1997; Mishchenko
et al., 2004). Moreover, such observations essentially improve the sep-
aration of atmosphere and surface signals which results in more
advanced aerosol characterization (Herman et al., 1999; Hasekamp and
Landgraf, 2007; Hasekamp et al., 2011, 2024; Dubovik et al., 2011,
2021a; Chen et al., 2020). At present, an essential number of satellites
have been launched to support different climate studies (Deschamps
et al., 1994; Remer et al., 2005; Tanré et al., 2011; Hollmann et al.,
2013; de Araujo Barbosa et al., 2015; Cao et al., 2013; Dubovik et al.,
2019). Despite the known advantage of multi-viewing polarimetric
measurements, POLDER-1, 2 and 3 instruments were the only space-
borne polarimeters operating for quite long period 1996, 2002 and
from 2005 to 2013 years. Single-viewing observations are currently still
the main global and long-term sources of information about aerosol and
surface. Aerosol Optical Depth (AOD), representing the amount of
aerosol in the atmospheric column, is the main aerosol product derived
from the most satellite missions (Levy et al., 2013; de Leeuw et al., 2015;
Popp et al., 2016; Torres et al., 2007, 2013; Sayer et al., 2018a; Sayer
et al., 2018b). The accuracy of extended aerosol characterization from
space-borne remote sensing, including particle size and absorption
properties, still requires essential improvements (Li et al., 2009;
Kokhanovsky, 2013; Dubovik et al., 2019, 2021a, 2021b; Chen et al.,
2020; Schutgens et al., 2021).

The quality of extended aerosol and surface characterization from
single viewing instruments can be considerably enhanced with
advanced retrieval approaches. One of the possibilities is to consider
temporal and spatial dependences between the characteristics of aerosol
or surface, which are not accounted for in traditional retrieval algo-
rithms. Indeed, the properties of aerosol do not change randomly in time
and space but rather are related to each other by atmospheric dynamic
processes. Surface properties can be very inhomogeneous in space, but,
usually, show strong temporal correlations. Full physical consideration
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of the spatial and temporal dependencies of atmosphere or surface
properties in the retrieval algorithms has not been implemented yet.
Nevertheless, such correlations can be accounted for by the retrieval
constraints, allowing accumulating multi-angular, temporal and spatial
information about atmosphere and surface. This approach was realized
in the GRASP (Generalized Retrieval of Atmosphere and Surface Prop-
erties) algorithm as a multi-pixel retrieval, when large groups of pixels
within several satellite overpasses are retrieved simultaneously with
applied spatial and temporal smoothness constraints on the variability of
aerosol and surface parameters (Dubovik et al., 2011, 2014, 2021b).

The GRASP algorithm is very generalized and designed to be appli-
cable to different observations. Nevertheless, its adaptation to specific
instrument as well as retrieval quality depends strongly on the infor-
mation content of the measurements and requires separate studies on
the most optimal forward models, observation data preparation and
different kind of physical and algorithmic constraints.

Enhanced performance in aerosol characterization with GRASP al-
gorithm was demonstrated on PARASOL/POLDER observations (Chen
et al., 2020; Schutgens et al., 2021). Application of the GRASP to
Sentinel-3/0LCI instrument also showed a performance comparable to
MODIS AOD retrievals. At the same time, the studies showed the
dependence of the quality of AOD OLCI/GRASP retrieval on a priori
information about surface BRDF (Bi-Directional Reflectance Distribu-
tion Function) and reduced quality of retrieval of the extended proper-
ties like Angstrom Exponent (AE) and Single Scattering Albedo (SSA)
(Chen et al., 2022b).

In this paper, applying GRASP algorithm to SSP/TROPOMI obser-
vations, we explore the possibilities and conditions to derive advanced
aerosol and surface products from single viewing space-borne mea-
surements. The Copernicus SSP/TROPOMI instrument, launched on 13
October 2017, takes a special place among all currently operating sat-
ellites (Veefkind et al., 2012). It provides hyperspectral measurements in
a wide spectral range covering ultraviolet (UV), visible (VIS), near-
infrared (NIR) and shortwave infrared (SWIR) containing essential
pieces of information required for advanced aerosol and surface char-
acterization. At present, the high potential of TROPOMI capabilities has
not been fully explored for detailed characterization of aerosol and
surface properties.

This paper is the first one of two companioning articles describing
the TROPOMI/GRASP studies, developments and derived extended
product of aerosol and surface properties. The special attention is paid to
the physical description and justification of the forward modelling and
inversion approaches required for extended aerosol and surface char-
acterization from single-viewing observations. To understand the ad-
vantages and limitations of the main assumptions of the applied
methods, the validation criteria are formulated in the paper. They are
used to evaluate the quality of the TROPOMI/GRASP extended products
against AERONET and other reference datasets. The possibilities of
advanced extended aerosol characterization with GRASP algorithm
applied to S5P/TROPOMI measurements are demonstrated on several
known aerosol events including Biomass Burning (BB) outbreaks,
anthropogenic pollution, and Dust storms in worldwide locations.
Analyzing TROPOMI/GRASP approaches and product validation results,
the conditions for extended aerosol and surface characterization from
single-viewing observations are discussed and formulated in this paper.
The Part II companion article will be focused on the extensive inter-
comparison of globally retrieved TROPOMI/GRASP parameters with
other products such as VIIRS and MODIS aerosol and surface products
(Chen et al., 2024).

2. S5P/TROPOMI data for GRASP retrieval

The GRASP algorithm is designed with the idea of taking advantage
from the full available spectral and angular information of observations
(Dubovik et al., 2011, 2014, 2021b). To achieve the best retrieval
quality all measurements should be prepared in a uniform way for all
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spectral channels and the observations over different pixels should be
united in spatial and temporal blocks for simultaneous inversion.

Since the main objective of SS5P/TROPOMI mission is to monitor
trace gases relevant for air quality and climate, the instrument was
designed for collecting hyperspectral radiances from UV to SWIR spec-
tral range. However, because the scattering and absorption of aerosols
are spectrally quite smooth, GRASP aerosol retrieval from TROPOMI
was set up for inverting only at 10 spectral bands of 1 nm width selected
outside of strong gas absorption lines (in the continuum parts of the
spectrum) in the range 340-2314 nm (Table 1). The averaging over all
measurements in the 1 nm bandwidth was performed using a triangular
weight function with a value equal to 1 at the selected central band
position and 0 at the edges (TROPOMI ATBD of the KNMI AOT, 2022).
Such a triangular weighting function avoids jumps in the averaged re-
flectances along the across-track direction of the orbit swath at the band
edges, where detector pixels are irregularly part of the averaging pro-
cedure. The positions of the selected 10 bands take into account the
nonlinearity of the surface reflectance spectral dependence on different
surface types. They are proposed as a reference bands for interpolation
and extrapolation into other wavelengths to support a number of current
and future SSP/TROPOMI atmospheric products relying on the surface
reflection information. As it will be discussed in the next sections, the
range from UV to SWIR allows enhancing retrieval sensitivity to aerosol
size, absorption and scattering properties, as well as better differenti-
ating between aerosol and surface signals.

The S5P/TROPOMI spatial resolution is different for different spec-
tral ranges (TROPOMI L1B Specification, 2022). For example, the
TROPOMI UV-VIS-NIR detector (bands 3, 4, 5, 6) has spatial resolution
5.5 km (along-track) x 3.5 km (across-track) at nadir, and the SWIR
(band 7) has 5.5 km (along-track) x 7 km (across-track). Since GRASP/
TROPOMI retrieval was performed simultaneously at all selected spec-
tral bands, the TROPOMI radiances for all channels were regridded
under equidistant cylindrical projection and WGS84 coordinate system
to the same spatial pixel resolution of 0.09°, which is close to the res-
olution in SWIR range. The bilinear regridding method was used for this
purpose (https://gdal.org/programs/gdalwarp.html).

As it will be described below, in order to achieve the best quality of
aerosol and surface retrieval TROPOMI/GRASP processing over sea/
ocean the auxiliary information about wind speed at surface boundary
level was used (Table 1). The values of wind speed were adopted from
collocated S5P Level 2 Nitrogen Dioxide (NO2) product.

(https://sentinels.copernicus.eu/web/sentinel/data-products
/-/asset_publisher/fp37fc19FN8F/content/sentinel-5-precursor-level
-2-nitrogen-dioxide) where the eastward and northward horizontal
components of 10 m height wind is originally obtained from ECMWF
data.

The calibration accuracy of the TROPOMI radiance data is important
for the GRASP retrievals. The in-flight calibration of the instrument has
been described by Ludewig et al. (2020), whereas the first validation of
the TROPOMI L1B radiances has been performed by Tilstra et al. (2020).
It appears that the calibration depends on the wavelength and lies be-
tween 0 and 7% for the selected channels.

TROPOMI predecessors, OMI and SCIAMACHY, were suffering from
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et al., 2012). The cloud screening in TROPOMI/GRASP processing is
based on the S5P NPP-VIIRS cloud product with about 500 m spatial
resolution. The orbits of SSP/TROPOMI and NPP-VIIRS are similar with
current time difference approximately 3 min. The cloud information
from VIIRS is provided for each individual TROPOMI regridded pixel
and for spectral bands 380, 494, and 670 nm (3, 6 and 7 in Table 1). For
TROPOMI/GRASP retrieval the pixels are considered as cloud free if the
cloud fraction for all spectral bands 3, 6, and 7 is equal or <10%.

3. Baseline requirements on aerosol and surface properties

Different applications impose different requirements on aerosol and
surface dataset. Most comprehensive and detailed requirements on
aerosol characterization from space-borne missions were formulated by
the climate organizations and groups Global Climate Observing System
(GCOS, 2016), Climate Modelling User Group (CMUG, 2015), ESA
aerosol Climate Change Initative (CCI, 2019) and published in a number
of scientific papers and reports (Kinne et al., 2006; Popp et al., 2016).

The summary of these GCOS-based requirements for such aerosol
characteristics as AOD, AODF (fine mode AOD), SSA (single scattering
albedo) and AE (Angstrom Exponent) are presented in the Table 2 as
“Optimal”. The fulfilment of “optimal” (or GCOS-based) requirements
may be challenging for space-borne remote sensing retrieval and too
strict for a number of applications where correction for aerosol does not
require such accuracy. At present, no existing aerosol data product can
meet them completely especially for such extended aerosol properties as
SSA, AE etc. (Popp et al., 2016; Chen et al., 2020; Dubovik et al., 2021b).
Therefore, to demonstrate the retrieval performance at different condi-
tions relaxed but still quite demanding “Target” requirements on aerosol
optical characteristics were defined in the frame of S5P + I AOD/BRDF
project and summarized in Table 2 (TROPOMI, 2022b). Both “Optimal”
and “Target” requirements were formulated for the aerosol optical
properties since they can be validated much more reliably than micro-
physical ones (e.g., complex refractive index, size distribution parame-
ters, non-sphericity, etc.) validation for which is much more
complicated due to luck of direct reliable observations of these
parameters.

The requirements for such surface characteristics as the surface
reflectance and different kinds of surface albedos have been formulated
by GCOS and extended for surface characterization from space-borne
measurements, for example, from Sentinel-3, — 4, SSP/TROPOMI etc.

Table 2
Requirements on aerosol and surface characteristics.

Characteristics Required uncertainty

Optimal Target

0.04 or 10%
(whatever is bigger)
0.04 or 10% 0.05 or 20%
(whatever is bigger) (whatever is bigger)
SSA 0.03 0.05

AE (443-670) 0.3 0.5

First BRDF parameter, Surface

0.05 or 20%

AOD (whatever is bigger)

fine mode AOD (AODF)

cloud contamination due to rather coarse spatial resolution (Boven- 0.01 0.02
X reflectance, Albedos
smann et al., 1999; Burrows et al., 1995; Levelt et al., 2006; Veefkind
Table 1
S5P/TROPOMI measurements and auxiliary input for GRASP processing.
Central band position, nm 340 367 380 416 440 494 670 740 772 2313
Band ID 3 4 5 6 7

L1B Spatial Sampling 5.5 km x 3.5 km

5.5km x 7 km

Spectral resolution
Spatial resolution
Auxiliary Information
Cloud masking

1 nm

0.09 degree (equidistant cylindrical projection and WGS84)
Wind speed information (ECMWF)

S5P NPP-VIIRS Cloud Mask
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(GCOS, 2016; TROPOMI, 2022b). The compilation of such requirements
used for TROPOMI/GRASP studies is provided in the Table 2 in terms of
“optimal” and “target” absolute uncertainties of surface characteristics,
demonstrating the dynamic performance of surface products.

4. GRASP algorithm forward modelling and numerical inversion
approaches for SSP/TROPOMI measurements

4.1. GRASP forward model approaches for S5P/TROPOMI retrieval

4.1.1. Aerosol model

GRASP approaches for modelling aerosol optical properties are very
flexible and can be chosen depending on the information content of the
measurements: it may be based on “full microphysical” aerosol char-
acterization or simplified but still efficient “aerosol models” approach
(Dubovik and King, 2000; Dubovik et al., 2011, 2021b; Chen et al.,
2020, 2022b; Lopatin et al., 2021).

GRASP “full microphysical approach with 5 lognormal bins for the
Size Distribution description was successfully used for processing data of
the POLDER-1, —2 and POLDER-3/PARASOL instruments providing
multi-angular polarimetric measurements in VIS and NIR spectral ranges
(Dubovik et al., 2011, 2021b; Chen et al., 2020).

The rather simplified GRASP “models” approach was demonstrated
to be efficient for data interpretation both from the instruments with
extensive multi-angular and polarimetric capabilities (POLDER-1, —2
and POLDER-3/PARASOL instruments) and from the instruments with
limited information content (Envisat/MERIS, Sentinel-3/0LCI) (Chen
et al., 2020; Lopatin et al., 2021; Dubovik et al., 2021b; Chen et al.,
2022b).

Both aerosol “full microphysical” and “models” approaches were
extensively tested on SS5P/TROPOMI measurements. The retrievals of
aerosol properties using both approaches with adequate constraints on
the aerosol parameters showed good performance, based on the com-
parisons with AERONET. GRASP “models” approach demonstrated
slightly better performance in terms of the required processing time and
stability in possible presence of cloud contamination or gaps in the ob-
servations due to cloudy conditions. Therefore, this approach was
selected as a baseline for global processing of SSP/TROPOMI observa-
tions (TROPOMI ATBD of GRASP AOD + BRDF, 2022).

The total single scattering characteristics of aerosol in the “models”
approach are represented as the linear combinations of the scattering
characteristics of the preselected aerosol components i.e. assuming
external mixture of different aerosol models. Namely, the total aerosol
extinction and scattering optical depths (%, 7%"), phase matrix (P*")
and single scattering albedo (SSA, ®®") can be obtained as following:

Mg
() = ¢l ckCha(4) (1a)
k=1
L3 aer ﬂ)
() = C(O) ¢ Ck y) , 0% (1) = Tsc ( 1b
S =a"D all), o) =l (1b)

5 el ()0kPe(4,9)

aer aer __ k=1 o
" ()P (),9) = (1)

3

k; ckCle(xr(lL

In Egs. (1a)-(1c) index k denotes certain aerosol component in
GRASP “models” approach. Four different aerosol components were
used to process SSP/TROPOMI measurements (n; = 4): 1) the fine
absorbing one (k = 1) representing climatological biomass burning
aerosol model; 2) the fine slightly absorbing (k = 2) model corre-
sponding to climatological sulphate aerosols with introduced minor
absorption; 3) the coarse component representing mainly maritime
aerosol type (k = 3) and 4) the coarse component for dust aerosol rep-
resentation (k = 4). CX,(1) and CX (1) in Eqgs. (1)~(3) are the extinction
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and scattering cross sections per unit particle volume (with dimension
[C’;xt /Sc] = pm™") for each aerosol component and Py (4,9) is their phase
matrix. In GRASP “models” approach both cross sections C’e‘x[/sc (4) and
phase matrices Px(4,9) of aerosol are precalculated for each selected
S5P/TROPOMI spectral band (at central wavelength 4, see Table 1) with
size distribution parameters, spectral complex refractive indices, and
non-sphericity parameters corresponding to each aerosol component k
(Lopatin et al., 2021). Therefore, only five spectrally independent
aerosol parameters are retrieved by GRASP from S5P/TROPOMI mea-
surements: the total column volume concentration ¢ ([¢{” | = um) and

four relative fractions for each aerosol component ¢, (3 ¢k = 1) (Egs.
k

(1)-(3)). These retrieved parameters allow calculating the total optical
properties of atmospheric aerosol at any spectral band using precalcu-
lated cross sections and phase matrices (C’;x[ Jsc (1) and Px(4, 9)) (Egs. (1a)-
(1e)).

Due to limited information content of passive remote sensing in-
struments to the detailed atmosphere vertical structure, the micro-
physical aerosol properties (and as a result total optical properties) in
TROPOMI/GRASP approach are considered to be the same at different
vertical levels and only the total concentration c,(z) is changed verti-
cally, approximated by exponential probability density function f)(z):

K (3,) = Gy(2)CE5 (1), ¢ (2) = COf(2), ki (2,2) = 129 (),  (2a)
1 4
50 = e (). (2b)
Zmax
e () dz = 1. 20

Zmin

ki (z) is aerosol extinction profile, Z,, and Z,,, are bottom (ground
level) and top of atmosphere vertical levels. Z is normalization
height, which is equal to aerosol characteristic height zg.- (Z3 =~ = Zgr)
for the case when Z,,;, <2 and Z,o>>Zger-

Neglecting gas absorption in atmosphere, the total phase matrix P as
well as extinction and scattering coefficients (k.. and ks:) at each ver-
tical level z of atmosphere can be represented as combination of aerosol

and Rayleigh optical characteristics:
kew (2, 2) = kigg (2, 2) + kg (2.2). (3a)

@ ()P (A, )k (2, 4) + PR (2, 9)kR (2, 1)

ke (2, 1) + KR, (2, ) G0

(2,4)P(2,4,9) =

where P® and kR ,(z, 1) are Rayleigh scattering matrix and extinction
coefficient. The later can be well described by exponential vertical
probability density function with characteristic height zz:

ke (2) = Toufper (2): (4a)
6 = oo (-Z) (4b)
pdf & Xp )

Zmax

/ Fry(2)dz = 1. (4¢0)
Zpin

Eq.(3b) shows that even assuming vertically independent aerosol
optical properties (Eq.(1a)-(1c)) the total phase matrix and SSA are still
vertically dependent at the wavelengths where the contribution of
Rayleigh scattering is considerable. Since Rayleigh vertical profile (Egs.
(4a)-(4c)) is well-known globally and, usually, is very different from
aerosol one (2g # Zqer, Eqs.(2a)-(2¢), 4(a)-4(c)), the spectral dependence
of the atmospheric vertical scattering profile (Eq.(3b)) can provide some
sensitivity to the aerosol vertical profile. Having been performed in the
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range from UV (with strong Rayleigh scattering contribution) to NIR and
SWIR (negligible Rayleigh scattering), the TROPOMI/GRASP retrieval
can be affected by the vertical aerosol profile. Therefore, together with
the total column volume concentration c¢{” and four relative fractions for
each aerosol component c, the aerosol characteristic height 2, of the
exponential vertical profile is also retrieved in the TROPOMI/GRASP
approach. Despite its potential value, the accuracy of such aerosol height
characterization from the TROPOMI/GRASP UV, VIS, NIR and SWIR
retrievals still requires detailed analysis and validation, and it is not
considered in this paper.

4.1.2. Surface BRDF model

The multiple scattering in atmosphere as well as surface atmosphere
coupling may result in essential manifestation of the polarized scattered
light even in radiance only measurements. The effect can be noticeable
when the contribution of Rayleigh and aerosol scattering with high
degree of polarization is essential in the multiple scattering. Therefore,
Vector Radiative Transfer (VRT) code was used in TROPOMI/ GRASP
processing, where surface reflection is described by the surface Bidi-
rectional Reflection Matrix (BRM) whose element R11 is directedly
related with Bidirectional Reflectance Distribution Function (BRDF).

4.1.2.1. BRM model over land. Over land, GRASP has a wide variety of
surface reflection models: semi-empirical Rahman-Pinty—Verstraete
(RPV) model, kernel-driven counterparts (Ross-Li and Ross—Roujean
models (Ross, 1981; Li and Strahler, 1992; Wanner et al., 1995)) their
modifications or more physically-based models (Maignan et al., 2009;
Litvinov et al., 2011a, 2011b).

An extensive comparison of different land BRDF models showed their
good abilities to describe adequately airborne and satellite measure-
ments (Maignan et al., 2004; Litvinov et al., 2011a, 2011b). For TRO-
POMI/GRASP processing over land, the Ross-Li sparse model (Ross,
1981; Li and Strahler, 1992) was used as land BRDF model with addi-
tional hot spot effect correction (Maignan et al., 2004) and the con-
straints on BRDF model parameters spectral variability as described in
(Litvinov et al., 2011a, 2011b). Despite the fact that the other models
were performing comparably well, the modified Ross-Li model was
specifically selected for this study due to the following reasons: (i) the
model can be represented as a linear combination of the kernels,
resulting in a linear dependence of the surface reflectance on the
retrieved BRDF parameters; (ii) the calculations of the surface reflec-
tance with the Ross-Li BRDF model are fast; (iii) the model is well-known
and widely used, which simplifies the intercomparison with other
available surface products from different satellites (Schaaf et al., 2002;
Wang et al., 2018; Lyapustin et al., 2018).

Over land the total surface reflectance matrix (Ri‘l’l’:d) in TROPOMI/
GRASP processing is modelled as the following:

Rland —

sur

)

cocooX™
cococo
cococo

0
0
0
0

R; = n e« BRDF (6)

Here R; is the total surface reflectance related to Bidirectional
Reflectance Distribution Function (BRDF).

Although TROPOMI/GRASP processing is based on VRT, the ele-
ments of the reflectance matrix describing land surface polarization are
not considered in Eq. (5). First of all, this is due to the fact that the
degree of polarization for land surfaces is usually rather modest and, as a
result, the effect of surface polarized components on the top of atmo-
sphere total reflectance (which is due to atmosphere-surface coupling) is
negligible for the majority of land surface types. Second, most of the
widely used models for surface total and polarized reflectance descrip-
tion are semi-empirical, with parameters that are not related to each

Remote Sensing of Environment 313 (2024) 114355

other (Ross, 1981; Li and Strahler, 1992; Maignan et al., 2009; Litvinov
et al., 2011a, 2011b). Therefore, introducing Bidirectional Polarization
Distribution Function (BPDF) into the total surface BRM (Eq. (5)) would
increase the number of retrieved parameters, resulting in additional
uncertainties of the retrieval when radiance-only measurements are
available. In general, full surface BRM with non-zero polarization ele-
ments in Eq. (5) is crucial only for polarimetric measurements, for
example, from POLDER/PARASOL or future space-borne polarimeters
(e.g., 3MI, CO2M MAP, etc. Dubovik et al., 2019).

Ross-Li BRDF used to simulate the surface reflectance in the TRO-
POMI/GRASP processing can be presented as the linear combination of
three kernels ajs, fyo, and feeom representing isotropic, volumetric, and
geometric optics surface scattering, respectively (Roujean et al., 1992; Li
and Strahler, 1992; Wanner et al., 1995). To account for essential
increasing in land surface reflectance near backscattering direction, the
“hot spot” effect correction was used (Maignan et al., 2009). Moreover,
based on the studies performed in (Litvinov et al., 2010, 2011a, 2011b)
this model is presented in the renormalized form as following:

RI = e BRDF = QAjso (/1) (1 + avoLfvol(1907 191/\, A[ﬂ) + ageomf;;eom ('90-, va A‘/’) ) )

7
. (w/2 —y)cosy +siny =
fvol('907 19v7Afﬂ) *fHotSp(y) 605190 T COSSV 4 (8)
1
Suorsp(v) =1+ =15. ©)

-
(I+7-7/a"°

where 9, 9, are solar and viewing zenith angles, A is the difference
of viewing and solar azimuth angles, y is the scattering angle. The fgeom
kernel in Eq. (7) is the same as in original paper by Li and Strahler
(1992). It can be also found in number of other papers (Maignan et al.,
2004; Litvinov et al., 2011a, 2011b) and is not described here in details.

On the basis of analysis of Research Scanning Polarimeter (RSP)
polarimetric measurements over soil and vegetated surfaces in VIS and
SWIR range, it was shown that for the same surface type BRDF angular
shape can be considered approximately spectrally invariant in the wide
range of illumination and scattering geometries (Litvinov et al. (2010,
2011a and 2011b)). This spectral invariance of the BRDF angular shape
is related to the weaker spectral variability of the second (a,;) and third
(ageom) BRDF parameters in comparison to the first one a;, (1) when Ross-
Li model is renormalized like in Eq. (7).

The spectral invariance of BRDF angular shape for the same surface
type (i.e. the linear spectral dependence of BRDF (Eq.(7)) was extrapo-
lated also to UV and deep blue channels in the TROPOMI/GRASP pro-
cessing. Such assumption reduces the number of retrieved parameters,
which is crucial for the retrieval of measurements with limited infor-
mation content. The studies performed in the frame of the ESA S5P + I
AOD/BRDF project demonstrated more accurate and stable results both
for aerosol and surface retrieval when the second (a,,;) and third (ageom)
BRDF parameters in Eq. (7) are considered to be spectrally independent
(TROPOMI, 2022b).

4.1.2.2. BRM model over sea/ocean. Sea/ocean reflection description in
TROPOMI/GRASP processing incorporates different approaches ac-
counting for surface reflection and scattering. In particular, the specular
Fresnel reflection from rough Gaussian surfaces is described with the
Cox and Munk model (Cox and Munk, 1954), taking into account the
shadowing effect (Tsang et al., 1985; Mischenko and Travis, 1997). The
water leaving reflectance as well as foam/whitecaps reflectance were
assumed isotropic (Voss et al., 1996) and modelled in Lambertian
approximation. The relations between whitecaps/foam fraction and
wind speed are defined by the empirical formula by Monahan and
O’Muircheartaigh (1980). The spectral dependence of foam is accounted
with the model described in (Frouin et al., 1996; Frouin and Pelletier,
2015).
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In general, the reflection matrix over water surfaces (R%e") is rep-
resented as follows:
RYY" = Spefihad (90, Ov)Reoxmt (90, v, Ap;m, 6%) + 1o (4), (10)
RFr(m7 '90719V7A¢7y) 1 7/’{2
Reou = exp( —= o 11
CoxM 214202 u2202 )’ an
_cosdp + cosYy
" Imymof
Ny = (sindocosgpy; sindosing,; cosdy),
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1
Fohad(80, 9v) (12)
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1 = cosd,
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206 = 0.003 +0.00512W, (16)
rnc(d) = rifcexp( — 175106 — 0.6)°% ), riie, = 0.22. a”n

Here Reouy is the well-known reflection matrix of the Cox and Munk
model, where Ry, is Fresnel reflection matrix from water surface facets
with refractive index m (Tsang et al., 1985; Mischenko and Travis,
1997), finaa is the shadowing function for Gaussian random rough sur-
face, W is the wind speed at the surface level (Tsang et al., 1985; Mis-
chenko and Travis, 1997), and Swnc is the fraction of surface covered by
whitecaps/foam (Monahan and O’Muircheartaigh, 1980). ¢,, ¢, are
solar and viewing azimuth angles (Agp=¢, — ¢,). The non-Fresnel part of
the surface reflectance (ro(4) in Eq. (10)) takes into account scattering by
whitecaps (rwnc(4)) and in water body (r,,(1)) (Eq. (14)). The spectral
dependence of the reflectance from the surface covered by white-
caps/foam (rwnc(1)) is described by Eq. (17) according to Frouin et al.
(1996).

In the TROPOMI/GRASP processing wind speed information (W in
Egs. (15) and (16)) is taken from the SS5P/TROPOMI L2 dataset (see
Section 2) and the spectral water body reflectance r, (1) is the only
retrieved parameter of the ocean model, whose variability is essentially
constrained by applying GRASP single and multi-pixel constraints (Ap-
pendix 1).

4.2. Auxiliary information in TROPOMI/GRASP retrieval

Proper definition of a priori constraints is a crucial aspect in the
development of efficient retrieval algorithm for any satellite measure-
ments, suffering from the lack of information content. Similarly, suitable
initiation of the initial guess often helps to optimize the satellite re-
trievals. Therefore, in order to identify the optimal GRASP approach,
first, a series of numerical tests were conducted on a rather extensive but
limited dataset of SSP/TROPOMI measurements.

The aerosol model used for the TROPOMI/GRASP retrieval is already
constrained essentially by the number of the retrieval parameters (there
are only five spectrally independent aerosol parameters as discussed in
Section 4.1.1). One of the biggest uncertainties in aerosol and surface
characterization is related to the accurate separation of aerosol and
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surface signals. In general, surface BRDF models used in the TROPOMI/
GRASP retrieval both over land and ocean contain twelve retrieval pa-
rameters (ten of them are spectrally dependent and two are independent
of wavelength as described in Section 4.1.2). Therefore, for ordinary
single pixel retrieval a priori information about surface parameters is
necessary to constrain the solution of the inverse problem. Among well-
known approaches, such a priori information may be based on an
external surface database, when the variability of the surface BRDF
parameters is constrained either directly by a priori values from clima-
tology or by using a priori known spectral ratios of BRDF (Strahler et al.,
1999; Vermote and Kotchenova, 2008).

The effects of different surface reflectance a priori constraints and
initial guess definition on the TROPOMI/GRASP retrieval were evalu-
ated for the following cases: (i) full BRDF retrieval when all model pa-
rameters are retrieved; (ii) KNMI DLER TROPOMI climatology (Tilstra
etal., 2017, 2021, 2024) is used as initial guess for first BRDF parameter;
(iii) POLDER/GRASP BRDF climatology as a priori estimates for the 2nd
(volumetric) and 3rd (geometric) BRDF parameters is applied; (iv)
ECMWF wind speed at surface boundary level is used as a priori esti-
mates for the GRASP ocean model (Section 4.1.2.2).

After a series of tests ((i) - (iii)) with TROPOMI data over land, it was
found that the usage of direct a priori estimates for surface BRDF pa-
rameters is not crucial, and stable retrieval of aerosol properties can be
obtained using proper “single-pixel” and “multi-pixel” smoothness
constrains (Table A1) in the GRASP algorithm (Fig. 1).

Sea/ocean BRDF parameters (6x- and o2 in Egs. (14)—(16)) depend on
the wind speed. The wind speed can change very fast during a day as
well as from day to day resulting in essential variability of sea/ocean
BRDF parameters. Therefore, applying multi-pixel constraints over sea/
ocean may not be as efficient as over land to separate aerosol and ocean
signals, especially close to the glint direction where water surfaces
become very bright. This logical conclusion was confirmed by TRO-
POMI/GRASP retrieval tests performed without and with wind infor-
mation (test (i) and (iv)). In particular, it was found that over water
surfaces, constraints of the second and the third water BRDF parameters
(r and 6%) by a priori estimates using wind speed may be very
important for aerosol retrievals, especially near in the vicinity of glint
direction (Fig. 2).

The test results on sensitivity to various a priori constraints over land
performed for S5/TROPOMI show crucial differences in comparison to
the results for the S3/0LCI instrument obtained with the GRASP algo-
rithm. In particular, the utilization a priori estimates for BRDF param-
eters over land were found to be crucial for the OLCI/GRASP retrieval
(Chen et al., 2022b) whereas the TROPOMI/GRASP retrieval is very
stable, independently of the initial guess (Fig. 1). These differences in
the land surface retrieval setup can be explained by the higher infor-
mation content of SSP/TROPOMI measurements in comparison to S3/
OLCL: (a) much wider spectral coverage of SSP/TROPOMI instrument
(UV, VIS, NIR and SWIR TROPOMI measurements vs VIS and NIR OLCI
measurements) and (b) wider swath provided by S5P/TROPOMI in-
strument in comparison to S3/0OLCI (~2600 km (TROPOMI) vs ~1270
km (OLCI)). This results in better temporal, angular and spectral sam-
pling of day-to-day measurements which are used in the GRASP multi-
temporal retrieval.

The observed good performance of the TROPOMI/GRASP retrieval
over land without any a priori estimates for the retrieved surface pa-
rameters allows for the generating an independent high-quality aerosol
and surface products from UV to SWIR. In particular, full TROPOMI/
GRASP retrieval conducted for 3 BRDF parameters is completely inde-
pendent of any existent surface satellites products and associated to
them uncertainties.

5. TROPOMI/GRASP extended properties retrieval

The GRASP S5P/TROPOMI product contains direct retrieved
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Fig. 1. TROPOMI/GRASP retrieval of aerosol properties over land vs AERONET. Left panel: the retrieval without using a priori estimates constraints (test (i)). Middle
panel: initial guess from KNMI DLER TROPOMI climatology is used (test (ii)). Right panel the results obtained when a,,; and dg,m BRDF parameters are constrained

by the a priori estimates from POLDER/GRASP BRDF climatology (test (iii)).
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Fig. 2. TROPOMI/GRASP retrieval of aerosol properties over sea/ocean vs AERONET. Left panel: the retrieval without constraints by a priori estimates. Right panel
the results obtained when 2 BRDF parameters are constrained by a priori estimates of the wind speed (Section 4.1.2.2) and the model for foam fraction (Frouin

et al., 1996).

parameters (see section 4.1.1 and 4.1.2) as well as derived aerosol and
surface properties (TROPOMI, 2022a).

One of the main aerosol optical product derived from satellite mea-
surements and widely used for environment studies is the spectral AOD
(noted as 7% in Eq. (1a)), which represents the column amounts of
aerosols in the atmosphere. Despite a big progress achieved in AOD
retrieval from different polar orbiting and geostationary satellites (Choi
et al., 2016; Govaerts et al., 2010; Hsu et al., 2013, 2019; Kikuchi et al.,
2018; de Leeuw et al., 2015; Levy et al., 2013; Lyapustin et al., 2018;
Sayer et al., 2018a; Thieuleux et al., 2005; Torres et al., 2007), satellite
AOD characterization in general and over bright surfaces in particular
should be essentially improved for the most of the algorithms to meet
the climate study requirements (Table 2, GCOS, 2016).

The TROPOMI/GRASP product provides spectral AOD at 10 wave-
lengths from UV to SWIR (Table 1). Together with AOD, several more
detailed aerosol characteristics such as spectral fine mode AOD (AODF)
(the coarse mode AOD (AODC) can be obtained as AODC = AOD -
AODF), AE, spectral SSA, Absorbing AOD (AAOD) are also presented in
the product (the particle radius cutoff is defined at 0.6 pm to obtain
AODF and AODC. These detailed aerosol characteristics are related to
aerosol particle size and absorption, which are key parameters for the
climate and air quality studies.

Angstrom Exponent (AE or a) represents the spectral dependence of
AQD at selected wavelengths.

AOD()
In (AOD(A;) )

AE directly depends on the microphysical properties of aerosol such
as the size distribution and the spectrally dependent complex refractive
index. Since for the atmospheric aerosol the spectral dependence of the
complex refractive index is smooth in the UV, VIS and NIR spectral
range, it has minor effect on AE in comparison to the size. Therefore, AE
is very often used as an indicator of domination of small or coarse par-
ticles in the observed aerosol particle mixture. For example, high values
of AE (AE > ~1.3) correspond to domination of small aerosol particles
(with radius below ~0.5 pm) showing strong decreasing of particles
extinction cross section (and as a result, decreasing of AOD) with
increasing of the wavelength (for example, from VIS and NIR spectral
range). Small values of AE (for example, AE < ~0.5) correspond to
aerosol mixture dominated by big particles (with radius above ~1.0 pm)
with weak spectral AOD dependence. Intermediate AE values (~0.5 <
AE < ~1.3) are usually associated to moderate size or mixture of small
and big particles. At present time, AE characterization from satellite
measurements requires essential improvement.

Single Scattering Albedo (SSA) (Eq. (1b)) values at different spectral
channels strongly depend on the complex refractive index (the real and
imaginary parts) and size of the particles. SSA cannot be directly
measured from remote sensing measurements but can be retrieved from

a= as)
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them. It is one of the most challenging parameters to retrieve from
remote sensing. AERONET retrieves SSA by fitting the ground-based
direct sun AOD measurements and “almucantar” radiance measure-
ments with radiative transfer modelling (Dubovik and King, 2000). It
was pointed out that reliable SSA values from AERONET can be obtained
for high AOD events (with AOD (440) values higher than ~0.4) while for
lower AOD cases the accuracy of SSA retrieval significantly decreases
(Dubovik et al., 2000). The retrieval of SSA parameter from a space-
borne instrument is even more challenging problem related to
different instrumental, physical and technical issues. Being one of the
most crucial parameters for climate studies and air quality control,
global SSA retrieval from most of the space-borne measurements is not
satisfactory yet and requires essential improvement.

From AOD and SSA such aerosol characteristics as Absorption AOD
(AAOD) is calculated and presented in the TROPOMI/GRASP product:

AAOD(7) = (1 — SSA(4) )*AOD() (19)

AAOD describes the absorption part contained in total AOD and is
essential additional optical parameter for aerosol absorption
characterization.

An example of AOD, AE, fine mode AOD (AODF), and SSA from
TROPOMI/GRASP retrieval is presented in Fig. 3.

As it was discussed above, the spectral dependence of AOD, repre-
sented by AE, provides essential information about aerosol size. On
another hand, the wavelength dependence of SSA provides valuable
information about the absorption properties together with size. In
particular, for non-absorbing or slightly absorbing particles (when the
imaginary part of the complex refractive is O or very small in different
spectral channels) SSA is close to 1 at any wavelengths independently of
the size of particles. For absorbing ones SSA shows essential spectral
dependence defined both by the particles size and by the spectral
dependence of particles complex refractive index. We characterize the
retrieved spectral dependence of the SSA from TROPOMI/GRASP
product by taken the SSA difference at two wavelengths:

ASSA(M, M) = SSA(41) — SSA(Ay) (20)

Though there are other possibilities to define SSA spectral depen-
dence (for example, using Angstrom Exponent formula (Eq.(18)) defined
for SSA in the same way as for AOD), the difference in Eq.(20) removes
the possible wavelengths independent systematic bias in the SSA
retrieval. Moreover, the uncertainties of ASSA are very easy to analyze
and compare relatively expected uncertainties of the absolute values of
SSA.

Fig. 4 shows two-dimensional (2D) Probability Density Function
(PDF) in the space of AE and ASSA characteristics, derived from AER-
ONET stations and collocated TROPOMI/GRASP pixels. Here colors
from blue to red indicate increasing probability to find certain AE and
ASSA values together in the certain 2D box. In both AERONET and
TROPOMI/GRASP cases, one can clearly observe the correlation be-
tween AE and ASSA characteristics, which is explained by the depen-
dence of both characteristics on the aerosol size. In general, ASSA(4;, 42)
defined at one or few pairs of wavelengths, extends essentially the
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possibility of global aerosol characterization regarding their size and
absorption properties. In particular, the majority of cases with AE
(440-670) < ~0.7 (big aerosol particles) correspond to the cases with
ASSA (440-670) < O (or, in other words, with SSA (440) < SSA (670))
(Fig.4), which is typical dependence for big particles of dust aerosol. At
the same time, an essential number of pixels with AE (440-670) > ~1.5
show ASSA (440-670) > 0 with SSA (440) > SSA (670) which is typical
for absorbing small particles (for example, biomass burning aerosol)
with neutral or moderate spectral dependence of the complex refractive
index at these two channels. Overall, the PDF from AERONET demon-
strates a bigger dispersion than the one from TROPOMI/GRASP (Fig. 4).
This is because the aerosol model in AERONET retrieval is less con-
strained than the “models” approach used in TROPOMI/GRASP
retrieval, resulting in a bigger flexibility to different aerosol species
characterization. Nevertheless, as it will be shown in the next sections,
ASSA derived from TROPOMI/GRASP describes correctly the SSA
spectral dependence for the majority of cases matched-up with
AERONET.

As it was noted in Section 4.1.2.1, over land, full surface reflectance
in the TROPOMI/GRASP processing is described by the Ross-Li BRDF
model. Therefore, the surface parameters in TROPOMI/GRASP product
are represented by isotropic spectrally dependent scaling parameters
ajso(4) as well as by spectrally independent “volumetric” a,,; and “geo-
metric” dgom parameters, describing angular shape of the surface
reflectance. They are related to the BRDF parameters (agf,ig(/l), a’e

vol ?
agffm) of the Ross-Li model in original representation (Li and Strahler,
1992; Wanner et al., 1995) as follows:

afsr;g(l) = aixo(i)v at:ig(/l) = avola'uo(/l)y agsfmu-) = ageomaiso(i) (21)

Using the retrieved BRDF parameters over land and sea/ocean such
characteristics as NDVI (Normalized Difference Vegetation Index),
spectral DHR (Directional Hemispherical Reflectance (or Black Sky Al-
bedo) and spectral BHR_ISO (Isotropic Bi-Hemispherical Reflectance (or
White Sky Albedo) are calculated and presented in the TROPOMI/
GRASP surface product (Fig. 5).

5.1. TROPOMI/GRASP acerosol product accuracy evaluation

To assess the product performance with different quality flags
TROPOMI/GRASP aerosol product was validated using ground-based
AERONET dataset (Holben et al., 1998; Dubovik and King, 2000;
O’Neill et al., 2003; Giles et al., 2019). The details about the TROPOMI/
GRASP product quality flag specification (Quality Assurance (QA) and
Extended Quality Assurance (QAExtend)) can be found in Appendix 2.
We follow the same matchup strategy as Chen et al., 2020 and validate
one year of the TROPOMI/GRASP product (from March 2019 till
February 2020). The performance was evaluated for different QA and
QAExtend indices.

Figs. 6 and 7 show the validation of AOD (550 nm) against AERONET
over land and ocean, respectively. Some outliers are observed for QA>1
over land which are, probably, associated with cloud contaminated

Fig. 3. Example of TROPOMI/GRASP products (April 2019) of optical aerosol characteristics at 550 nm.
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Fig. 4. 2D PDF (ASSA vs AE) plots from AERONET (left) and TROPOMI/GRASP (right).

Fig. 5. Example of the TROPOMI/GRASP surface product (April 2019): BRDF1, BRDF2 and BRDF3 correspond to “isotropic” (ais(4)), “volumetric” (a,,) and
“geometric” (agom) BRDF parameters, respectively. NDVI, DHR and BHR_iso correspond to Normalized Difference Vegetation Index, Directional Hemispherical
Reflectance (Black Sky Albedo) and isotropic Bi-Hemispherical Reflectance (White Sky albedo).

pixels, and most of them can be screened out if QA>2 filter is applied.
Even though the validation metric for QA = 3 (R = 0.885 (Pearson
correlation coefficient), RMSE = 0.078 (Root Mean Square Errors),
GCOS = 56.9% (fulfilment of the “optimal” GCOS-based requirements
(Table 2)), BIAS = 0.01 (average bias)) outperforms the one for QA>2
(R = 0.833, RMSE = 0.109, GCOS = 48.4%, BIAS = 0.03), both QA>2
and QA = 3 show good agreement with AERONET over land. Over
ocean, all 3 categories (QA>1, QA>2 and QA = 3) show consistent

performance with R ~ 0.87, RMSE ~0.05. In general, for most of the
applications quality assurance index QA>2 over land and QA>1 over
sea/ocean should be sufficient to select good quality AOD retrieval re-
sults. In the case if the best AOD performance is required, we recom-
mend selecting pixels with QA = 3 over land and QA>2 over ocean.
Table 3 summarizes the TROPOMI/GRASP AODF (550 nm) and
AODC (550 nm) validation metrics with AERONET SDA products
(O’Neill et al., 2003) over land and ocean for QA>1, QA>2 and QA = 3.
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Fig. 6. Validation of TROPOMI/GRASP AOD 550 nm over land with AERONET for an entire year (March 2019 to February 2020) from left to right: QA>1, QA>2
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Fig. 7. The same as Fig. 6, but for AOD (550 nm) over ocean.
Table 3
Summary of TROPOMI/GRASP AODF (550 nm) and AODC (550 nm) validation metrics with AERONET SDA products over land and ocean for QA>1, QA>2 and QA>3
Parameters Land/Ocean QA R Slope Intercept RMSE BIAS Target (%) GCOS (%)
AODF (550 nm) Land >1 0.664 0.689 0.075 0.132 0.04 56.2 48.3
>2 0.835 0.732 0.044 0.080 0.02 60.1 68.2
>3 0.851 0.763 0.028 0.062 0.01 75.7 67.5
Ocean >1 0.748 0.776 0.037 0.061 0.02 75.2 68.7
>2 0.816 0.929 0.016 0.040 0.01 84.9 80.1
>3 0.775 0.885 0.018 0.041 0.01 84.6 78.8
AODC (550 nm) Land >1 0.378 0.669 0.056 0.130 0.04 68.4 63.1
>2 0.627 0.711 0.025 0.062 0.01 79.9 74.9
>3 0.713 0.665 0.014 0.045 0.00 88.0 84.1
Ocean >1 0.758 0.450 0.028 0.047 0.00 88.0 83.5
>2 0.813 0.441 0.023 0.036 0.00 93.4 90.6
>3 0.767 0.459 0.020 0.027 0.00 96.1 93.6

Similar to total AOD over land, QA>1 products contain some clear
outliers both for AODF and AODC resulting in bias around 0.04, and
3 show stable results. Over sea/ocean, QA>1

both QA>2 and QA =

performs reasonably for both AODF and AODC.

As described in Appendix 2, for extended aerosol characteristics such

as AE and SSA, and the relative fractions for each aerosol component ci
(Egs. (1)-(4)) the quality flag for extended parameters (QAExtend) is
used. Figs. 8 and 9 show validation results over land and ocean,

respectively, for the TROPOMI/GRASP AE defined at two spectral bands
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412 nm and 670 nm for the different values of extended quality
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Fig. 9. The same as Fig. 8, but for AE (412/670) over ocean.

assurance index (QAExtend>1, QAExtend>2 and QAExtend>3).

Over land, the QAExtend>1 and QAExtend>2 show similar valida-
tion results with slight improvement for correlation coefficient (R) and
Root Mean Square Error (RMSE) for QAExtend>2. For validation pur-
poses of AE, we recommend selecting the pixels with QAExtend>3
where the RMSE is around 0.42 and the fulfilment of AE Target
requirement (+0.5, Table 2) is around 76%. For such pixels AE param-
eter clearly allows distinguishing between small, moderate, and large
aerosol particles as demonstrated in Fig. 8 (QAExtend>3) with three
aerosol AE clusters: AE > 1.3 (small particles), 0.5 < AE < 1.3 (moderate
size particles) and AE < 0.5 (large particles), respectively. AE for pixels
over land with QAExtend>2 can be rather used for qualitative analysis,
allowing to distinguish small and large aerosol particles in most cases.

Over ocean, due to the filtering for aerosol loading (AOD (670) >
0.2), only 62 matchups with AERONET are found for pixels with
QAExtend>3 (Fig. 9). Nevertheless, the pixels with QAExtend>1 and
QAExtend>2 over sea/ocean show reasonable statistics with high per-
centage of fulfilment of “optimal” and “target” requirements for AE.
Therefore, to keep balance between the number of available pixels and
quality of the retrieval, over sea/ocean we recommend using the pixels
with values QAExtend>1 or QAExtend>2 for AE.
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The performance of AE is strongly defined by correct retrieval of the
aerosol component relative fractions ¢y (Eq. (1)). Therefore, the
recommendation for AE provided above can be applied also for selection
of the pixels with meaningful relative fractions of aerosol components
Ck.

Observed underestimation of particle size (overestimation of AE in
Figs. 8 and 9) is similar to the POLDER and OLCI results for AE (Chen
et al., 2020, 2022b), obtained also with GRASP “aerosol models”
approach, described in Section 4.1.1. Potentially, the size character-
ization can be improved by further elaborating the “aerosol models”
approach specifically for treatment of the coarse aerosol particles.

Fig. 10 shows the validation of TROPOMI/GRASP SSA at 550 nm
with AERONET for different QAExtend flags. Because the AERONET
Level 2 inversion products are provided only for AOD (440 nm) > 0.4
cases to ensure high accuracy SSA retrievals (Dubovik et al., 2000;
Sinyuk et al., 2020), the number of matchups is very small over ocean.
Therefore, the land and ocean matchups are combined in Fig. 10. In
addition, the TROPOMI/GRASP product does not provide information at
mid-visible 550 nm and we interpolate AOD and AAOD to 550 nm using
AE and AAE from 440 nm to 670 nm and then derive SSA at 550 nm.
Overall, a good agreement is observed between TROPOMI/GRASP and
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Fig. 10. The same as Fig. 8, but for SSA (550 nm) over land and ocean.

AERONET SSA with RMSE around 0.03 and >74% pixels satisfy the SSA
“Optimal” requirement (+0.03) for all QAExtend indices.

Fig. 11 presents the validation of ASSA taken at 440 and 670 nm
from the TROPOMI/GRASP SSA product versus the one calculated from
AERONET SSA for the same pair of the wavelengths.

Being compared with AERONET, ASSA from TROPOMI/GRASP
shows correct spectral dependence for most of the matched-up cases. In
particular, for >75% cases both products show either increasing of SSA
from blue to red spectral channel (ASSA (440-670) < 0) or its
decreasing (ASSA (440-670) > 0) (Fig. 11). The performance of ASSA
looks stable for different extended quality index values: (i) 75.8% of
correct cases for spectral SSA dependence when QAExtend>1 and
78.7% correct spectral dependencies cases for QAExtend>3; (ii) the
statistic characteristics (correlation coefficient (R), RMSE, slope of linear
fit etc.) are very much comparable for different values of extended
quality index (Fig. 11). Taking into account that the number of available
pixels for analysis increase dramatically for lowest value of extended
quality index (1228 match-up cases for QAExtend >1 vs 358 cases for
QAExtend >3), the value QAExtend>1 is recommended to be used when
spectral dependence of SSA from TROPOMI/GRASP product is analyzed.

The correlation plots for Absorption AOD (Eq. (19)) at different
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values of quality indices (QA and QAExtend) are shown in Figs. 12 and
13.

Due to the definition of AAOD (Eq. 19), its value is always small for
small AOD. In this way the uncertainties in SSA retrieval at small AOD
have minor effect in global aerosol characterization using AAOD. This is
well seen from the comparison of the Figs. 12 and 13. Both figures
demonstrate similar statistic metrics of AAOD validation for QA and
QAExtend indices but bigger number of matched up cases with QA index
usage. Therefore, we recommend using the QA quality index to select
pixels with the reliable AAOD values.

The general recommendations on the usage of the TROPOMI/GRASP
aerosol product are summarized in Tables 4 and 5.

5.2. TROPOMI/GRASP surface product accuracy evaluation

For >20 years ground-based direct sun AOD measurements and
inversion products, AERONET are used as main validation dataset for
satellite aerosol retrieval (Holben et al., 1998). At present, no global and
robust reference dataset for surface validation exist. This makes the
validation of the surface product derived from space-borne measure-
ments much more challenging problem than that for aerosol.
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Fig. 11. ASSA(440-670). TROPOMI/GRASP versus AERONET.
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Fig. 13. The same as in Fig. 12 but for QAExtend index values.
ble 4 created surface reference dataset which is based on the synergetic
Table

Quality Assurance (QA) index for the TROPOMI/GRASP AOD products.

Aerosol product Good quality is expected ~ The best performance
Land Ocean Land Ocean

AOD(2)

AODF(1)

AODC(2) QA>2 QA>1 QA=3 QA>2

Total volume concentration c,

The surface product from the TROPOMI/GRASP retrieval was eval-
uated through the intercomparison with surface BRDF from the MODIS/
MCD43 product (Schaaf and Wang, 2015a) as well as with recently

Table 5

retrieval from combined AERONET and the S5P/TROPOMI measure-
ments. The last one was prototyped, generated, and tested in the frame
of the ESA GROSAT project (Litvinov et al., 2020; GROSAT final report:
Litvinov et al., 2022) over 30 world-wide distributed AERONET stations,
covering 1 year time period (from March 2019 to February 2020) and
containing surface BRDF and albedos for selected the SSP/TROPOMI
channels (Fig. 14).

Fig. 15 shows the validation results of the TROPOMI/GRASP albedo
(“white sky” albedo or BHR _iso) against GROSAT AERONET+TROPOMI
surface reference dataset (Litvinov et al., 2022). The validation was
performed for all SSP/TROPOMI pixels within 30 km x 30 km area
around 30 AERONET stations and for all spectral bands from Table 1.

Quality Assurance Indices (QAExtended and QA) for the TROPOMI/GRASP extended aerosol properties.

Aerosol product Good quality is expected

The best performance

Land Ocean Land Ocean
AE QAExtended > 2 QAExtended> 1 QAExtended =3 QAExtended>2
Aerosol component relative fraction ci
SSA(2) QAExtended > 1 QAExtended > 1 QAExtended > 1 QAExtended > 1
ASSA(A1,12)
AAOD() QA >2 QA >1 QA=3 QA >2

13
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Fig. 14. Global distribution of 30 AERONET stations from GROSAT project used for the TROPOMI/GRASP surface product validation.
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Fig. 15. Validation of TROPOMI/GRASP spectral BHR_ISO versus surface
reference generated from AERONET + TROPOMI synergetic retrieval.

Overall, a good agreement is observed, for example, the correlation
coefficient (R) is 0.96, bias is around —0.008, RMSE is around 0.024, and
67.2% pixels satisfy surface “Target” requirement (+0.02) formulated in
Table 2. Spectrally, the RMSE is generally smaller than 0.02 at VIS
channels, and slightly increases to 0.022-0.027 at UV, 0.03-0.035 at
NIR and 0.022 at SWIR, which indicates the retrieval uncertainty at this
level (Table 6).

Fig. 16 shows pixel-to-pixel intercomparison of MODIS/MCD43
monthly white sky albedo (Schaaf and Wang, 2015b) with TROPOMI/
GRASP BHR ISO at 670 nm for an entire year (March 2019 to February
2020) with different QA flags. More detailed global intercomparisons
can be found in Part 2 of the paper (Chen et al., 2023). Overall, good
agreement can be seen for all QA index values with RMSE 0.015-0.035.

Table 7 summarizes TROPOMI/GRASP surface product quality
evaluation.
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Table 6
Summary of statistical metrics for validation the SSP/TROPOMI GRASP spectral
BHR_ISO versus GROSAT surface reference dataset for TROPOMI.

Wavelength RMSE  BIAS (GRASP - Target Optimal
(nm) GROSAT) (%) (%)
340 0.027  —0.009 58.8 31.8
367 0.024  -0.010 65.1 36.7
380 0.022  —0.008 68.1 38.8
416 0.019  —0.006 73.5 43.8
440 0.018  —0.006 76.2 46.0
494 0.015  —0.005 81.9 51.7
670 0.019  —0.006 75.7 49.1
747 0.031  —0.012 53.5 29.8
772 0.035  —0.013 50.1 27.6
2313 0.022  —0.009 69.4 42.5
All 0.024  —0.008 67.2 39.8

5.3. Conditions for extended aerosol/surface characterization from
single-viewing observations based on TROPOMI/GRASP studies

The evaluation results show that accurate extended aerosol and full
BRDF characterization can be derived from TROPOMI measurements
with GRASP algorithm. Previous studies based on the application of
GRASP to S3/0LCI instrument showed limited sensitivity to simulta-
neous full BRDF and aerosol characterization, and, in particular, the
reduced quality of AE, SSA etc. of the OLCI/ GRASP retrieval (Chen
et al., 2022b).

On one hand, TROPOMI/GRASP enhanced retrieval possibilities are
a result of rich information content and high accuracy of S5p/TROPOMI
measurements (Veefkind et al., 2012; Ludewig et al., 2020; Tilstra et al.,
2020). On another hand, the big potential of such observations can be
fully revealed only with the advanced retrieval and forward approaches.

Simultaneous accounting for the TROPOMI measurements from UV
to SWIR spectral range in GRASP algorithm increases sensitivity to the
size, concentration, absorption and scattering properties of aerosol as
well as to the spectral dependence of the surface reflection. In addition,
due to usually relatively small atmosphere signal in SWIR range, the
spectrally neutral BRDF parameters (a,; and dgom, Eq.(7)) can be
retrieved with enhanced accuracy in SWIR bands. Performing
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Fig. 16. Pixel-to-pixel intercomparison of MODIS/MCD43 monthly white sky albedo with TROPOMI/GRASP BHR_ISO at 670 nm for an entire year (March 2019 to

February 2020) from left to right: QA >1, QA >2 and QA >3.

Table 7
Quality Assurance (QA) index for TROPOMI/GRASP surface properties.
Surface product Good quality is The best
expected performance
Land Ocean Land Ocean
Isotropic Ross-Li BRDF parameter a;s,)
Isotropic Ross-Li BRDF parameter (a,)
Isotropic Ross-Li BRDF parameter (Ggeom) QA QA
>2 >3
Isotropic Bi-Hemispherical Reflectance
(BHR;50) QA QA QA>3 QA2>2
NDVI >2 >1

simultaneous multi-spectral retrieval, GRASP transfers this angular
surface information to UV, VIS and NIR spectral channels which im-
proves characterization of both aerosol and surface.

TROPOMI wide swath allows almost everyday observation with
different viewing zenith and azimuth angles counted for the same
ground pixel. Moreover, such satellite measurements with the frequent
overpassing over the same area contain information about the temporal
changes of the aerosol and surface properties. Being incorporated into
GRASP retrieval, the multi-temporal observations with properly applied
temporal constraints result in much better surface angular properties
characterization as well as more accurate differentiation between
aerosol and surface signals, which, correspondingly, increases possibil-
ities of the extended properties retrieval.

Overall, on the basis of studies of GRASP application to S5p/TRO-
POMI, we can conclude that combining wide spectral coverage (from UV
to SWIR) and frequent revisit times (day by day or better due to wide
swath of the instrument) (Section 2) with advanced algorithmic features
(properly selected forward models (Section 4.1), optimized constraints
(for example, spectral, multi-temporal and multi-spatial smoothness
constraints (Section 4.2, Appendix 1)) one can derive extended aerosol
and surface properties (Section 5) from single single-viewing radiance-
only space-borne observations. Usually, such quantities are thought to
be retrievable only from multi-angular instruments and especially with
polarimetric measurement possibilities (Mishchenko et al., 2004; Her-
man et al., 1999; Hasekamp et al., 2011, 2024; Dubovik et al., 2011,
2019).

In the next section the possibilities of TROPOMI/GRASP extended
characterization are demonstrated on several aerosol events in world-
wide locations.
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6. TROPOMI/GRASP extended aerosol characterization and
aerosol events

Atmospheric aerosols show essential spatial and temporal variability
in chemical and physical properties. Therefore, full aerosol character-
ization from remote sensing requires retrieval of such parameters as
concentration, size, non-sphericity, chemical composition (complex
refractive index) or related to them extended set of optical properties:
AOD, AODF and AODC, AE, SSA, AAOD etc. As described above, GRASP
retrieval of SSP/TROPOMI measurements provides this extended set of
aerosol characteristics and their validation over AERONET stations in
world-wide locations show good retrieval performance. AERONET
measurements show rather typical aerosol properties which can also be
observed in other locations. Therefore, being validated over AERONET
stations, TROPOMI/GRASP retrieval can be used to observe and analyze
a big variability of aerosol properties in other locations where ground-
based measurements are not available.

In this section we use several aerosol events from the years 2019,
2020, and 2021 to demonstrate the new possibilities of aerosol char-
acterization based on the TROPOMI/GRASP aerosol product.

Fig. 17 shows a Biomass Burning (BB) plume on September 9, 2021,
originated in Spain and transported all over the Mediterranean region.
Together with RGB image, Fig. 17 shows an extended set of aerosol
characteristics such as AOD (440 nm), AE (AExp in the figure), ASSA,
SSA (440 nm) and AAOD (440 nm) described in Sections 5.

The AOD map in Fig. 17 clearly shows a localized BB plume collo-
cated with the one observed in the RGB image. More information about
the aerosol event one can derive analyzing other retrieved extended
optical properties. In particular, the maps for AE, ASSA, SSA and AAOD
clearly show the changes in aerosol chemical and physical properties
(for example, the size and absorption) while it is being transported away
from the source located in Spain.

First of all, it is well seen that near the Spain coast AE is very high,
SSA is small with strong spectral dependence between 440 and 670 nm
bands: AE(440-670) ~ 2, ASSA(440-670) ~ 0.1, SSA(440) ~ 0.87, and
AAOD(440) ~ 0.2. Further away from the biomass burning origin these
parameters change essentially: AE < ~1.8, ASSA ~0.05, SSA
~0.9-0.95, and AAOD < ~0.1. Such behavior of the extended optical
characteristics shows that further from the Spain coast (further from BB
origin) the transported BB aerosol particles become bigger and less
absorbing.

As one can see in Fig. 17, AE, SSA and ASSA are quite similar over
essential part of the Mediterranean region both inside and outside of the
observed plume of AOD. In other words, extended aerosol
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Fig. 17. Biomass Burning plume over Mediterranean region. September 9, 2021.

characteristics in Fig.17 clearly show that BB smoke is transported all
over the Mediterranean Sea affecting air quality of the entire region. In
this regard, extended aerosol properties provide crucial information
which allow identifying aerosol sources and monitoring aerosol
transport.

Another example of BB retrieval over Siberia is presented in Fig. 18.
Similarly, to Fig. 17, the smoke from biomass burning can be identified
using AE, ASSA, SSA, AAOD and other extended aerosol parameters. In
particular, over the entire region AE is very high (bigger than 1.5) which
corresponds to small particles. Absorption properties of smoke for this
event varies essentially over the region: one can observe absorbing small
particles localized over small areas (with AE > ~1.5, ASSA> ~0.05 and
SSA(440) < ~0.95), as well as less absorbing smoke (SSA > ~0.95) with
smaller spectral dependence (ASSA ~0.05-0) distributed over vast area
in Siberia with quite similar AE > ~1.5.

The retrieved extended parameters properties (AE, ASSA, SSA,
AAOD etc.) of the biomass burning smoke are quite different in their
absorption properties for the Mediterranean and Siberia regions in
Figs. 17 and 18. In general, the retrieval shows more absorbing BB

S5p TROPOMI/GRASP dSSA(440-670)

-0.025

~0.050 55°N
04075

110°€ 120°E

130°€ 140°E

Absorbing smoke

aerosol over Mediterranean than over Siberia. This is due to the fact that
the chemical, physical and morphological properties of smoke particles
depend strongly on initial conditions (for example, type of organic
matter being burnt (wood, vegetation etc.), the temperature of the fire,
the wind and humidity conditions etc.). Therefore, different conditions
over the Mediterranean and Siberia regions result in different optical
properties of the BB aerosol.

The increase of particle size and reduced absorption of transported
aerosol, observed in both Figs. 17 and 18, corresponds well to the gen-
eral understanding of the process of smoke particle ageing in the at-
mosphere: due to collisions, fluffy soot aggregates may transform to a
more closely packed clusters of particles, which then can be coated with
water, absorb it or may attach to other aerosol particles in atmosphere
(Dubovik et al. 2002; Reid et al., 2005; Adachi et al., 2010; Chen et al.,
2010).

Fig. 19 shows another example of TROPOMI/GRASP retrieval over
India, Nepal, Pakistan and Bangladesh region on November 27, 2019.
From AOD retrieval, one can observe strong aerosol pollution in North
and West (Pakistan) parts of the Indian Subcontinent (AOD (440 nm) >
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Fig. 18. Biomass Burning smoke over Siberia, September 25, 2020.
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Fig. 19. Anthropogenic pollution over the Indian Subcontinent, November 27, 2019.

1). The central and South regions of India are less polluted on November
27, 2019 with moderate values of AOD (440 nm) about 0.3 — 0.8.
Analyzing the aerosol pollution using the same extended characteristics
as in Figs. 17 and 18, one can observe some similarities but also essential
differences between BB smoke in Figs. 17, 18 and aerosol in Fig. 19. In
particular, according to the retrieval results, aerosol over North part of
Indian Subcontinent are very absorbing small particles with SSA (440
nm) value about 0.87 — 0.95, ASSA (440-670) ~0.02, AE > ~1.5-1.8,
and AAOD (440 nm) > ~0.1, which, at first sight, correspond to the
general description of absorbing BB smoke in Figs. 17 and 18. At the
same time, considering SSA, AE, and ASSA parameters jointly, one can
observe different behavior in Fig. 19 than in Figs.17 and 18 representing
BB smoke. Firstly, the area on the North part of the Indian Subcontinent
in Fig. 19 demonstrates low value of SSA (about 0.87-0.95) but with
smaller AE (about 1.5-1.8) than for absorbing smoke over the Medi-
terranean region. Secondly, absorbing fine aerosol particles in Fig. 19
have essentially smaller spectral dependence of SSA than for absorbing
smoke both over the Mediterranean and Siberia regions: AE ~1.5-1.8,
SSA ~0.87-0.95, ASSA(440-670) < ~ 0.02 in Fig. 19 versus AE ~1.5-2,
SSA ~0.87-0.95, ASSA(440-670) > ~ 0.05 in Figs. 17 and 18. Thirdly,
over Central and South part of the Indian Subcontinent fine slightly

S5p TROPOMI/GRASP dSSA(440-670)

absorbing particles (with SSA (440 nm) > ~0.97 and negligible SSA
spectral dependence between 440 and 670 nm (ASSA(440-670) ~ 0))
are a little bit smaller than the slightly absorbing fine particles in Figs. 17
and 18: AE > ~1.8 vs AE > ~1.5, respectively.

These observations from the joint AE, SSA, and ASSA analysis in-
dicates the presence of absorbing or non-absorbing aerosol particles
over the Indian Subcontinent whose spectral dependence and size differ
from what is typical for BB smoke aerosol. The aerosol event in Fig. 19 is
rather related to the anthropogenic pollution which is often observed
over India.

It was noted in Section 5.3 that the retrieved AE in TROPOMI/GRASP
product is overestimated for big particles. Despite this fact, the joint
analysis of the TROPOMI/GRASP extended aerosol properties allows
identifying coarse components of aerosol, for example, dust. Fig. 20
presents the results of TROPOMI/GRASP inversion over North Africa on
December 19, 2019. Several areas are selected in the figure covering
major aerosol events according to the TROPOMI/GRASP AOD retrieval.

Taken into considerations only pixels with AOD (440 nm) values
higher than 0.4, one can find the following extended parameters for
areas 1 and 2: AE values between ~0.2 and 0.7 (big particles), SSA (440
nm) ~ 0.93 — 0.95 (essential absorption at short wavelengths) and ASSA
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Fig. 20. Emitted and transported aerosol over the Sahara, December 19, 2019.
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(440-670) < —0.02 (essential decreasing of absorption for longer
wavelengths). Such parameters are typical for aerosol with domination
of Saharan desert dust.

The pixels for the area 3 in Fig. 20, which correspond to high AOD
event, show essentially different extended properties than for the areas 1
and 2. Here, one can see higher AE values from 0.7 to 1 (smaller coarse
particles), much less absorbing aerosol with SSA(443) ~ 0.95 — 0.97
and smaller spectral dependence of SSA between blue and red bands
(ASSA(440-670) ~ —0.02) than for areas 1 and 2. Geographically, the
high AOD event in Fig. 20 is collocated with the Bodélé Depression area,
which is a well-known as the biggest source of dust emission (Koren and
Kaufman, 2004; Washington and Todd, 2005). It is located at dried out
part of Lake of Chad with surface consist of quartz, silt, as well as sed-
iments like fossilized diatoms forming a layer of fine dust of white color
(see RGB image in Fig. 20). The physical and chemical properties of
Bodélé Depression surface are quite different from those for the areas 1
and 2. This explains the differences in the retrieved properties of the
wind-blown dust, showing presence of smaller and less absorbing dust
particles over the Bodélé Depression than over the West and Central
Sahara regions.

The higher AE and SSA values (smaller and less absorbing in 440 nm
coarse particles) for dust over the Bodélé Depression than for the dust
originated from West part of Sahara can be observed also from
PARASOL/GRASP retrieval. In particular, Fig. 21 shows AE from
PARASOL/GRASP is about 0.5-0.7 over Bodélé Depression which in-
dicates the presence of smaller dust particles than over majority of other
regions in Sahara dessert.

Due to multi-angular polarimetric measurements, the information
content of PARASOL/POLDER instrument is sufficient for very high-
quality retrieval of AE (Chen et al., 2020). In this regard, the observed
consistent dust retrieval from the PARASOL/POLDER and S5P/TRO-
POMI observations can serve as indirect verification of the TROPOMI/
GRASP product over areas like the Bodélé Depression which are stable
aerosol sources for long period of time.

As shown in Section 5.3, TROPOMI/GRASP AE value (and logically
AODF/AOD ratio) for coarse particles is overestimated. This is well seen
in Figs. 20 and 21 for Saharan dust. In particular, AE from the TRO-
POMI/GRASP product is 0.3-0.5 higher than from the PARASOL/GRASP
(Figs. 20 and 21), which corresponds to positive bias of AE value for
coarse particles estimated from the validation with AERONET (Fig. 8).
Nevertheless, even overestimated AE and AODF/AOD ratio allow clear
discrimination between fine and coarse aerosol modes as seen in
Figs. 17-20. As it was discussed in Section 5.3, the existing slopes in
current TROPOMI retrievals can be corrected with more elaborated

AOD443

<

0.3
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aerosol models with a more reliable spectral dependence and size
distribution.

Some overestimations of the retrieved AE over the Sahara in TRO-
POMI/GRASP can be explained also by mixing dust and biomass
burning. This mixing is well seen for the overlapping region of the areas
2 and 4 in Fig. 20 where one can observe extended characteristics typical
for the mixture of BB and dust aerosols: AE ~ 1-1.5, SSA (440 nm) ~
0.92-0.95 and ASSA (440-670) ~ —0.02 - 0.

The presence of BB smoke is well seen in the nonoverlapping part of
the area 4 as well as in the area 5 in Fig. 20. With its extended properties
BB smoke in the area 4 corresponds well to the transported and less
absorbing BB smoke in the Siberia region (Fig. 18), while over area 5 it
corresponds to absorbing smoke (SSA (440) ~ 0.87-0.9) consisting of
very small particles (AE ~ 2) with essential spectral dependence of SSA
from 440 to 670 nm (ASSA(440-670) > ~0.03) (Figs.17, 18 and 20).

The summary of extended aerosol properties considered for several
aerosol events is presented in Table 8. In addition to AE parameter the
ratio of fine and total AOD at 440 nm (AODF (440 nm)/AOD (440 nm))
calculated from the TROPOMI/GRASP product is also presented. This
ratio correlates with AE but allows better understanding of contribution
of fine and coarse mode to the optical characteristics.

Table 8 presents a preliminary analysis showing the possibilities of
characterization of different aerosol species using extended retrieval
properties from the TROPOMI/GRASP product. Detailed global analysis
for different aerosol events with statistical distribution for each
parameter is the subject of future studies, in particular, based on the
PARASOL and TROPOMI retrievals with GRASP algorithm.

7. Conclusions

Analysis of aerosol and surface properties retrieved with GRASP
showed a rich information content of SSP/TROPOMI for aerosol and
surface characterization. With properly adapted forward models and the
numerical inversion approaches GRASP multi-pixel retrieval of S5P/
TROPOMI measurements allows extended aerosol and surface charac-
terization, which is thought to be possible mainly from multi-angular/
polarimetric measurements.

In addition to the traditional spectral AOD characteristic, TROPOMI/
GRASP retrieval provides aerosol absorbing properties, represented by
spectral Single Scattering Albedo (SSA) and spectral Absorbing AOD
(AAOD), particles size represented by Angstrom Exponent (AE) param-
eter, fine mode AOD (AODF) etc. For each aerosol characteristic the
Quality Assurance Index (QA and QAExtend) is associated, and recom-
mendation of their usage are provided in the paper, allowing selecting

PARASOL RGB image
L;;»\ : |
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Fig. 21. Aerosol properties from PARASOL/GRASP over Sahara, February 18, 2018.
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Table 8
Extended aerosol characteristics for several aerosol events.

Remote Sensing of Environment 313 (2024) 114355

Aerosol Extended Mediterranean BB Siberian BB

Anthropogenic aerosol over Saharan dust

Properties Indian Subcontinent
Absorbing Less Absorbing Absorbing Less Absorbing North Part Central and West and Central Bodélé
Smoke Smoke Smoke Smoke South Part Sahara Depression
Angstrom Exponent
AE(440-670) >~ 2 ~1.5-1.7 > ~1.5 > ~1.5 ~1.5-1.8 >~1.8 ~0.2-0.7 ~0.7-1
SSA(440) ~0.87 ~ 0.9-0.95 ~ 0.9-0.95 > ~0.95 ~ >~ 0.97 ~ 0.93-0.95 ~ 0.95-0.97
0.87-0.95
ASSA(440-670) > ~0.07 ~ 0-0.07 >~ 0.05 ~ 0-0.05 ~0.02 ~ 0-0.02 ~ —0.03 ~—0.02-0
AODF(440) ~1 ~0.8-0.9 ~0.8-1 ~0.8-1 ~0.8-0.9 >~0.9 ~ 0.3-0.5 ~ 0.5-0.7
AOD(440)

the best retrieval results according to requirements of studies.

Overall, the results of validation versus AERONET of all optical
characteristics (AOD, SSA, AAOD, ASSA and AE) obtained from S5P/
TROPOMI demonstrate high quality and fulfilment of “optimized”
GCOS-based requirements for aerosol characterization from space-borne
measurements. The analyses performed over different areas show
sensitivity of the retrieved extended properties to different aerosol type
including biomass burning, anthropogenic pollution and dust events.
Since the end of the PARASOL mission in 2013, there are no global
reliable satellite SSA products covering wide spectral ranges. There is
also a lack of reliable satellite AE products which are related to the size
of aerosol. These and other extended aerosol characteristics are
becoming more and more demanded in aerosol and climate studies. In
this regard, despite identified shortcomings, extended aerosol charac-
terization from S5P/TROPOMI provided by GRASP is expected to fill a
gap in the aerosol satellite products.

Results of global intercomparison of surface products also showed
good correspondence of TROPOMI/GRASP BRDF and derived surface
albedos with GROSAT and MODIS surface datasets for the overlapping
spectral channels. TROPOMI/GRASP full BRDF parameters were derived
independently of any a priori knowledge i.e., without relying on existing
surface climatology. The selected spectral bands from UV, VIS, NIR and
SWIR ranges allow proper interpolating and extrapolating of the surface
properties to other bands required for aerosol, trace gases and clouds
studies.

Though the validation with AERONET and surface reference datasets
showed rather high reliability of TROPOMI/GRASP product with high
percentage of fulfilment of the formulated requirements, some limita-
tions of current TROPOMI/GRASP products are identified and described
in this paper. In particular, the retrieval shows about 0.3 overestimation
in AE (440-670) values for coarse aerosol (TROPOMI/GRASP retrieves
smaller particles for coarse aerosol mode). Further improvement of the
retrieval can be done with more correct spectral dependence (from UV
to SWIR) and size distribution in the aerosol models.

In general, the studies based on the SS5P/TROPOMI retrieval with
GRASP algorithm demonstrate that accurate extended aerosol and sur-
face characterization can be achieved from single viewing instruments
when several main conditions are fulfilled simultaneously. Firstly, the
instrument should measure in the wide spectral range (for example, in
UV, VIR, NIR and SWIR like S5P/TROPOMI) providing rich spectral
information about aerosol and surface. Secondly, the swath of mea-
surements should be big enough for frequent overpassing over the same
ground pixel (at least several times per week, but preferably daily or
more frequent revisiting time). This requirement is crucial for retrievals
from single viewing instruments allowing to account (i) for the different
temporal variability of aerosol and surface properties and (ii) for angular
dependence of surface reflectance to retrieve BRDF model parameters.
Thirdly, algorithms applied to such retrieval measurements should be
able to treat multi-temporal information. These measurement and
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algorithmic requirements can be complimented by others, for example,
by properly physically constrained forward aerosol and surface models
as discussed in this paper.
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Appendix A. Single and multi-pixel constraints in TROPOMI/GRASP retrieval

GRASP inversion approach realizes the statistically optimized retrieval based on Multi-Term Least Square Method (LSM) and applies in the unified
way different a priori constraints on the initial guess of the retrieved parameters, “single-” and “multi-pixel” smoothness (Dubovik and King, 2000,
Dubovik 2004, Dubovik et al., 2011, 2014, 2021b). The smoothness constraints limit the spectral, shape, spatial and temporal variability of the
retrieved parameters by applying limitations on their first, second and other orders of derivatives (Dubovik et al., 2011, 2021a). The terms “single-
pixel” and “multi-pixel” constraints are related to the case when the retrieval is conducted for satellite measurements over one selected pixel or for a
group of several pixels simultaneously. Correspondingly, the “single-pixel” approach applies the constraints on the parameters for each pixel inde-
pendently, and the “multi-pixel” approach constrains the spatial or temporal variability of the retrieved parameters between different pixels (Dubovik
et al., 2011, 2021b). For the forward models chosen in the TROPOMI/GRASP retrieval, the “single-pixel” smoothness constraints limit the spectral
dependence of wavelength dependent parameters (for example, first BRDF parameter) and aerosol model weights (fractions) dependencies.

GRASP applications to different satellites demonstrated the crucial role of the smoothness constraints for stable and accurate characterization of
both atmospheric aerosol and Earth’s surface (Dubovik et al., 2011, 2014, 2021b; Chen et al., 2022b). In the framework of the ESA S5P + I AOD/BRDF
project (TROPOMI, 2022b), extensive tests for evaluating the efficiency of different a priori constrains were performed to identify the most optimal
GRASP retrieval approach for the SSP/TROPOMI instrument.

Table Al contains a brief description of the applied constraints for the TROPOMI/GRASP retrieval over land and sea/ocean surfaces.

Table Al
GRASP smoothness constraints adapted for TROPOMI measurements.

Retrieved parameter Constraints Order of Derivative (Smoothness order) Lagrange multiplier
1 Relative fractions for each aerosol component ¢ (k = 1.0.4) Multi-pixel spatial smoothness 1 0.1
Multi- pixel temporal smoothness 1 0.01
2 Total column volume concentration c, Multi-pixel spatial smoothness 1 0
Multi-pixel temporal smoothness 1 0
3 Aerosol height scale parameter Multi-pixel spatial smoothness 1 0.1
Multi-pixel temporal smoothness 1 0.001
4 Isotropic BRDF parameter Single pixel spectral smoothness 1 0.001
(retrieval over land) Multi-pixel spatial smoothness 1 0
Multi-pixel temporal smoothness 1 1
Volumetric BRDF parameter Multi-pixel spatial smoothness 1 0
(retrieval over land) Multi-pixel temporal smoothness 1 1
Geometric BRDF parameter Multi-pixel spatial smoothness 1 0
(retrieval over land) Multi- pixel temporal smoothness 1 1
Water body reflectance Single pixel spectral smoothness 1 108
(retrieval over sea/ocean) Multi-pixel spatial smoothness 1 0.001
Multi-pixel temporal smoothness 1 5
Foam free water surface fraction A priory initial guess - 10
(retrieval over sea/ocean) Multi-pixel spatial smoothness 1 0.1
Multi-pixel temporal smoothness - -
Mean square water surface slope A priory initial guess - 10
(retrieval over sea/ocean) Multi-pixel spatial smoothness 0.1

Multi-pixel temporal smoothness - -

As mentioned in Section 4.1.1, the retrieval parameters of GRASP “aerosol models” approach, which are used for TROPOMI/GRASP retrieval, are
spectrally independent (Egs. (1)-(4)). Moreover, being represented in the form given by Egs. (7)-(17), BRDF model used for TROPOMI/GRASP
processing has only one spectrally dependent parameter. Therefore, the spectral smoothness constraints are applied only on the spectrally dependent
first BRDF parameter a;,(4) for land and rync(4) for water surfaces (Eqgs. (7)-(17)). The detailed description of the smoothness constraints in the
GRASP algorithm can be found in (Dubovik et al., 2021a).

Appendix B. TROPOMI/GRASP product quality specification

Aerosol and surface characteristics retrieved from space-borne remote sensing are always affected by such artifacts as non-accounted cloud
contamination or cloud shadows, errors in data measurements or data regridding, complex structure of underling surface reflection due to surface
topology (mountain and coastal areas, land and water mixed surfaces etc.) where the applied BRDF model does not work etc. This results in non-
convergence of the retrieval or outliers in the retrieved atmosphere and surface parameters. Therefore, an essential part of the satellite retrieval
product preparation is always related to proper evaluation of data quality.

The detailed description of data quality assurance procedure applied to TROPOMI/GRASP aerosol and surface product is presented in (TROPOMI
ATBD of GRASP AOD + BRDF, 2021; TROPOMI, 2022b). It consists of several sequential post-processing tests performed on the retrieved datasets: 1.
“Residual” test; 2. Moving 3 x 3 window “Standard Deviation AOD” test; 3. Static 5 x 5 window QA test; 4. Quality assignment to advanced aerosol
properties.

The fitting “residuals” test is applied at each pixel. It provides basic data filtering corresponding to non-converged inversion cases with the value of
relative and absolute fitting residuals higher than specified thresholds which are different for water and land pixels. Moreover, the thresholds for land
pixels depends on the surface types and are defined for four different NDVI ranges: (i) NDVI <0.1 (bare soil mainly); (ii) 0.1 <NDVI <0.4 (mixture of
soil and vegetation); (iii) 0.4 <NDVI <0.6 (vegetation); (iv) NDVI >0.6 (dense vegetation). Over water and very bright bare land surfaces (NDVI <0.1
and White Sky Albedo at 670 nm bigger than 0.3) the thresholds are further defined according to AOD (670 nm) values: separately for AOD(670) < 1
and AOD(670) > 1 (TROPOMI ATBD of GRASP AOD -+ BRDF, 2021).

To all pixels which passed the “residual” test the value of Quality Assurance (QA) index is assigned to 1. At the next two steps (“Standard Deviation
AOD” and “Static QA” tests) QA value can change to the value 2 or 3 representing “good” and “very good” quality of retrieval.
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The basic idea of the second “Standard Deviation AOD” test is based on the analysis of both absolute and relative values of standard deviation of
AOD obtained for pixels within a 3 x 3 moving window. The pixels with absolute standard deviation <0.1 or relative standard deviation <15% are
assigned to QA value 2 (good quality). The pixels with absolute standard deviation <0.05 or relative standard deviation <15% are assigned to QA
value 3 (very good quality). Strictly speaking, the QA value assignment in this second test also depends on the value of the relative residual and the
total number of pixels in the 3 x 3 moving window, which may change the distribution of pixels among “good” and “very good” quality assurance
categories. A detailed diagram with flowchart logic for “Standard Deviation AOD” is available in the GRASP/TROPOMI ATBD (TROPOMI ATBD of
GRASP AOD + BRDF, 2021).

The “static QA” test counts for statistic of pixels with different QA values within a static 5 x 5 pixels window. Depending on the dominated
category, QA value for pixels within the window can change from 3 back to 2 and from 2 to 1 (from “very good” to “good” and from “good” to
“marginal” category) (TROPOMI ATBD of GRASP AOD + BRDF, 2021).

When QA values are assigned, the additional quality assurance test is applied for such advanced retrieved aerosol properties as: Angstrom
Exponent (AE), Single Scattering Albedo (SSA) and aerosol model fractions (relative concentrations). The reason for this additional test is well-known
and related to the reduced sensitivity to the microphysical aerosol properties (size, complex refractive index, non-sphericity etc.) at low AOD values. In
particular, the AERONET L2 inversion product provides data only for the case when AOD(440 nm) is higher than 0.4 (Dubovik et al., 2000). For
extended aerosol parameters of TROPOMI/GRASP product we apply a similar threshold but different over land and water surfaces. In particular, QA
index value for all advanced aerosol properties (QAExtend in GRASP/TROPOMI product) is set up to 1 (“marginal” category) if AOD(670) < 0.1 over
land and AOD(670) < 0.05 over ocean indicating poor expectation in the retrieval quality of the advanced properties at low aerosol loading values.
Maximum values of AOD(670) threshold which define the best expected retrieval quality of the advanced aerosol characteristics is chosen to be 0.3
over land and 0.2 over water. These maximum thresholds are quite subjective and chosen to keep balance between the sufficient number of pixels in
“very good” category both over land and ocean on one hand and reasonable quality of advanced properties in this category on another hand
(TROPOMI ATBD of GRASP AOD -+ BRDF, 2021). For all pixels with AOD(670) bigger than 0.3 (land) and 0.2 (water) the quality index “QAExtend” for
advanced properties is taken exactly the same value as QA from previous three tests. For 0.1 < AOD(670) < 0.3 (land) and 0.05 < AOD(670) < 0.2
(water) it takes the same value as QA if QA = 1 or QA = 2 and is equal 2 if QA = 3.

The example of the global distribution of pixel level quality assurance (QA) index occurrence is presented in Fig. 6. As one can see, most of the
pixels are assigned to “good” (QA>2) and “very good” (QA>3) categories. The pixels with “marginal” (QA>1) retrieval quality are mainly distributed
over bright surfaces like Sahara and Atacama desert, Arabic semi-island or over mountain areas. The validation of retrieved aerosol properties for each
quality assurance category is discussed in the section 5.
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