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A B S T R A C T

This paper is the second part of companion papers describing the development of GRASP approach for aerosol
and surface retrieval from Sentinel-5P/TROPOMI. Here we focus on the S5P/TROPOMI GRASP aerosol and
surface products global validation and systematic intercomparison with other products from independent in-
struments and algorithms. Specifically, we have validated the S5P/TROPOMI GRASP, Suomi-NPP/VIIRS DB and
MODIS/TERRA DT + DB aerosol products with the ground-based AERONET referenced measurements using the
same methodology and intercompare the validation results. In addition, the global pixel-to-pixel in-
tercomparisons of the aerosol products (AOD, fine/coarse mode AOD and SSA) are performed over different
surfaces, i.e., ocean and land surface with different NDVIs. Besides, we compared the S5P/TROPOMI GRASP,
MODIS MCD43 surface BRDF/albedo as well as OMI, GOME-2 and SCIAMACHY Lambertian-Equivalent
Reflectivity (LER) albedo climatology developed by Royal Netherlands Meteorological Institute (KNMI) with
the surface reference dataset generated based on the synergetic retrieval of AERONET and S5P/TROPOMI
measurements. Finally, the intercomparisons of the surface BRDF and albedo datasets were performed globally at
the UV, VIS, NIR and SWIR parts of the spectrum. Overall, generally good agreement was observed between
independent aerosol and surface datasets with a high percentage of pixels satisfying the Optimal and Target
requirements. We would emphasize two advantages for TROPOMI/GRASP aerosol and surface products: (i) it
provides spectral AOD together with detailed aerosol properties, such as fine/coarse mode AOD, spectral AAOD
and SSA at UV, VIS, NIR and SWIR wavelengths, which are important for constraining aerosol environmental and
climate effects; (ii) the TROPOMI/GRASP aerosol and surface products are globally retrieved simultaneously in a
fully consistent manner.

1. Introduction

Understanding the role of atmospheric aerosol burden as well as its
spatial and temporal variability plays an important role in many
research fields, such as the aerosol direct and indirect effects on the
Earth-atmosphere system radiation budget, air pollution effects on

human health (Pöschl, 2005; Forster et al., 2021; Chen et al., 2022a),
and aerosol effects on the ecosystems (Kulmala et al., 2004; Mahowald
et al., 2017). In the last 2 decades, satellite remote sensing has been
proven to be the key technology contributing to these research fields by
providing continuous and large-scale coverage atmospheric aerosol
observations (Dubovik et al., 2021b; Kaufman et al., 2002; King et al.,
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1999; Li et al., 2009). Led by NASA, ESA and other space agencies, a
diversity of satellite instruments has been deployed in the orbits (i.e.
sun-synchronous and geo-synchronous) to monitor atmospheric aerosol
and deliver the product to the relevant users and research community.
For example, as part of NASA EOS mission, MODIS, MISR and OMI in-
struments have continuously generated aerosol products since the end of
the last century (Diner et al., 1998; King, 1999; Levelt et al., 2006;
Salomonson et al., 2002; Wielicki et al., 1995). The VIIRS instrument
onboard of the Suomi National Polar-orbiting Partnership (Suomi-NPP)
and NOAA-20 satellites was launched in 2011 and 2017 respectively to
continue EOS MODIS measurements (Cao et al., 2013, 2018). MERIS and
AATSR instruments onboard of ESA’s ENVISAT mission (Rast et al.,
1999; Llewellyn-Jones et al., 2001) were operational from 2002 to 2012
and the mission has been replaced by the Sentinel series of satellites.

A series of retrieval algorithms haven been developed to derive
aerosol information from the space-borne instruments’ Top-Of-
Atmosphere (TOA) measurements, such as Dark Target (DT), Deep
Blue (DB) and Multi-Angle Implementation of Atmospheric Correction
(MAIAC) algorithms which are applied for operational processing of
MODIS and VIIRS observations (Hsu et al., 2019; Hsu et al., 2013; Hsu
et al., 2004; Kaufman et al., 1997; Levy et al., 2015; Levy et al., 2007;
Lyapustin et al., 2018; Remer et al., 2005; Sayer et al., 2018a; Tanré
et al., 1997). Under the ESA Climate Change Initiative (CCI) project,
several aerosol remote sensing algorithms are developed for ESA mis-
sions (de Leeuw et al., 2015; Holzer-Popp et al., 2013; Popp et al., 2016).
Many previous studies have conducted comprehensively validation and
intercomparison of these conventional aerosol remote sensing datasets
(Bréon et al., 2011; Chen et al., 2020; Kokhanovsky et al., 2010;
Kokhanovsky et al., 2007; Li et al., 2020; Schutgens et al., 2020; Soga-
cheva et al., 2020). On one hand, most studies focus on the AOD at
visible channels, in particular, mid-visible 550 nm, which is due to the
fact that the algorithms are largely tuned to AOD (550 nm). The
knowledge of AOD consistency at wider spectrum range and for more
detailed aerosol properties (i.e. size, absorption etc.) are somewhat
limited (Chen et al., 2020; Schutgens et al., 2021). On the other hand,
there is lack of studies on fine resolution pixel-to-pixel inter-comparison
of aerosol products. Furthermore, atmosphere-surface decoupling is the
main challenge of quantitively remote sensing of the Earth-atmosphere
system. However, in order to separate surface and atmosphere signals,
most of the aerosol remote sensing algorithms are relying on a priori
knowledge of the surface climatology (i.e. DB) (Hsu et al., 2013) or
empirical assumption of surface reflectance between SWIR and VIS
channels over dense vegetation area (i.e. DT) (Kaufman et al., 1997). As
a consequence, the aerosol and surface products are derived using in-
dependent algorithms, which may produce certain inconsistency for the
Earth-atmosphere radiation calculation from these data.

As described in Part I (Litvinov et al., 2024), with proper adaptation
of forward (aerosol and surface models) and inversion approaches
(single and multi-pixel constraints), GRASP algorithm (Dubovik et al.,
2021a; Dubovik et al., 2014; Dubovik et al., 2011) allows simultaneous
retrieval of the aerosol and surface from S5P/TROPOMI measurements.
In particular, besides traditional spectral AOD, TROPOMI/GRASP pro-
vides extended aerosol and surface characterization, such as spectral
fine/coarse mode AOD, AAOD, SSA as well as full Bidirectional Reflec-
tance Distribution Function (BRDF) and surface albedos at 10 wave-
lengths covering UV, VIS, NIR and SWIR spectrum. The objective of this
paper, as the Part I companion paper, is to comprehensive investigation
of the consistency and discrepancy in aerosol and surface between
TROPOMI/GRASP and the conventional products, including VIIRS/DB
(Hsu et al., 2019; Sayer et al., 2018a, 2018b) and MODIS/TERRA DT +

DB merged (Levy et al., 2013; Sayer et al., 2014) aerosol products and
MODIS/MCD43 BRDF/albedo products (Schaaf and Wang, 2015a,
2015b) as well as OMI, GOME-2 and SCIAMACHY Lambertian-
Equivalent Reflectivity (LER) albedo climatology developed by the
Royal Netherlands Meteorological Institute (KNMI) (Kleipool et al.,
2008; Tilstra et al., 2021; Tilstra et al., 2017). We describe the global

aerosol and surface datasets used in this study in Section 2. Section 3
describes the validation of aerosol and surface datasets with the ground-
based reference datasets and the intercomparison of the validation re-
sults. Section 4 illustrates the pixel level intercomparison of the aerosol
and surface products. Section 5 summarizes and discusses the lessons
learned and concludes the study.

2. Global aerosol and surface datasets

2.1. Aerosol datasets

In this section, the main aerosol products used in this study are
described. A brief summary of these datasets is given in Table 1.

2.1.1. S5P/TROPOMI GRASP aerosol product
The Tropospheric Monitoring Instrument (TROPOMI) aboard the

Sentinel-5 Precursor (S5P) satellite was launched on 13 October 2017.
The TROPOMI instrument (Veefkind et al., 2012) is a spectrometer that
measures top-of-atmosphere (TOA) high spectral resolution (0.25–1 nm)
radiances at UV, VIS, NIR and SWIR with a swath of about 2600 km
crossing the equator (ascending orbit) at 13:30 PM mean local time. The
typical spatial resolution at nadir is 5.5 × 3.5 km2 with exception of the
UV1 (5.5 × 28 km2) and SWIR (5.5 × 7 km2). S5P/TROPOMI measured
TOA radiances at 10 selected wavelengths from UV to SWIR (340, 367,
380, 416, 440, 494, 670, 747, 772, and 2313 nm) are inverted using
GRASP/Models approach (Litvinov et al., 2024 Part I), where the aerosol
is represented by external mixture of several AERONET climatological
models with prescribed spectral dependencies of the complex refractive
index, size distribution and non-sphericity. The single scattering char-
acteristics in GRASP/Models approach are presented with aerosol
simulation as external mixture of climatological aerosol models (Chen
et al., 2020; Lopatin et al., 2021; Dubovik et al., 2021a). While GRASP/
Models approach is rather simple it shows to be very efficient being
applied to satellite measurements, especially by instruments with
limited information content (Chen et al., 2020, 2022b). Specifically, 4
aerosol models (fine absorbing (biomass burning), fine slightly absorp-
tion (urban), coarse mode maritime (oceanic) and coarse mode dust
(dust)) concentrations and layer height are directly retrieved together
with land/ocean surface BRDF parameters. Then the AOD, AODF,
AODC, SSA and AAOD at 10 wavelengths are derived products and used
in this study for intercomparison with other independent aerosol data-
sets. The S5P/TROPOMI GRASP aerosol product has a 0.09◦ (~10 × 10
km2) spatial resolution (close to the native resolution in SWIR channel)
under equidistant cylindrical projection with WGS84 coordinate system.

2.1.2. MODIS/TERRA DT + DB aerosol product
NASA’s Moderate Resolution Imaging Spectroradiometer (MODIS)

aboard on the TERRA satellite crossing equator (descending orbit) at
10:30 AM mean local time measures TOA radiances at 36 spectral bands
from 0.4 to 14.4 μm in a sun-synchronous orbit with 2330 km wide
viewing swath. This information has been widely used for atmosphere,
land and ocean applications since TERRA was launched in 1999 and
expected to stop operating in 2025 due to the orbital drift. Numerous
algorithms have been developed to extract aerosol information from
MODIS data. NASA distributes three operational MODIS aerosol data-
sets: Dark Target (DT) by Remer et al. (2005) and Levy et al. (2013),
Deep Blue (DB) by Hsu et al. (2004, 2006, 2013), and Multi-Angle
Implementation of Atmospheric Correction (MAIAC) by Lyapustin
et al. (2018). However, the DT algorithm cannot be used over bright
surfaces (e.g. desert, arid and semi-arid surfaces), where the DB algo-
rithm was originally developed to fill in, although the enhanced DB al-
gorithm has been extended to all land surfaces (Hsu et al., 2013).
Therefore, the DT and DB AOD (550 nm) is combined into a novel
dataset to provide better coverage over land and ocean (Levy et al.,
2013; Sayer et al., 2014). In this study, MODIS/TERRA Level 2 aerosol
dataset is adopted for the intercomparison purpose. Specifically, the
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MOD04 Collection 6.1 DT + DB combined AOD (550 nm) products is
used. The spatial resolution of this product is 10 km at nadir and ~50 km
near the edges of the swath.

2.1.3. Suomi-NPP/VIIRS DB aerosol product
Visible Infrared Imaging Radiometer Suite (VIIRS) aboard on the

Suomi National Polar-orbiting Partnership (Suomi-NPP) satellite (Cao
et al., 2013) launched in 2011 and NOAA-20 satellite launched in 2017
(Cao et al., 2018) is dedicated to continue the Earth Observing System
(EOS) MODIS aerosol products to the Joint Polar Satellite System (JPSS)
VIIRS and extend the long-term aerosol dataset. VIIRS measures TOA
radiances at 22 spectral bands from 0.41 to 12.5 μm in a sun-
synchronous orbit crossing the equator (ascending orbit) at 1:30 PM
mean local time with a 3060 km wide viewing swath. Since S5P flies
within ~3–5 minutes of Suomi-NPP, the synergy between VIIRS and
TROPOMI allows to support the TROPOMI cloud identification using the
high spatial resolution measurements of VIIRS (375 to 750 m) (Veefkind
et al., 2012). The recent application of DB algorithm for VIIRS aerosol
retrieval (Hsu et al., 2019) shows good performance, and the Satellite
Ocean Aerosol Retrieval (SOAR) algorithm is integrated into the DB
algorithm to extend VIIRS DB aerosol dataset over ocean (Sayer et al.,
2018a, 2018b). In this study, the Suomi-NPP VIIRS DB 6 km Level 2
aerosol product (AERDB_L2_VIIRS_SNPP) is used to intercompare with
the TROPOMI/GRASP and MODIS/TERRA DT + DB aerosol products.
The AERDB_L2_VIIRS_SNPP aerosol dataset includes spectral AOD at
412, 490, 550 and 670 nm over land and AOD at 490, 550 and 670 nm
over ocean. The fine mode fraction at 550 nm is also provided over
ocean that can be used to derive AODF and AODC at 550 nm. Over land,
the diagnosed spectral SSA at 412, 490 and 670 nm are also included in
the intercomparison.

2.1.4. AERONET ground-based aerosol reference dataset
The Aerosol Robotic Network (AERONET) is a global distributed

ground-based aerosol measurement network. This infrastructure has
maintained uninterrupted operational functionality for >28 years using
well-calibrated sun-sky photometers (Holben et al., 1998). The AERO-
NET direct-Sun spectral AOD is with reliable accuracy (0.01–0.02) (Eck
et al., 1999), which are widely used as “ground truth” to validate remote
sensing aerosol products and aerosol model simulations. In addition, the
sun-sky photometers measure sky diffuse radiation that is used to invert
detailed aerosol properties, such as size distribution, complex refractive
index, single scattering albedo, and non-sphericity etc., which provide
insights of aerosol microphysics (Dubovik and King, 2000; Dubovik
et al., 2006). The accuracy of AERONET inversion products has been
analyzed by Dubovik et al. (2000) and Sinyuk et al. (2020). Both AER-
ONET direct-Sun and inversion products are considered as the ground-
based reference dataset and support the climate model evaluation and
form the aerosol model climatology used in the satellite retrieval algo-
rithm (Dubovik et al., 2002). In this study, the up-to-date AERONET
Version 3 Level 2.0 (Smirnov et al., 2000; Giles et al., 2019) direct-Sun
AOD, the spectral deconvolution algorithm (SDA) fine/coarse mode

AOD (O’Neill et al., 2003), and inverted SSA products (last access: 2021-
06-25) are used. We make use of all AERONET sites with available data
during the study period.

2.2. Surface datasets

In this section, the surface datasets used for validation and inter-
comparison are described. Table 2 shows a brief description of the sur-
face products used in this study.

2.2.1. S5P/TROPOMI GRASP surface product
As described in Part I (Litvinov et al., 2024), the GRASP algorithm

retrieves aerosol and full surface BRDF simultaneously. With the full
BRDF parameters, the surface characteristics can be derived such as
vegetation indexes, white sky albedo (BHR_ISO) and black sky albedo
(DHR) covering TROPOMI UV, VIS, NIR to SWIR bands. Specifically, the
S5P-TROPOMI/GRASP retrieval is based on Ross-Li land BRDF model
(Ross, 1981; Li and Strahler, 1992) with modifications by Litvinov et al.
(2011a, 2011b) to treat only spectral dependent isotropic term while the
volumetric and geometric terms are considered spectrally independent.
The Cox-Munk model (Cox and Munk, 1954) consideration of spectral
dependence of foam/whitecaps albedo (Frouin et al., 1996; Frouin and
Pelletier, 2015) is used for the ocean surface BRDF calculation. Mean-
while, the angular ocean surface BRDF is constrained using the wind
speed near the surface based on empirical relationships (Cox and Munk,
1954; Monahan and O’Muircheartaigh, 1980; Koepke, 1984; Frouin and
Pelletier, 2015).

2.2.2. MODIS surface product
The MODIS Collection 6 Bidirectional Reflectance Distribution

Function and Albedo Model Parameters produced in a 0.05◦ climate
model grid datasets (MCD43C) are used in the intercomparison. Spe-
cifically, MCD43C1 provides three BRDF model weighting parameters
(isotropic, volumetric and geometric terms) (Schaaf and Wang, 2015a)
and MCD43C3 contains the surface albedos (white sky albedo and black
sky albedo) (Schaaf and Wang, 2015b). MODIS and TROPOMI/GRASP
are based on the same Ross-Li BRDF model with some differences
described in the Part I of papers (Litvinov et al., 2024). Such products of
BRDF as isotropic, volumetric and geometric terms as well as surface
albedos will be directly intercompared in this paper.

MCD43C product is provided at spectral bands 1–7 covering VIS to
SWIR, however there are only 2 bands (blue and red) overlapped (center
wavelength within 20 nm) with TROPOMI/GRASP surface product, and
the intercomparison will be performed at these 2 bands. By considering
that (i) MCD43C products is produced on the basis of 16 days accumu-
lation of TERRA and AQUA MODIS data and temporally weighted to the
day of interest, and (ii) surface generally varies slowly in time, the
MODIS and TROPOMI surface intercomparison will be done on the
monthly mean characteristics.

Table 1
Global aerosol products used in this study.

Sensor Algorithm (Version) Resolution Variables

S5p/TROPOMI GRASP (v1.1.0) 10 km AOD, AODF, AODC, AAOD, SSA at 10 wavelengths (340, 367, 380, 416, 440, 494, 670, 747, 772,
and 2313 nm)

MODIS/TERRA DT + DB Merged
(C6.1)

nadir 10 km AOD (550 nm)

Suomi-NPP/
VIIRS

DB (v1.1) 6 km AOD (412 nm) – Land only
AOD at 490, 550 and 670 nm
AODF, AODC (550 nm) – Ocean only
SSA at 412, 490 and 670 nm – Land only

Sun-photometer/
AERONET

Version 3 (Level 2.0) Ground-based point
measurement

Direct-Sun AOD at 440, 675, 870 and 1020 nm
SDA AODF/AODC at 500 nm
Inversion SSA at 440, 675, 870 and 1020 nm
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2.2.3. SCIAMACHY, OMI and GOME-2 surface LER climatology
The SCIAMACHY, OMI and GOME-2 surface Lambertian-Equivalent

Reflectivity (LER) albedo climatology datasets generated by KNMI
(Royal Netherlands Meteorological Institute) (Kleipool et al., 2008;
Tilstra et al., 2017, 2021) covering from UV to SWIR are also included in
the intercomparison. The KNMI SCIAMACHY, OMI and GOME-2 LER
climatology are provided for each month of the year by accumulating
several years of observations (for example, OMI LER is based on data
obtained from 2004 to 2007, and 2008–2018 for GOME-2 LER and
2002–2012 for SCIAMACHY LER). The LER albedos are all provided at 1
nm wavelength bins with spatial resolutions of 0.25 to 0.5◦, respectively.
OMI covers from UV to VIS spectrum, and GOME-2 covers from UV, VIS
to NIR, and SCIAMACHY further extends to SWIR channels. In this study,
we consider the center wavelength within 20 nm to be overlapped,
therefore several common wavelengths (Table 2) are selected in order to
intercompare with TROPOMI.

2.2.4. S5P/TROPOMI surface reference dataset
The S5P/TROPOMI reference surface dataset is generated by

employing the concept of the synergy retrieval of the combination of
AERONET and S5P/TROPOMI measurements within the framework of
ESA GROSAT project (https://www.grasp-sas.com/projects/grosat/).
The AERONET almucantar radiance within 6 h of S5P overpass and
direct sun AOD measurements within 60 mins of S5P overpass are
combined with S5P/TROPOMI measured radiances collocated with 30
km region of AERONET stations. The GRASP algorithm retrieves aerosol
and surface parameters by fitting the combined measurements. The
GRASP multi-pixel concept allows for deriving the extended aerosol
microphysical and optical properties mainly from AERONET almucantar
and direct sun measurements which are of rich information content due
to multi-angular and multi-spectral measurements in forward scattering.
Meanwhile, the surface properties are retrieved largely relying on sat-
ellite measurements. Once the inversion is converged with small fitting
residual of S5P/TROPOMI measurements and the derived aerosol
properties are with good agreement with AERONET, the surface product
can be considered as the reference dataset (Litvinov et al., 2020; Litvi-
nov et al., 2022). We generated one-year S5P/TROPOMI reference sur-
face dataset (https://www.grasp-open.com/products/grosat-data-relea
se/) of 3 × 3 pixels (~30 km region) over selected 30 AERONET sites
covering different aerosol and surface types that are used in this study.

3. Intercomparison of validation with aerosol and surface
reference datasets

The S5P/TROPOMI GRASP aerosol and surface products validation
has been performed in Part I (Litvinov et al., 2024). In this section, to
demonstrate the place of TROPOMI/GRASP aerosol and surface prod-
ucts among other widely used ones, we intercompare the satellite

remote sensing aerosol and surface products validation metrics with the
reference datasets. Specifically, we evaluate the S5P/TROPOMI GRASP,
Suomi-NPP/VIIRS DB and MODIS/TERRA DT + DB combined aerosol
products with AERONET over the same time period using the same
matchup methodology and compare the validation metrics. As for the
surface, the S5P/TROPOMI GRASP and MODIS (TERRA+AQUA)
monthly surface products as well as OMI, GOME-2 and SCIAMACHY
surface LER climatology are evaluated with S5P/TROPOMI surface
reference dataset and the validation metrics are then intercompared.

3.1. Intercomparison of validation of aerosol products with AERONET

3.1.1. Intercomparison of AOD products validation with AERONET
In order to validate AOD products with AERONET, we follow the

same matchup strategy as in Chen et al. (2020) that the gridded satellite
high-quality retrievals are averaged in a 3 × 3 pixels window centered
over the AERONET stations. Only pure land/ocean pixels are taken into
account and the minimal 50% coverage of satellite pixels within a
window is adopted as the acceptance threshold. All available AERONET
Level 2 direct-sun AODs (last access: 2021-06-25) are averaged within
+/− 30 mins of satellite overpass time. The quality assurance index
(QA) is used to select high-quality retrieval products to perform vali-
dation. TROPOMI/GRASP QA index definition and analysis is described
in the Part I of the papers (Litvinov et al., 2024). MODIS and VIIRS QA
indices are described in Hubanks (2017), Sayer et al. (2018a) and Hsu
et al. (2019). Specifically, to select the best quality pixels and have
comparable number of matching-up points with AERONET, over land
the QA = 3 is taken for TROPOMI/GRASP and MODIS/TERRA DT + DB,
and QA ≥2 for VIIRS/DB. Over ocean QA ≥2 is used for all 3 products.
The Ångström exponent (AE or α = lnτ2 − lnτ1

lnλ1 − lnλ2
, where λ represents wave-

length and τ is AOD) is used to interpolate TROPOMI/GRASP and
AERONET AOD to the 4 common wavelengths (412, 490, 550 and 670
nm) with MODIS/TERRA DT + DB and VIIRS/DB products for validation
and intercomparison. For quantifying the validation results, we follow
Chen et al. (2020) for the statistical parameters, such as Pearson cor-
relation coefficient (R), root mean square error (RMSE), GCOS fraction
(%), Slope, Offset of linear regression, and biases for total (BIAS), low
(BIASAOD<0.2), medium (BIAS0.2≤AOD≤0.7) and high (BIASAOD>0.7) AODs.
In addition, we include the Target fraction (%) that describes the per-
centage of AOD retrievals satisfying the AOD Target requirement: max
(0.05 or 20% AOD) (Litvinov et al., 2024). The Target requirement is a
bit loose with respect to the GCOS requirement: max (0.05 or 20% AOD)
vs. max (0.04 or 10% AOD).

Fig. 1 shows the mid-visible AOD (550 nm) validation results for
TROPOMI/GRASP, VIIRS/DB and MODIS/DT + DB over land for one
year period March 2019 to February 2020. The total matchup points are
comparable for 3 products: TROPOMI/GRASP (7732), VIIRS/DB (7940)

Table 2
Global surface products used in this study.

Sensor Product or Algorithm (Version) Resolution Variables

S5p/TROPOMI GRASP (v1.1.0) 10 km Full BRDF, DHR and BHR_ISO at 10 wavelengths (340, 367, 380, 416, 440, 494,
670, 747, 772, and 2313 nm)

MODIS TERRA+AQUA MCD43C1 and MCD43C3 0.05 degree Full BRDF, black/white sky albedo at 7 wavelengths from blue to SWIR
OMI KNMI LER Climatology1 0.5 degree Lambertian-Equivalent Reflectivity (LER) at 23 wavelengths from UV to green, 6

of them are selected (342, 367, 380, 416, 440 and 494 nm) for intercomparison
GOME-2 KNMI LER v3.1 Climatology2 0.25 degree LER at 26 wavelengths from UV to NIR, 9 of them are selected (340, 367, 380,

416, 440, 494, 670, 758, 772 nm)
SCIAMACHY KNMI LER v2.6 Climatology3 0.5 degree LER at 34 wavelengths from UV to SWIR, 10 of them are selected (340, 367, 380,

416, 440, 494, 670, 758, 772, 2314 nm)
Surface reference (S5p/

TROPOMI)
TROPOMI + AERONET combined
retrieval GRASP (v1.1.0)4

30 km (3 × 3 10 km pixels)
region over 30 AERONET sites

Full BRDF, DHR (black sky albedo) and BHR_ISO (white sky albedo) at 10
wavelengths (340, 367, 380, 416, 440, 494, 670, 747, 772, and 2313 nm)

1 https://www.temis.nl/surface/albedo/omi_ler.php (Kleipool et al., 2008; Tilstra et al., 2017).
2 https://www.temis.nl/surface/albedo/gome2_ler.php (Tilstra et al., 2017, 2021).
3 https://www.temis.nl/surface/albedo/scia_ler.php (Tilstra et al., 2017).
4 https://www.grasp-open.com/products/grosat-data-release/ (Litvinov et al., 2022).
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and MODIS/DT + DB (6758). The 3 AOD (550 nm) products show good
agreement with AERONET with correlation coefficient (R) around
0.88–0.90. TROPOMI/GRASP (0.078) and VIIRS/DB (0.080) shows
slightly better RMSE than MODIS/DT + DB (0.105). VIIRS/DB is of a
little bit better GCOS (62.4%) and Target (72.5%) fractions than TRO-
POMI/GRASP (GCOS: 56.9%; Target: 67.3%) and MODIS/DT + DB
(GCOS: 53.6%; Target: 64.7%). In terms of biases, 3 products show
similar bias (+0.01) for low AOD (BIASAOD<0.2), and for total BIAS
MODIS/DT + DB (+0.02) is slightly larger than TROPOMI/GRASP
(+0.01) and VIIRS/DB (+0.01). While the biases for high AOD
(BIASAOD>0.7) are of large difference that VIIRS/DB and MODIS/DT +

DB show overestimation around 0.05–0.06, in contrast TROPOMI/
GRASP tends to underestimate around 0.11.

Table 3 summarizes TROPOMI/GRASP, VIIRS/DB and MODIS/
TERRA DT + DB spectral AOD (412, 490, 550 and 670 nm) validation
metrics with AERONET over land. In this study, we use MODIS/TERRA
DT + DB combined AOD product, which is of better coverage than in-
dividual DT or DB products while DT + DB combined AOD is only
available at mid-visible (550 nm). For VIIRS/DB, 4 bands AOD (412,
490, 550 and 670 nm) is provided over land. TROPOMI/GRASP and
VIIRS/DB show similar performance from 412 to 670 nm. Generally,
VIIRS/DB shows slightly higher GCOS and Target fractions and a bit
larger dispersion (RMSE) than TROPOMI/GRASP. The BIAS and
BIASAOD<0.2 do not exceed 0.02 for both of them from deep blue (412
nm) to red (670 nm) channels. However, the spectral tendency is
opposite, that TROPOMI/GRASP BIAS decreases from +0.02 at 412 nm
to 0.00 at 670 nm, while VIIRS/DB BIAS slightly increases from 0.00 at

412 nm to +0.01 at 670 nm.
Table 4 shows the TROPOMI/GRASP, VIIRS/DB and MODIS/TERRA

DT + DB AOD 550 nm validation metrics with AERONET over four
classes of land surface (0 < NDVI≤0.2, 0.2 < NDVI≤0.4, 0.4 <

NDVI≤0.6, and 0.6 < NDVI≤1). Previous studies have indicated the
satellite AOD products show different performance over different land
surfaces (Sayer et al., 2013, Sayer et al., 2014; Chen et al., 2020),
especially over bare soil/desert surfaces (0 < NDVI≤0.2) the discrep-
ancy between the products is much larger than over other surface types
(Chen et al., 2020). Even though, the best R is observed for TROPO-
MI/GRASP over bare soil/desert surfaces (0 < NDVI≤0.2), the highest
BIAS and BIASAOD<0.2 (0.06–0.07) is also present. Moreover, TROPO-
MI/GRASP show the smallest BIAS and BIASAOD<0.2 as well as the
smallest dispersion (RMSE) over 3 classes of NDVI>0.2. VIIRS/DB show
good GCOS and Target fractions, specifically > ~ 50% GCOS at all
surface types. The most of matchups for 3 products (TROPOMI/GRASP -
86%, VIIRS/DB – 89%, MODIS/TERRA DT + DB – 85%) are located in
the middle range of NDVI (0.2 < NDVI≤0.6), where the retrieval algo-
rithm generally performs well. In the dense vegetation area (0.6 <

NDVI≤1), all 3 products show relatively low R (<0.85), which is due to
the fact that there are largely low and moderate AOD conditions,
therefore the dispersion (RMSE) is relatively small with respect to the
other areas. The relatively low GCOS and Target fractions over bright
surface (0 < NDVI≤0.2) are consistent with Chen et al. (2020) and are
due to the general difficulty of aerosol and surface decoupling over
bright surface where the surface contribution is dominant.

Fig. 2 shows the validation of TROPOMI/GRASP, VIIRS/DB and

Fig. 1. Validation of TROPOMI/GRASP, VIIRS/DB and MODIS/TERRA DT + DB AOD 550 nm over land with AERONET for an entire year (March 2019 to February
2020). The gray dashed line and the red solid line are the 1:1 reference line and the linear regression line. The gray envelope indicates GCOS requirement max (0.04
or 10% AOD). The probability density function of differences between satellite and AERONET AOD and the Bias under different AOD conditions (any AOD, AOD <

0.2, 0.2 ≤ AOD ≤ 0.7 and AOD > 0.7) are present in the lower panels. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

Table 3
Summary of TROPOMI/GRASP, VIIRS/DB and MODIS/TERRA DT + DB spectral AOD validation metrics with AERONET reference dataset over land. The best per-
forming metric is indicated in bold.

Land/Ocean Bands (nm) Products (Num. Matchups) R Slope Offset RMSE BIAS BIAS AOD < 0.2 GCOS (%) Target (%)

Land 412 TROPOMI (7732) 0.887 0.920 0.035 0.115 0.02 0.02 41.8 53.9
VIIRS (6528) 0.914 1.074 ¡0.013 0.119 0.00 0.00 50.8 61.8

490 TROPOMI (7732) 0.889 0.905 0.026 0.089 0.01 0.02 50.8 62.3
VIIRS (7940) 0.900 1.050 0.000 0.094 0.01 0.01 57.5 67.9

550 TROPOMI (7732) 0.885 0.890 0.022 0.078 0.01 0.01 56.9 67.3
VIIRS (7940) 0.898 1.028 0.002 0.080 0.01 0.01 62.4 72.5
MODIS (6758) 0.898 1.025 0.011 0.105 0.02 0.01 53.6 64.7

670 TROPOMI (7732) 0.877 0.835 0.018 0.065 0.00 0.01 66.4 76.1
VIIRS (7940) 0.885 0.979 0.008 0.064 0.01 0.01 68.7 77.2
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MODIS/DT + DB AOD (550 nm) over ocean for one year period March
2019 to February 2020. Over ocean, MODIS/DT + DB AOD show the
highest R (0.939) and all products with R > 0.88. Yet, MODIS/DT + DB
combined AOD show a positive bias 0.04–0.05, which is consistent with
the MODIS team validation (Remer et al., 2020). VIIRS/DB also show a
positive bias around ~0.04, while the GCOS and Target fractions of
VIIRS/DB (59.7% GCOS and 70.3% Target) are higher than that of
MODIS/DT + DB (48.7% GCOS and 60.5% Target). Moreover, TRO-
POMI/GRASP show excellent agreement with AERONET with the
smallest RMSE (0.047) and the highest GCOS (71.3%) and Target
(81.1%) fractions. In addition, the BIAS and BIASAOD<0.2 is within 0.01.
As shown in Part I (Litvinov et al., 2024, Part I), the use of wind speed to
constrain angular properties of ocean surface BRDF significantly
improve the TROPOMI/GRASP aerosol retrieval, especially for the
reduction of bias in AOD, which was also observed previously for OCLI/
Sentinel-3 GRASP retrieval over ocean (Chen et al., 2022b). The

statistics for spectral AOD (490, 550 and 670 nm) validation over ocean
are summarized in Table 5. Overall, the VIIRS/DB shows slightly better
R and Slope than TROPOMI/GRASP, yet TROPOMI/GRASP has smaller
RMSE, BIAS, BIASAOD<0.2 and higher GCOS and Target fractions. Spec-
trally, the TROPOMI/GRASP AOD is with BIAS not exceeding 0.02,
RMSE smaller than 0.055, GCOS fraction higher than 64% and Target
fraction higher than 75%.

3.1.2. Intercomparison of Ångström exponent (AE) products validation
with AERONET

The Ångström exponent (AE) from TROPOMI/GRASP and VIIRS/DB
are validated with AERONET and intercompared in this section. Even
though AE is not provided in VIIRS/DB product, we calculate it using
AODs at 2 channels: AE (412/670 nm) over land and AE (490/670 nm)
over ocean. Meanwhile, TROPOMI/GRASP AE (412/670 nm) is vali-
dated over both land and ocean. Because the uncertainty of satellite

Table 4
Summary of TROPOMI/GRASP, VIIRS/DB and MODIS/TERRA DT + DB AOD 550 nm validation metrics with AERONET over four classes of land surface (0 <

NDVI≤0.2, 0.2 < NDVI≤0.4, 0.4 < NDVI≤0.6, and 0.6 < NDVI≤1). In each individual NDVI class, the best performing metric is indicated in bold.

NDVIs Products (Num. Matchups) R Slope Offset RMSE BIAS BIASN AOD < 0.2 GCOS (%) Target (%)

0 < NDVI≤0.2 TROPOMI (366) 0.903 0.943 0.068 0.120 0.06 0.07 34.4 42.6
VIIRS (435) 0.894 0.943 0.036 0.082 0.03 0.03 49.4 57.9
MODIS (330) 0.807 0.708 0.034 0.121 ¡0.02 0.01 49.7 60.3

0.2 < NDVI≤0.4 TROPOMI (1760) 0.923 0.872 0.016 0.065 0.00 0.00 61.0 72.6
VIIRS (1521) 0.880 0.814 0.014 0.070 − 0.01 0.00 59.2 69.3
MODIS (1076) 0.803 0.876 0.041 0.098 0.02 0.03 46.1 57.6

0.4 < NDVI≤0.6 TROPOMI (2401) 0.875 0.789 0.033 0.079 0.01 0.01 55.7 66.3
VIIRS (2045) 0.926 1.058 0.002 0.083 0.01 0.01 61.6 71.5
MODIS (2273) 0.939 1.077 0.006 0.098 0.02 0.01 54.9 67.0

0.6 < NDVI≤1 TROPOMI (672) 0.811 0.870 0.004 0.054 ¡0.01 0.00 67.3 76.8
VIIRS (454) 0.776 0.769 0.015 0.072 ¡0.01 − 0.01 79.1 86.8
MODIS (656) 0.845 1.111 0.022 0.120 0.04 0.03 55.2 66.5

Fig. 2. The same as Fig. 1, but for AOD 550 nm validation over ocean.

Table 5
Summary of TROPOMI/GRASP, VIIRS/DB and MODIS/TERRA DT + DB spectral AOD validation metrics with AERONET reference dataset over ocean. The best
performing metric is indicated in bold.

Land/Ocean Bands (nm) Products (Num. Matchups) R Slope Offset RMSE BIAS BIAS AOD < 0.2 GCOS (%) Target (%)

Ocean 490 TROPOMI (821) 0.883 0.920 0.026 0.055 0.01 0.02 64.6 75.3
VIIRS (880) 0.887 1.054 0.035 0.079 0.04 0.04 55.3 65.7

550 TROPOMI (821) 0.881 0.863 0.028 0.047 0.01 0.01 71.3 81.1
VIIRS (880) 0.886 1.040 0.033 0.069 0.04 0.04 59.7 70.3
MODIS (483) 0.939 0.885 0.063 0.070 0.04 0.05 48.7 60.5

670 TROPOMI (821) 0.869 0.740 0.029 0.040 0.00 0.01 81.7 89.0
VIIRS (880) 0.876 1.001 0.035 0.058 0.03 0.03 65.0 74.3
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derived AE strongly rely on the aerosol loading, particularly a small
error of AOD at different wavelengths could have a huge effect on
calculated AE especially when AOD is low (Chen et al., 2020). TRO-
POMI/GRASP provides quality flag (QAExtend) for such extended
properties. As suggested in Part I (Litvinov et al., 2024), we use the
highest QAExtend = 3 over land and QAExtend≥ 2 to select TROPOMI/
GRASP AE (412/670 nm) for validation. For VIIRS/DB, we select QA ≥2
with additional AOD (550 nm) > 0.2 over land and QA ≥2 over ocean.

Fig. 3 shows the validation of TROPOMI/GRASP AE (412/670 nm)
and VIIRS/DB AE (land: 412/670 nm; ocean: 490/670 nm) over land
and ocean with AERONET for an entire year (March 2019 to February
2020). The fractions of retrievals within the AE Optimal (+/− 0.3) and
Target (+/− 0.5) are also present in the figure. Over land, TROPOMI/
GRASP show convincing capability to separate two groups with fine (AE
> 1) and coarse (AE < 1) particles, despite the AE is slightly over-
estimated for both fine and coarse particles that is known issue for
GRASP/Models approach (Chen et al., 2020, 2022b). In contrast, VIIRS/
DB AE is less convincing in identifying fine/coarse dominant cases, that
is largely due to the use of region-specific aerosol models in the look-up-
tables (LUT). Over ocean, TROPOMI/GRASP show similar patten as the
one over land that AE is overestimated generally, especially for coarse
mode. Compared to TROPOMI/GRASP, VIIRS/DB AE show better cor-
respondence with AERONET with R 0.62 and Optimal fraction 65.3%. It
implies the general capability to derive aerosol size related information,
such as AE, from single viewing radiometers over ocean.

3.1.3. Intercomparison of AODF and AODC products validation with
AERONET

The validations of TROPOMI/GRASP and VIIRS/DB AODF and
AODC at 550 nm over ocean surface with AERONET Version 3 Level 2
SDA product are intercompared in this section. The DT algorithm pro-
vides MODIS AODF and AODC over ocean, which is not included in the
intercomparison. TROPOMI/GRASP provides AODF and AODC at 10
wavelengths over land and ocean, and the validation for different QA
index is present in Part I (Litvinov et al., 2024). For VIIRS/DB product,
the fine mode fraction (FMF) at 550 nm is used to derive AODF and
AODC at 550 nm together with AOD (550 nm). Due to the VIIRS/DB
AODF and AODC only available at 550 nm over ocean, in this section we
will intercompare the validation results over ocean. AERONET SDA
fine/coarse mode AOD (τf and τc) is provided at 500 nm along with the
fine mode Ångström exponent (αf ), therefore the interpolation into 550
nm can be done as:

τf (550 nm) = τf (500 nm)*(550/500)− αf (1)

τc(550 nm) = τ(550 nm) − τf (550 nm) (2)

Fig. 4 shows the TROPOMI/GRASP and VIIRS/DB AODF (550 nm)
validation over ocean. We continue to calculate the GCOS - max (0.04 or
10%AODF) and Target - max (0.05 or 20%AODF) fractions for AODF
and AODC validations (Litvinov et al., 2024). To be consistent with the
AOD validation over ocean, the QA ≥2 is used for both products to select
high quality retrievals. Generally, TROPOMI/GRASP and VIIRS/DB
AODF (550 nm) show similar performance against AERONET SDA over
ocean: TROPOMI/GRASP (R = 0.816, RMSE = 0.040, BIAS = 0.01 and
BIASAODF<0.2 = 0.01) and VIIRS/DB (R = 0.807, RMSE = 0.046, BIAS =

0.01 and BIASAODF<0.2 = 0.01). Moreover, the GCOS and Target frac-
tions are also comparable, that ~80% satisfying GCOS requirement and
~ 85% satisfying Target requirement for both products.

The AODC (550 nm) validation of TROPOMI/GRASP and VIIRS/DB
over ocean with AERONET is present in Fig. 5. Generally, the agreement
between TROPOMI/GRASP and VIIRS/DB AODC (550 nm) with AER-
ONET over ocean is less good than that of AODF. The correlation coef-
ficient (R) is around 0.8 for 2 products. While VIIRS/DB shows evident
overestimation ~0.04–0.06, which explains that the positive bias
(~0.04) of VIIRS/DB AOD (550 nm) over ocean is mainly from the
overestimation of the coarse mode contribution. TROPOMI/GRASP
AODC (550 nm) has good agreement with AERONET when AODC is
lower than 0.2 where ~93% retrievals satisfy the GCOS requirement and
the BIASAODC<0.2 is around 0.01. While TROPOMI/GRASP tends to un-
derestimate AODC when the AODC loading increases, for example, the
BIAS0.2≤AODC≤0.7 is − 0.17. This explains that TROPOMI/GRASP un-
derestimates AOD (550 nm) over ocean when aerosol loading is high
(Fig. 2).

3.1.4. Intercomparison of SSA products validation with AERONET
Even though spectral SSA is not the main product, it is still diagnosed

in the VIIRS/DB L2 product over land at 412, 490 and 670 nm. The
TROPOMI measurements at UV provide the sensitivity to the aerosol
absorption, therefore, the GRASP algorithm derives TROPOMI SSA at 10
wavelengths (Litvinov et al., 2024). The validation of TROPOMI/GRASP
spectral SSA at different QAExtend index is present in Part I (Litvinov
et al., 2024). Here we intercompare the validation metrics at the 3
common wavelengths (412, 490 and 670 nm). The matchup method-
ology between satellite retrievals and AERONET Level 2 inversion
product uses a larger time window (+/− 180 mins) than the matchup
with AERONET direct-sun measurements due to the relative rare AER-
ONET sky radiance measurements that is used to derive inversion
products, including size distribution, spectral SSA, spectral aerosol ab-
sorption optical depth (AAOD or τa), complex refractive index, fraction
of spherical particles (Dubovik and King, 2000; Dubovik et al., 2000,
2006). In addition, the TROPOMI/GRASP quality flag for extended
properties (QAExtend = 3) is used to select high quality TROPOMI/

Fig. 3. Validation of TROPOMI/GRASP and VIIRS/DB AE over land and ocean with AERONET for an entire year (March 2019 to February 2020). The gray dashed
line and the red solid line are the 1:1 reference line and the linear regression line. The gray envelope indicates Optimal requirement for AE (+/− 0.3). The percentage
of retrievals satisfying the Target requirement for AE (+/− 0.5) and the probability density function of differences between satellite and AERONET AE are also
presented in the lower panels. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Validation of TROPOMI/GRASP and VIIRS/DB AODF 550 nm over ocean with AERONET for an entire year (March 2019 to February 2020). The gray dashed
line and the red solid line are the 1:1 reference line and the linear regression line. The gray envelope indicates GCOS requirement for AODF (max 0.04 or 10% AODF).
The probability density function of differences between satellite and AERONET AODF and the Bias under different AODF conditions (any AODF, AODF<0.2, 0.2 ≤

AODF≤0.7 and AODF>0.7) are present in the lower panels. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 5. The same as Fig. 4, but for AODC 550 nm validation over ocean.
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GRASP SSA products (Litvinov et al., 2024). Since AERONET SSA
products are available at 440, 675, 870 and 1020 nm, we interpolate and
extrapolate using absorption Ångström exponent (αa =

lnτa(λ2)− lnτa(λ1)
lnλ1 − lnλ2

,
where λ represent wavelength and τa is AAOD). For example, the
interpolation of AERONET SSA (ω) into 490 nm can be done through
Eqs. 3–5 using α(440–870 nm) and αa(440–870 nm):

τa(490 nm) = τa(440 nm)*(490/440)− αa (3)

τ(490 nm) = τ(440 nm)*(490/440)− α (4)

ω(490 nm) = 1 − τa(490 nm)/τ(490 nm) (5)

Fig. 6 shows the validation of TROPOMI/GRASP and VIIRS/DB SSA
(490 nm) over land with AERONET for an entire year. The validation
metrics for 3 wavelengths (412, 490 and 670 nm) are summarized in
Table 6. We calculate the retrievals satisfying the Optimal and Target
requirements for SSA that are +/− 0.03 for Optimal and +/− 0.05 for
Target requirements (Litvinov et al., 2024). Generally, TROPOMI/
GRASP SSA shows better agreement with AERONET than VIIRS/DB, for
example, at 490 nm the R is 0.478 with RMSE 0.026 for TROPOMI/
GRASP in contrast with VIIRS/DB R − 0.489 and RMSE 0.058. For
TROPOMI/GRASP spectral SSA, at least 75% of them fit the Optimal
requirement and at least 89% is within Target requirement, which are
superior to VIIRS/DB SSA of at least 39% and 57% retrievals satisfying
Optimal and Target requirements.

3.2. Intercomparison of validation of surface products with S5P/
TROPOMI surface reference dataset

Here we present the results of the intercomparison of validation of
surface products S5P/TROPOMI GRASP and MODIS (TERRA+AQUA)
monthly surface products as well as OMI, GOME-2 and SCIAMACHY

surface LER climatology with the surface reference dataset over 30
selected AERONET sites generated from the GROSAT S5P/TROPOMI
and AERONET combined retrieval (Litvinov et al., 2020; Litvinov et al.,
2022). The validation is performed for all available common bands. The
difference of the center wavelength not exceeding 20 nm is considered
as a common band. Due to the fact that the surface normally does not
change rapidly, the validation therefore is performed using TROPOMI/
GRASP and MODIS monthly mean and climatological mean for OMI,
GOME-2 and SCIAMACHY. MODIS MCD43 surface product is based on
the accumulation of 16-days TERRA + AQUA data and weighted to the
day of interest, therefore, we simply use the 15th day of each month to
represent the MODIS monthly mean. The GROSAT reference dataset
provides 3 × 3 10 km pixels over 30 selected AERONET sites. Therefore,
the nearest MODIS MCD43 0.05 degree pixels (MODIS 0.05◦ center
coordinates nearest to the TROPOMI 10 km center coordinates) are used
for validation, and the exact corresponding TROPOMI/GRASP 10 km
pixels are selected for validation since TROPOMI/GRASP and GROSAT
are produced on the same grids. For OMI, GOME-2 and SCIAMACHY
surface LER, we re-grid GROSAT reference dataset provided 3 × 3 10 km
pixels into one single pixel to validate with corresponding OMI and
GOME-2 0.25◦ grid boxes and SCIAMACHY 0.5◦ grid boxes. Specifically,
the GROSAT 3 × 3 10 km pixels are averaged to compare with the
nearest OMI, GOME-2 0.25◦ and SCIAMACHY 0.5◦ grid boxes. We would
like to emphasize that surface inhomogeneity could play a vital role and
potential impart the performed intercomparison due to the differences
in pixel footprints and re-grided boxes of each satellite product.

Fig. 7 shows the validation of (a) TROPOMI/GRASP and (b) MODIS/
MCD43C3 white sky albedo (BHR_ISO) with S5P/TROPOMI surface
reference dataset over 30 AERONET stations over one year period. The
validation of (c) SCIAMACHY, (d) OMI and (e) GOME-2 climatological
LER with S5P/TROPOMI surface reference BHR_ISO are present in
Fig. 7c-e. We calculate the percentage of retrievals satisfying both

Fig. 6. Validation of TROPOMI/GRASP and VIIRS/DB SSA 490 nm over land with AERONET for an entire year (March 2019 to February 2020). The gray dashed line
and the red solid line are the 1:1 reference line and the linear regression line. The gray envelope indicates Optimal requirement for SSA (+/− 0.03). The percentage of
retrievals satisfying the Target requirement for SSA (+/− 0.05) and the probability density function of differences between satellite and AERONET SSA are also
present. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Optimal and Target requirements for surface validation. The formulated
surface Optimal (+/− 0.01) and Target (+/− 0.02) requirements are
present in Part I Table 1 (Litvinov et al., 2024). The linear fitting cor-
relation coefficient R, Slope and Offset are calculated for combined all
common wavelengths, and the Optimal and Target fractions, RMSE and
BIAS are calculated for each common wavelength as well as for all
combined wavelengths, and the statistical metrics are shown in the
Appendix Tables A1-A5. Since the common wavelengths are different
from dataset to dataset, the dynamic range varies which affects the
calculation of R for the combined all wavelengths. Generally, the surface
products are in better agreement with the reference dataset at VIS than
UV, NIR and SWIR. Moreover, the surface products tend to underesti-
mate surface albedo (BHR_ISO) at UV, NIR and SWIR. For example, the
BIAS is around − 0.01 to − 0.03 at UV, and it decreases to nearly zeros
(within 0.01) at 440 to 490 nm, and starting from 670 nm to SWIR
(2313 nm) the BIAS is around − 0.01 to − 0.05. The dispersion (RMSE)
between SCIAMACHY, OMI and GOME-2 climatological LER and S5P/
TROPOMI surface reference is generally higher than that between
TROPOMI and MODIS with the GROSAT surface reference. For example,
the RMSEs at 440 nm blue channel are 0.018 (TROPOMI/GRASP), 0.016
(MODIS/MCD43C3), 0.022 (SCIAMACHY), 0.022 (OMI) and 0.022
(GOME-2). Even though the BIAS for each product is smaller than 0.01
except for SCIAMACHY (0.011). We should consider the fact that the

SCIAMACHY, OMI and GOME-2 climatology are generated based on
several years of data. Moreover, the climatological datasets are of
coarser spatial resolution than MODIS and TROPOMI. These factors may
induce some uncertainties. Furthermore, we should note the discrep-
ancy at the red channel (670 nm). Although all available products tend
to underestimate at 670 nm, the BIAS for TROPOMI and MODIS is
around − 0.006 to − 0.01, which is 3–5 times smaller than that of
SCIAMACHY (− 0.030) and GOME-2 (− 0.028). The Optimal fraction is
around 45% for TROPOMI and MODIS in contrast around 15% for
SCIAMACHY and GOME-2.

4. Global intercomparison of aerosol and surface products

The aerosol and surface products are validated and intercompared
with reference datasets in section 3. In this section, we will re-grid all the
aerosol and surface products into a common grid and intercompare at
pixel/grid level for one entire year. Specifically, we make pixel-to-pixel
intercomparison between S5P/TROPOMI GRASP, Suomi-NPP/VIIRS DB
and MODIS/TERRA DT + DB aerosol products globally. The monthly
S5P/TROPOMI GRASP, MODIS MCD43 surface products together with
OMI, GOME-2 and SCIAMACHY surface LER monthly climatology are
also intercompared for one entire year.

Table 6
Summary of TROPOMI/GRASP and VIIRS spectral SSA validation metrics with AERONET reference dataset over land. The best performing metric is indicated in bold.

Land/Ocean Products (Num. Matchups) Bands (nm) R RMSE BIAS Optimal +/− 0.03 (%) Target +/− 0.05 (%)

Land VIIRS/DB (74) 412 − 0.360 0.064 0.034 39.2 56.8
490 − 0.489 0.058 0.032 51.4 71.6
670 − 0.137 0.069 0.037 63.5 71.6

TROPOMI/GRASP (351) 412 0.452 0.031 0.011 75.8 90.9
490 0.478 0.026 0.005 82.6 94.9
670 0.673 0.035 0.010 74.6 88.9

Fig. 7. Validation of (a) TROPOMI/GRASP and (b) MODIS/MCD43C3 white sky albedo (or BHR_ISO) with S5P/TROPOMI surface reference dataset. The validation
of (c) SCIAMACHY, (d) OMI and (e) GOME-2 climatological LER with S5P/TROPOMI surface reference BHR_ISO are also present. The gray dashed line and the red
solid line are the 1:1 reference line and the linear regression line. The gray envelope indicates Target requirement for surface. The statistical metrics for each
corresponding wavelength are shown in the Appendix Tables A1-A5. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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4.1. Aerosol products intercomparison

4.1.1. AOD products intercomparison
Due to the different spatial resolution of the aerosol products, e.g. 10

km TROPOMI/GRASP, 6 km VIIRS/DB at nadir and ~ 10 km near the
edges of the swath and 10 km MODIS/DT + DB at nadir and ~ 50 km
near the edges, we re-grid the 3 products into a common 0.2◦ grid box
under equirectangular projection and intercompare the aerosol products
at the 0.2◦ grid box globally. To assure the quality of the retrieval
products for re-griding, we keep using the same QA flag to select the
products as for validation in section 3 that are QA ≥2 for all products
over ocean, and QA = 3 for TROPOMI/GRASP and MODIS/DT + DB
products and QA ≥2 for VIIRS/DB over land. Fig. 8 shows the spatial
distribution of one-year (March 2019 – February 2020) AOD 550 nm
from independent TROPOMI/GRASP, VIIRS/DB and MODIS/DT + DB
products. The 0.2◦ pixel level difference of AOD 550 nm averaged over a
year is presented as VIIRS/DB – TROPOMI/GRASP and MODIS/DT + DB
– TROPOMI/GRASP. Note that the differences are calculated for com-
mon pixels and then averaged for a year, and we require the minimal
occupancy of 10 over a year to calculate the mean differences between
products. The pixel-to-pixel statistic metrics for spectral AOD are listed
in Table 7. The statistic metrics are estimated using linear regression
model (ordinary least squares). The PDF for AOD (550 nm) differences
over land and ocean are present in Fig. 9a-b.

Over ocean, although the validation with AERONET coastal sites
(Fig. 2-Validation) shows VIIRS/DB AOD 550 nm is off by +0.04 and the
BIAS is +0.01 for TROPOMI/GRASP, TROPOMI/GRASP and VIIRS/DB

AOD show overall excellent consistency. The difference for AOD 550 nm
(VIIRS - TROPOMI) is − 0.002 (1σ = 0.033), and the pixel-to-pixel R is
0.959 with RMSE 0.033 for >10 million matchup pixels (10802353),
and 85.7% of them satisfying GCOS uncertainty requirement and 92.4%
of them satisfying Target requirement. In addition, the agreement re-
mains for other common wavelengths (490 and 670 nm). For example,
the R is higher than 0.95 and RMSE smaller than 0.05 for all 3 common
wavelengths (490, 550, and 670 nm). The differences (VIIRS - TRO-
POMI) are − 0.011 for AOD at 490 nm and + 0.013 at 670 nm. On the
other hand, MODIS/TERRA show slightly higher AOD at 550 nm than
TROPOMI/GRASP as well as VIIRS/DB over ocean. This is consistent
with the AERONET coastal sites validation (Fig. 2-Validation) and
validation from the MODIS team that show a positive bias around
0.04–0.05 for MODIS/TERRA AOD over ocean. The global pixel-to-pixel
difference based on ~10 million pairs between MODIS/TERRA and
TROPOMI AOD (550 nm) over ocean is 0.014 (1σ = 0.088), and the
standard deviation 1σ = 0.088 is about 2.5 times larger than that be-
tween VIIRS and TROPOMI with 1σ = 0.033, which leads to relatively
lower fractions for GCOS (59.3%) and Target (69.2%). Overall, over
ocean the agreement between 2 independent sensors (TROPOMI and
VIIRS) and algorithms (GRASP and DB) is very good according to all
statistical characteristics and applied requirements.

Over land, the discrepancy between products is much higher than
that over ocean, which is well known problem caused by the general
complexity of aerosol retrieval over land surfaces. Generally, TRO-
POMI/GRASP tends to report lower AOD over high latitude areas (such
as Siberia and Canada) and higher AOD over Taklimakan desert and its

Fig. 8. Spatial distribution of one-year (March 2019 – February 2020) AOD 550 nm from TROPOMI/GRASP, VIIRS/DB and MODIS/TERRA DT + DB products. The
pixel level difference of AOD 550 nm averaged over a year is presented as VIIRS/DB – TROPOMI/GRASP and MODIS/TERRA DT + DB – TROPOMI/GRASP. Note only
the pixels with appearances N ≥10 during a year are accounted for in the difference calculation.
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downwind northwestern China than VIIRS/DB and MODIS/TERRA DT
+ DB. Over north Africa Sahara Desert, the MODIS/TERRA is evidently
lower than TROPOMI and VIIRS. All 3 AOD products show high aerosol
loading over equatorial Africa, while the spatial distribution is slightly
different that MODIS/TERRA and VIIRS tend to be higher than TRO-
POMI in the southern part and VIIRS is higher than MODIS/TERRA and
TROPOMI in the northern part. Based on 10,626,593 pixels between
VIIRS and TROPOMI over land, the difference (VIIRS - TROPOMI) of
AOD (550 nm) is − 0.002 (1σ =0.1). Statistically, the difference between
MODIS and TROPOMI (MODIS - TROPOMI) is − 0.034 (1σ =0.14) which
is larger than the difference (VIIRS – TROPOMI). In addition, the pixel-

to-pixel agreement between VIIRS and TROPOMI (R = 0.881, RMSE =

0.100, GCOS = 46.5%) is also better than MODIS and TROPOMI (R =

0.757, RMSE = 0.144, GCOS = 36.4%). The TROPOMI/GRASP and
VIIRS/DB AOD show good agreement spectrally from deep blue (412
nm) to red (670 nm) channels with R higher than 0.87 and RMSE smaller
than 0.14. The AOD differences (VIIRS - TROPOMI) are smaller than
+/− 0.01 between 490 nm to 670 nm, and it increases to around − 0.021
at 412 nm.

In order to investigate the AOD over different land surfaces, the
further analysis of the pixel-to-pixel AOD between the 3 products was
performed by splitting over 4 different land surface NDVIs (see in

Table 7
Summary of global pixel-to-pixel spectral AOD statistic metrics between VIIRS/DB, MODIS/TERRA DT + DB and TROPOMI/GRASP over land and ocean.

Land/Ocean Products (Num. Matchups) Bands (nm) R Slope Offset RMSE Diff. (MODIS or VIIRS - TROPOMI) GCOS (%) Target (%)

Land VIIRS vs. TROPOMI (10626593) 412 0.873 0.876 0.007 0.136 − 0.021 35.3 46.0
490 0.877 0.927 0.006 0.111 − 0.007 42.0 52.9
550 0.881 0.957 0.005 0.100 − 0.002 46.5 57.2
670 0.871 1.049 0.003 0.094 0.009 54.6 64.3

MODIS vs. TROPOMI (8204323) 550 0.757 0.712 0.020 0.144 − 0.032 36.4 45.8
Ocean VIIRS vs. TROPOMI (10802353) 490 0.950 0.845 0.011 0.045 − 0.011 77.3 86.1

550 0.957 0.900 0.010 0.033 − 0.002 85.7 92.4
670 0.959 1.034 0.010 0.028 0.013 87.9 93.3

MODIS vs. TROPOMI (9057816) 550 0.748 0.733 0.052 0.089 0.014 59.3 69.2

Fig. 9. Possibility density function (PDF) of pixel level AOD (550 nm) differences between VIIRS/DB, MODIS/TERRA DT + DB and TROPOMI/GRASP over (a) land
and (b) ocean, as well as the PDF split for different land surface NDVIs: (c) 0 < NDVI≤0.2, (d) 0.2 < NDVI≤0.4, € 0.4 < NDVI≤0.6, (f) 0.6 < NDVI≤1.
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Table 8): 0 < NDVI≤0.2, 0.2 < NDVI≤0.4, 0.4 < NDVI≤0.6, and 0.6 <

NDVI≤1. We observe huge difference between MODIS and TROPOMI
over bright surface (0 < NDVI≤0.2), where the pixel-to-pixel AOD (550
nm) difference is − 0.092 (1σ =0.167), and R is 0.749 with RMSE 0.191.
VIIRS also shows smaller AOD than TROPOMI, while the difference is
much smaller at − 0.015 (1σ =0.122), and the pixel-to-pixel R is 0.873
and RMSE is 0.123. For 0.2 < NDVI≤0.4 area, the R between products is
generally higher than 0.8 (0.853 for VIIRS and TROPOMI; 0.804 for
MODIS and TROPOMI). The AOD (550 nm) difference between VIIRS
and TROPOMI is − 0.004 (1σ =0.091), and − 0.019 (1σ =0.103) for
MODIS and TROPOMI. For areas of 0.4 < NDVI≤0.6, the AOD (550 nm)
differences between MODIS, VIIRS and TROPOMI are the smallest
among four different land surfaces. Both VIIRS and MODIS AOD 550 nm
tend to be higher than TROPOMI about 0.006, and 1σ equals 0.087 for
VIIRS and 0.116 for MODIS. For areas with dense vegetation (0.6 <

NDVI≤1), the correlation coefficients R between MODIS, VIIRS and
TROPOMI are higher than 0.88 which are the best among the four land
surfaces. Overall, the TROPOMI/GRASP AOD seems to have generally
better agreement with VIIRS/DB than with MODIS/TERRA DT + DB
over all four types of land surfaces with higher correlation coefficient
and smaller differences as well as higher GCOS and Target fractions.

4.1.2. AE products intercomparison
Both TROPOMI/GRASP and VIIRS/DB AOD products cover the

spectral range 490 nm to 670 nm over land and ocean. The global pixel-
to-pixel AE (490/670) between TROPOMI/GRASP and VIIRS/DB are
performed in this section. First of all, the quality filter is consistent with
that used in the validation section 3.1.2. In particular, QAExtend≥ 2 and
QA ≥2 are used for TROPOMI/GRASP and VIIRS/DB respectively. The
quality assured retrievals are then re-grid to common 0.2◦ grid boxes,
and then the global pixel-to-pixel intercomparison is performed at 0.2◦

grid for an entire year (March 2019 to February 2020). Fig. 10 shows the
spatial distribution of one-year AE (490/670) for TROPOMI/GRASP and
VIIRS/DB products. The 0.2◦ mean difference for common pixels aver-
aged over a year is also presented as VIIRS/DB – TROPOMI/GRASP.
Here, we require the minimal occupancy of 3 over a year to calculate the
differences between products. The one-year pixel-to-pixel statistics for
AE (490/670) over land and ocean are summarized in Table 9.

TROPOMI/GRASP and VIIRS/DB show similar spatial distribution
pattern, while the AE values are different. For example, over Southeast
Asia, both two products indicate small particle dominant, while TRO-
POMI/GRASP (AE ~1.8) indicates smaller particle (larger AE) than
VIIRS/DB (AE ~1.5). In addition, over Sahara, VIIRS/DB (AE ~0.2)
shows coarser particle (smaller AE) than TROPOMI/GRASP (AE ~0.7).
While, over Eastern America, VIIRS/DB shows smaller particle (AE
~1.5) than TROPOMI/GRASP (AE ~1.2). Over ocean, VIIRS/DB (AE <

0.6) shows generally coarser particle than TROPOMI/GRASP (AE ~1.0),
which is consistent with the AERONET validation results (see in section
3.1.2) where TROPOMI/GRASP tends to overestimate slightly AE for
coarse mode dominant cases. Statistically, based on >7 million pairs
over land, the R between two products is ~0.581 with RMSE ~0.595.
About 56.6% and 37.8% of pairs are within Target and Optimal

uncertainty requirements respectively. The mean AE difference (VIIRS/
DB – TROPOMI/GRASP) is − 0.254 that indicate smaller particles from
TROPOMI/GRASP than VIIRS/DB. Over ocean, >13 million pairs are
taken into account for intercomparison. The systematic AE difference
(VIIRS/DB – TROPOMI/GRASP) (− 0.712) is much more pronounced
than that over land. The R is ~0.711 with RMSE ~0.808. Because of the
systematic difference, the fractions satisfying Target and Optimal un-
certainty requirements, 29.4% and 15.1%, are lower than that over land.

Table 8
Summary of global pixel-to-pixel AOD 550 nm statistic metrics between TROPOMI/GRASP, VIIRS/dB and MODIS/TERRA DT + DB over four classes of land surface (0
< NDVI≤0.2, 0.2 < NDVI≤0.4, 0.4 < NDVI≤0.6, and 0.6 < NDVI≤1).

NDVIs Products (Num. Matchups) R Slope Offset RMSE Diff. (MODIS or VII–S - TROPOMI) GCOS (%) Target (%)

0 < NDVI≤0.2 VIIRS vs. TROPOMI (3318747) 0.873 0.897 0.007 0.123 − 0.015 38.1 49.6
MODIS vs. TROPOMI (2958879) 0.749 0.566 0.015 0.191 − 0.092 27.8 36.5

0.2 < NDVI≤0.4 VIIRS vs. TROPOMI (3316744) 0.853 1.026 − 0.007 0.091 − 0.004 46.4 56.0
MODIS vs. TROPOMI (2324743) 0.804 0.991 − 0.018 0.105 − 0.019 40.0 49.5

0.4 < NDVI≤0.6 VIIRS vs. TROPOMI (2470270) 0.901 1.034 0.000 0.088 0.006 50.8 61.9
MODIS vs. TROPOMI (1754207) 0.838 0.961 0.012 0.116 0.006 41.1 51.2

0.6 < NDVI≤1.0 VIIRS vs. TROPOMI (1400728) 0.928 1.069 0.008 0.072 0.016 58.6 69.3
MODIS vs. TROPOMI
(1060926)

0.887 1.077 0.027 0.103 0.037 44.7 54.8

Fig. 10. Spatial distribution of one-year (March 2019 – February 2020) AE
(490/670) from TROPOMI/GRASP and VIIRS/DB products. The pixel level
difference of AE averaged over a year is presented as VIIRS/DB – TROPOMI/
GRASP. Note only the pixels with appearances N ≥3 during a year are
accounted for in the difference calculation.
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4.1.3. Fine and coarse mode AOD (AODF and AODC) products
intercomparison

Both TROPOMI/GRASP and VIIRS/DB provide separation of fine and
coarse mode AOD (AODF and AODC) over ocean. We use the same
methodology as in section 3 to derive TROPOMI/GRASP and VIIRS/DB
AODF and AODC at 550 nm and then re-grid them into common 0.2◦

grid boxes. The 0.2◦ pixel level inter-comparison is then performed over
a year. Fig. 11 shows the spatial distribution of one-year AODF and
AODC at 550 nm for TROPOMI/GRASP and VIIRS/DB products. The
0.2◦ pixel level difference of AODF and AODC averaged over a year is
also presented as VIIRS/DB – TROPOMI/GRASP. Similar to the AOD
intercomparison, we require the minimal occupancy of 10 over a year to
calculate the differences between products. The pixel-to-pixel statistics
for AODF and AODC over a year are summarized in Table 10.

In general, the two AODF and AODC products show similar spatial
patterns over ocean, while the magnitude is different. For example, the
pixel-to-pixel correlation coefficients are 0.826 for AODF and 0.916 for
AODC based on >10 million pairs. Yet, VIIRS/DB AODF tends to show
smaller values than TROPOMI/GRASP by about 0.034, while VIIRS/DB

AODC is higher than TROPOMI/GRASP by about 0.032. As a conse-
quence, the VIIRS/DB total AOD (550 nm) over ocean is 0.002 smaller
than TROPOMI/GRASP (Table 7). Spatially, TROPOMI/GRASP AODF is
almost everywhere higher than VIIRS/DB over ocean, especially the
Sahara dust across the Atlantic Ocean region, where VIIRS/DB shows
much more coarse mode AOD than TROPOMI/GRASP. The Southeast
Atlantic region with transported central Africa biomass burning aerosol
is the only area where VIIRS/DB tends to show higher AODF than
TROPOMI/GRASP. It is difficult to conclude which product is better
through intercomparison. Therefore, further investigations are needed,
such as the analysis of the radius of the aerosol models as well as the
cutting radius to separate fine and coarse contributions.

4.1.4. SSA products intercomparison
The VIIRS/DB algorithm mainly relies on the predefined aerosol

models to derive the SSA, which to some extent limits the SSA solution
freedom. The VIIRS/DB SSA is diagnosed in the product and the vali-
dation with AERONET shows the deviations (RMSE) around 0.06–0.07
spectrally (Table 6-Validation). Here we compare the spatial

Table 9
Summary of global pixel-to-pixel AE (490/670) statistic metrics between VIIRS/DB and TROPOMI/GRASP over land and ocean.

Land/Ocean Products (Num. Matchups) R Slope Offset RMSE Diff. (VIIRS - TROPOMI) Optimal (%) Target (%)

Land VIIRS vs. TROPOMI (7263418) 0.581 0.823 − 0.048 0.595 − 0.254 37.8 56.6
Ocean VIIRS vs. TROPOMI (13144390) 0.711 1.243 − 1.033 0.808 − 0.712 15.1 29.4

Fig. 11. Spatial distribution of one-year (March 2019 – February 2020) AODF and AODC at 550 nm from TROPOMI/GRASP and VIIRS/DB products. The pixel level
difference of AODF and AODC averaged over a year is presented as VIIRS/DB – TROPOMI/GRASP. Note only the pixels with appearances N ≥10 during a year are
accounted for in the difference calculation.
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distribution of TROPOMI/GRASP and VIIRS/DB spectral SSA at 412,
490 and 670 nm in Fig. 12, and the one-year pixel-to-pixel SSA inter-
comparison statistic metrics are summarized in Table 11. In general,
TROPOMI/GRASP looks reasonable distributed, e.g., strong absorption
(SSA is relatively low) over central and south Africa biomass burning
region and the spectral dependency (the absorption capability decreases
from 412 nm to 670 nm) over Sahara dust region. Over ocean, TRO-
POMI/GRASP SSA seems a bit underestimated by assuming the oceanic
aerosol SSA 0.97–0.99 at visible channels (Dubovik et al., 2002). The
underestimation is partially due to the high uncertainty of the retrieved
SSA under the low aerosol loading conditions, such as over ocean. The
VIIRS/DB spectral SSA show unexpected negative correlation with
TROPOMI/GRASP, which may be associated with the VIIRS measure-
ments are generally lack of sensitivity to aerosol absorption and the DB
algorithm strongly relies on climatological surface database for the
determination of predefined three aerosol models (mixed, dust and
smoke) which limits the freedom of the SSA solutions. Despite this, there
are at least 78% pixels between TROPOMI and VIIRS satisfying the SSA
Target requirement (+/− 0.05). Overall, together with the validation
results in section 3.1.3, TROPOMI/GRASP SSA demonstrate better ac-
curacy than VIIRS/DB.

4.2. Surface products intercomparison

4.2.1. Intercomparison of TROPOMI and MODIS surface products
GRASP algorithm performs simultaneous retrieval of aerosol and

surface BRDF properties. In order to identify the possible relations be-
tween aerosol and surface products and evaluate the global performance
of the surface retrieval. TROPOMI/GRASP surface product was inter-
compared with MODIS MCD43 C1 (BRDF) and C3 (albedo) products
(Schaaf and Wang, 2015a, 2015b). The MODIS MCD43 C1 and C3 are
0.05◦ gridded products, therefore we re-grid both TROPOMI and MODIS
products into 0.2◦ spatial resolution for intercomparison. Fig. 13 shows
the spatial distribution of one-year (March 2019 – February 2020) full
Ross-Li BRDF (BRDF1: isotropic term; BRDF2: volumetric term; BRDF3:
geometric term) (Litvinov et al., 2024) from TROPOMI/GRASP (670
nm) and MODIS MCD43C1 (Band1: 620–670 nm) products. The differ-
ences of BRDF1, BRDF2 and BRDF3 over a year are shown as MODIS -
TROPOMI. Note that the annual mean is calculated from the monthly
mean surface BRDF, furthermore we simply use the 15th day of each
month to represent the MODIS monthly mean. Table 12 summarizes the
global pixel-to-pixel full BRDF intercomparison statistic metrics be-
tween MODIS MCD43C1 and TROPOMI/GRASP at blue (440 nm) and
red (670 nm) channels.

Table 10
Summary of global pixel-to-pixel AODF and AODC at 550 nm statistic metrics between VIIRS/DB and TROPOMI/GRASP over ocean.

Land/Ocean Products (Num. Matchups) Bands (nm) R Slope Offset RMSE Diff. (VIIRS - TROPOMI) GCOS (%) Target (%)

Ocean AODF VIIRS vs. TROPOMI (10748159) 550 0.826 0.709 − 0.009 0.060 − 0.034 64.5 73.9
AODC VIIRS vs. TROPOMI (10748159) 0.916 1.766 0.003 0.048 0.032 71.2 79.6

Fig. 12. Spatial distribution of one-year (March 2019 – February 2020) spectral SSA at 412, 490 and 670 nm from TROPOMI/GRASP and VIIRS/DB products. The
pixel level difference of SSA averaged over a year is presented as VIIRS/DB – TROPOMI/GRASP. Note only the pixels with appearances N ≥10 during a year are
accounted for in the difference calculation.

Table 11
Summary of global pixel-to-pixel SSA at 412, 490 and 670 nm intercomparison statistic metrics between VIIRS/DB and TROPOMI/GRASP over land.

Land/Ocean Products (Num. Matchups) Bands (nm) R RMSE Diff. (VIIRS - TROPOMI) Optimal +/− 0.03 (%) Target +/− 0.05 (%)

Land VIIRS vs. TROPOMI (526328) 412 − 0.052 0.033 0.003 75.5 86.3
490 − 0.250 0.035 − 0.005 70.8 86.1
670 − 0.465 0.046 − 0.023 34.8 78.2
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For the isotropic term (BRDF1), based on >1 million pairs, TRO-
POMI/GRASP show good agreement with MODIS MCD43, for example,
at least 88% of pixels satisfying surface Target requirement (Litvinov
et al., 2024) at blue and red channels. In addition, the correlation co-
efficients (R) are 0.94 at blue channel and 0.989 at red channel with
RMSE around 0.018 to 0.023. The global differences (MODIS - TRO-
POMI) are − 0.004 at blue channel and − 0.009 at red channel, that
MODIS is smaller than TROPOMI. Because TROPOMI/GRASP retrieves
spectral independent volumetric and geometric terms (see details in Part
I of Litvinov et al. (2024)), we therefore compare MODIS/MCD43 Band
1 BRDF2 and BRDF3 with TROPOMI/GRASP. Even though the global
difference (MODIS - TROPOMI) is smallest (− 0.002) for BRDF2, the
deviation (RMSE) is the highest (0.033). Over the Sahara Desert, TRO-
POMI/GRASP tends to have higher BRDF2 than MODIS, while it tends to
be randomly distributed over other regions. For the geometric term
(BRDF3), the agreement between TROPOMI and MODIS is generally
good with global difference 0.004 and RMSE 0.013. There are no evident
regional biases between the two products.

From the directly retrieved full BRDF parameters, both TROPOMI
and MODIS derive surface albedos, such as white sky albedo and black
sky albedo. Here we compare one-year TROPOMI/GRASP and MODIS
MCD43C3 white sky albedo at blue and red channels in Fig. 14. Table 13
summarizes the global pixel-to-pixel white sky albedo intercomparison
statistic metrics between MODIS and TROPOMI. In general, two prod-
ucts show similar spatial distribution, although some minor discrep-
ancies can be observed, e.g., TROPOMI is lower than MODIS at 440 nm,
while it is higher than MODIS at 670 nm over the Sahara. According to

the pixel-to-pixel statistics, the dispersions between 2 products are
within 0.02 at 440 and 670 nm (RMSE 0.016–0.017), the global differ-
ences are nearly zeros (− 0.002 - -0.007), and ~ 96% pixels fall in the
Target requirement and > ~45% pixels satisfy the Optimal requirement.
Taking into account the differences of center wavelengths from 2
different instruments, and MODIS products are accumulated of 16-days
TERRA and AQUA data and weighted to the day of interest, the overall
global difference is reasonable.

4.2.2. Intercomparison of TROPOMI and SCIAMACHY, OMI, GOME-2
surface LER climatology

The summary of TROPOMI/GRASP pixel-to-pixel statistic metrics
with the OMI, GOME-2 and SCIAMACHY surface LER climatology are
listed in Tables 14–16. Due to the 0.25–0.5◦ spatial resolution of the
climatological datasets, we re-grid all of them into 0.5◦ grid box and
then conduct the intercomparison. Generally, the results are consistent
with the evaluation of surface products with GROSAT surface reference
dataset over AERONET sites in Section 3.2. TROPOMI/GRASP shows
good correspondence between OMI in the spectrum range (340–490 nm)
with RMSE ~0.02 and the difference (OMI – TROPOMI) within +/−
0.01, especially in the UV (367–380 nm) range that the differences is
nearly zeros. The intercomparisons between TROPOMI with GOME-2
(Table 15) and SCIAMACHY (Table 16) also show good correspon-
dence in the spectrum range 380 to 490 nm, where the dispersion RMSE
is generally lower than 0.025. The TROPOMI/GRASP tends to be a bit
higher than OMI, GOME-2 and SCIAMACHY at 340 nm around
0.01–0.018, and the difference decreases to nearly zero at 490 nm.

Fig. 13. Spatial distribution of one-year (March 2019 – February 2020) full BRDF (BRDF1: isotropic term: BRDF2: volumetric term; BRDF3: geometric term) from
TROPOMI/GRASP (670 nm) and MODIS MCD43C1 (Band1: 620–670 nm) products at red channel. The differences of BRDF1, BRDF2 and BRDF3 over a year are
shown as MODIS - TROPOMI. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 12
Summary of global pixel-to-pixel full BRDF (BRDF1: isotropic term: BRDF2: volumetric term; BRDF3: geometric term) intercomparison statistic metrics between
MODIS MCD43C1 and TROPOMI/GRASP at blue and red channels.

BRDF parameters Num. Matchups R RMSE Diff. (MODIS - TROPOMI) Optimal (%) Target (%)

BRDF1 iso 440 nm 1,182,950 0.940 0.018 − 0.004 45.1 93.2
BRDF1 iso 670 nm 0.989 0.023 − 0.009 52.3 88.6
BRDF2 vol 0.652 0.033 − 0.002 – –
BRDF3 geo 0.793 0.013 − 0.004 – –
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While, in the spectrum range red (670 nm) to NIR and SWIR, TROPOMI/
GRASP tends to provide higher albedo (~0.03–0.04) than the climato-
logical datasets (GOME-2 and SCIAMACHY). According to the validation
with the surface reference dataset, all 3 products (TROPOMI/GRASP,
GOME-2 and SCIAMACHY) tend to underestimate from Red to NIR and
SWIR channels, where the underestimation for TROPOMI/GRASP
(0.01–0.015) is not as strong as for GOME-2 (~0.03–0.04) and

SCIAMACHY (0.03–0.05). This may explain the differences seen for
TROPOMI/GRASP, GOME-2 and SCIAMACHY global pixel-to-pixel in-
tercomparisons from red to NIR and SWIR channels.

Fig. 15 shows the spatial distribution of August 2019 monthly
TROPOMI/GRASP White Sky Albedo (BHR_ISO) and its difference with
SCIAMACHY, GOME-2 and OMI LER albedo climatology for August at
380, 494, 772 and 2313 nm. Even though, the global differences

Fig. 14. Spatial distribution of one-year (March 2019 – February 2020) white sky albedo (BHR_ISO) from TROPOMI/GRASP and MODIS MCD43C3 products at blue
and red channels. The BHR_ISO differences over a year are shown as MODIS - TROPOMI. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Table 13
Summary of global pixel-to-pixel BHR_ISO (white sky albedo) intercomparison statistic metrics between MODIS MCD43C3 and TROPOMI/GRASP at blue and red
channels.

Wavelengths (nm) Num. Matchups R RMSE Diff. (MODIS - TROPOMI) Optimal (%) Target (%)

440 1,200,760 0.955 0.016 − 0.002 45.1 95.6
670 0.994 0.017 − 0.007 63.3 95.9

Table 14
Summary of global pixel-to-pixel intercomparison statistic metrics between OMI LER climatology and TROPOMI/GRASP BHR_ISO at all common wavelengths from UV
to green.

Wavelengths (nm) Num. Matchups R RMSE Diff. (OMI – TROPOMI) Optimal (%) Target (%)

340 191,695 0.432 0.023 − 0.011 30.9 58.4
367 0.604 0.021 − 0.006 34.2 63.5
380 0.703 0.020 0.000 34.8 66.2
416 0.871 0.021 0.010 33.5 66.4
440 0.916 0.021 0.010 34.6 67.9
494 0.947 0.021 0.010 35.9 67.4
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between TROPOMI and SCIAMACHY, GOME-2 and OMI climatology do
not exceed +/− 0.01 at 380 nm, spatially the tendency is evident and
consistent with 3 KNMI climatological datasets (OMI, GOME-2 and
SCIAMACHY) (Kleipool et al., 2008; Tilstra et al., 2021; Tilstra et al.,
2017) that TROPOMI shows higher surface albedo over northern
hemisphere high latitudes and lower surface albedo over deserts and
southern hemisphere Africa area with strong biomass burning emissions
in June – September. At 494 nm, the spatial pattern is similar to 380 nm
and the absolute differences are smaller than that of 380 nm. As shown
in pixel-to-pixel intercomparison in Tables 14–16, the largest difference

is observed at 772 nm, where GOME-2 and SCIAMACHY LER is generally
lower than TROPOMI/GRASP with the global mean difference ~
0.03–0.045. At SWIR 2313 nm, SCIAMACHY tends to report higher al-
bedo over deserts and lower albedo over other areas. On one hand, these
differences can be explained to some extent by different sampling:
SCIAMACHY, GOME-2 and OMI climatology are based on the data
accumulated over different time periods with TROPOMI, and, in addi-
tion, the datasets are generated under different spatial resolution. On the
other hand, the difference is unexpected at the SWIR channel where the
surface contribution is dominant. One of the potential reasons is the

Table 15
Summary of global pixel-to-pixel intercomparison statistic metrics between GOME-2 LER climatology and TROPOMI/GRASP BHR_ISO at all common wavelengths
from UV to NIR.

Wavelengths (nm) Num. Matchups R RMSE Diff. (GOME-2 – TROPOMI) Optimal (%) Target (%)

340 191,514 0.259 0.028 − 0.009 24.7 48.9
367 0.511 0.026 − 0.003 26.2 53.7
380 0.639 0.025 0.005 31.9 61.0
416 0.842 0.023 0.005 37.0 67.5
440 0.893 0.022 0.003 38.7 68.8
494 0.924 0.024 0.000 37.3 65.9
670 0.955 0.050 − 0.026 19.6 39.4
747 0.931 0.053 − 0.030 14.5 29.8
772 0.925 0.058 − 0.036 11.9 24.7

Table 16
Summary of global pixel-to-pixel intercomparison statistic metrics between SCIAMACHY LER climatology and TROPOMI/GRASP BHR_ISO at all common wavelengths
from UV to SWIR.

Wavelengths (nm) Num. Matchups R RMSE Diff.
(SCIAMACHY – TROPOMI)

Optimal (%) Target (%)

340 191,839 0.393 0.030 − 0.018 23.4 44.4
367 0.593 0.027 − 0.013 25.6 49.2
380 0.692 0.023 − 0.007 27.0 55.1
416 0.860 0.022 0.002 31.0 65.3
440 0.902 0.020 − 0.002 36.3 71.4
494 0.934 0.021 − 0.004 39.5 71.3
670 0.962 0.046 − 0.028 18.8 39.0
747 0.931 0.054 − 0.034 13.2 26.8
772 0.924 0.063 − 0.045 9.0 18.8
2313 0.952 0.058 − 0.022 17.4 34.6

Fig. 15. Spatial distribution of monthly (August 2019) surface albedo from TROPOMI/GRASP (BHR_ISO) and its difference with SCIAMACHY, GOME-2 and OMI LER
albedo climatology for August at 380, 494, 772 and 2313 nm.
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utilization of the spectral smoothness of GRASP approach, while it is in
generally mild constraint with Lagrange multiplier 1.0e-8. Therefore,
further investigations are needed here.

5. Summary and conclusion

This study firstly presents the systematic intercomparison of S5P-
TROPOMI/GRASP aerosol and surface products globally with 2 aero-
sol datasets (MODIS/TERR DT + DB and VIIRS/DB) and 2 surface
datasets (MODIS/MCD43 BRDF and albedo and surface LER climatology
from SCIAMACHY, OMI and GOME-2). As part of the intercomparison
exercise, we validated these aerosol and surface datasets using the same
validation methodology with AERONET aerosol reference dataset and
the surface reference dataset generated from S5P-TROPOMI and AER-
ONET synergistic retrieval and the validation metrics are
intercompared.

5.1. Aerosol retrieval intercomparison

TROPOMI and VIIRS are 2 independent instruments flying within
~3–5 minutes, and the aerosol products are generated based on 2 in-
dependent algorithms (TROPOMI/GRASP and VIIRS/DB). As a main
result, we should mention a remarkable agreement between two aerosol
products, specifically for the spectral AOD, from deep blue channel (412
nm) to the red channel (670 nm) over ocean and different land surfaces.
Generally, over ocean >85% matchup AOD (550 nm) pairs are within
GCOS uncertainties and pixel-to-pixel Pearson correlation coefficient
(R) is higher than 0.95 with average absolute difference within +/−
0.002. Over land the pixel-to-pixel R are higher than 0.85 and differ-
ences are within +/− 0.016 for four classes of NDVIs (0 < NDVI≤0.2,
0.2 < NDVI≤0.4, 0.4 < NDVI≤0.6, and 0.6 < NDVI≤1). >46% of pairs
are within GCOS uncertainties.

The TROPOMI/GRASP and MODIS/TERRA DT + DB AOD (550 nm)
are also intercompared, and the agreement is generally a bit less good
than that between TROPOMI/GRASP and VIIRS/DB. There are evident
differences that MODIS/TERR DT + DB AOD (550 nm) is lower (− 0.092)
over bright surface (0 < NDVI≤0.2) and is higher (+0.037) over dense
vegetation surface (0.6 < NDVI≤1) than TROPOMI/GRASP. Over areas
with NDVI between 0.2 and 0.6, the agreement between MODIS and
TROPOMI is much better with difference within +/− 0.02, although it is
still larger than that between VIIRS/DB and TROPOMI/GRASP.

The AE (490/670) intercomparison is also performed between
TROPOMI/GRASP and VIIRS/DB. Although the Pearson correlation
coefficient (R) between two products is reasonable at ~0.7, the sys-
tematic difference (~0.712) is observed and pronounced over ocean
where TROPOMI/GRASP shows larger AE (smaller particle) than VIIRS/
DB. As a result, the fractions within the Optimal and Target uncertainty
requirements are a bit smaller (15.1% and 29.4%) over ocean than that
(37.8% and 56.6%) over land. The R is smaller over land (~0.581) than
that over ocean. Some discrepancies are observed over land. For
example, VIIRS/DB shows smaller AE (~0.2) than TROPOMI/GRASP
(~0.9) over Sahara Desert, and VIIRS/DB shows larger AE (~1.5) than
TROPOMI/GRASP (~1.2) over Eastern America.

As for AODF and AODC at 550 nm over ocean, both products
(TROPOMI/GRASP and VIIRS/DB) show reasonable agreement with
AERONET coastal sites validation, while TROPOMI/GRASP tends to
underestimate high AODC cases and VIIRS/DB seems to overestimate
AODC. As a consequence, although the global pixel-to-pixel AODF and
AODC correlations are higher than 0.82 and >64% pairs satisfying
GCOS requirements, the clear differences are observed that VIIRS/DB
reports lower (− 0.034) AODF and higher (+0.032) AODC than TRO-
POMI/GRASP.

Even though VIIRS/DB diagnosed SSA over land are of 0.06–0.07
deviation (RMSE) with AERONET inversion products, TROPOMI/
GRASP show much better agreement with AERONET with RMSE ~0.026
at 490 nm and 82.6% pairs are within SSA Optimal requirement (+/−

0.03). Globally, the pixel-to-pixel correlation between the two products
is poor, while the differences are generally within +/− 0.05 for most of
the cases (>80%). Overall, based on the validation with AERONET,
TROPOMI/GRASP SSA are of better confidence and accuracy than SSA
from VIIRS/DB. As it was discussed in Part I (Litvinov et al., 2024) the
better performance in SSA can be the result of combining advanced
possibilities of GRASP algorithm and extended information content
provided by S5P/TROPOMI from UV to SWIR spectral measurements,
specifically S5P/TROPOMI wide spectral range, wide swath and
frequent overpass combined with the GRASP multi-pixel approach.

5.2. Surface retrieval intercomparison

The intercomparison of TROPOMI/GRASP and MODIS/MCD43 sur-
face products show very good mutual correspondence for common
channels 440 nm (blue) and 670 nm (red) for both the full set of Ross-Li
BRDF parameters and white sky albedo. The global pixel-to-pixel MODIS
and TROPOMI white sky albedo show R ~ 0.955 at 440 nm and ~ 0.994
at 670 nm, and the RMSEs are 0.016–0.017 with at least 95% pairs
satisfying surface Target requirements. The global pixel-to-pixel abso-
lute mean differences are around 0.002–0.007 that MODIS is lower than
TROPOMI. By considering the products are derived from two different
instruments from different algorithms, the observed global differences
are reasonable.

The inter-comparison of TROPOMI/GRASP white sky albedo with
OMI, GOME-2 and SCIAMACHY climatological LER demonstrates
reasonable correspondence taken into account different spatial distri-
bution and different definition of the surface products (White Sky Al-
bedo – BHR_ISO from TROPOMI/GRASP vs. LER from other
instruments). In general, the intercomparison reveals that the corre-
spondence of the datasets is much better for the visible channels
(416–490 nm) than Red-NIR-SWIR (670–2313 nm) channels. In the
spectrum range 416–490 nm, both products agree to each other well
with the absolute difference between +/− 0.01. In the spectrum Red-
NIR-SWIR, GOME-2 and SCIAMACHY climatology tends to report
smaller LER values (0.02–0.045) than TROPOMI/GRASP BHR_ISO. Ac-
cording to the validation with surface reference dataset, all the datasets
are underestimated at this spectrum range, where the underestimation
for TROPOMI/GRASP (0.01–0.02) is smaller than for GOME-2 (~0.03)
and SCIAMACHY (0.03–0.05). In UV spectrum 340–380 nm, a reason-
able pixel-to-pixel agreement is observed, e.g., the differences between
OMI, GOME-2 and TROPOMI are within 0.02, and TROPOMI/GRASP is
always higher than OMI and GOME-2.

Overall, the validation and intercomparison of S5P-TROPOMI/
GRASP aerosol and surface products, performed using the ground-
based, satellite measurements as well as the aerosol surface reference
datasets, show high percentage of the TROPOMI/GRASP aerosol and
surface retrieved characteristics, which meet the formulated re-
quirements. Provided detailed aerosol/surface information, including
spectral AOD, fine/coarse mode AOD, AAOD, SSA, full BRDF charac-
terization etc. at UV, VIS, NIR and SWIR spectrum, is crucial for different
environmental studies in general and specifically for aerosol climate
effects evaluation.
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Appendix A

Table A1
Statistical metrics of validation of TROPOMI/GRASP white sky albedo (or BHR_ISO) with GROSAT S5P/TROPOMI surface reference dataset.

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

Table A2
Statistical metrics of validation of MODIS/MCD43C3 white sky albedo (or BHR_ISO) with GROSAT S5P/TROPOMI surface reference dataset.

MODIS/MCD43C3 vs. TROPOMI/GROSAT Wavelengths (nm) RMSE BIAS Optimal (%) Target (%)
465 vs. 440 0.016 − 0.012 38.8 81.4
645 vs. 670 0.020 − 0.010 43.0 70.5
All 0.018 − 0.011 40.9 75.9

Table A3
Statistical metrics of validation of SCIAMACHY climatological LER with GROSAT S5P/TROPOMI surface reference dataset (BHR_ISO).

SCIAMACHY vs. TROPOMI/GROSAT Wavelengths (nm) RMSE BIAS Optimal (%) Target (%)
340 0.039 − 0.033 7.7 25.3
367 0.033 − 0.026 11.9 31.4
380 0.026 − 0.018 19.1 44.8
416 0.022 − 0.011 26.8 61.3
440 0.022 − 0.011 31.4 62.4
494 0.022 − 0.011 27.3 61.9
670 0.040 − 0.030 10.3 29.9
747 0.058 − 0.037 9.8 24.2
772 0.069 − 0.051 8.2 16.5
2313 0.047 − 0.033 13.4 24.2
All 0.041 − 0.026 16.6 16.6
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Table A4
Statistical metrics of validation of OMI climatological LER with GROSAT S5P/TROPOMI surface reference dataset (BHR_ISO).

OMI vs. TROPOMI/GROSAT Wavelengths (nm) RMSE BIAS Optimal (%) Target (%)
340 0.035 − 0.027 10.6 26.6
367 0.030 − 0.020 17.9 42.7
380 0.025 − 0.012 26.1 57.3
416 0.022 0.001 40.8 68.8
440 0.022 0.003 44.0 68.8
494 0.024 0.005 39.9 65.1
All 0.027 − 0.008 29.9 54.9

Table A5
Statistical metrics of validation of GOME-2 climatological LER with GROSAT S5P/TROPOMI surface reference dataset (BHR_ISO).

GOME-2 vs. TROPOMI/GROSAT Wavelengths (nm) RMSE BIAS Optimal (%) Target (%)
340 0.036 − 0.028 10.0 25.9
367 0.029 − 0.020 14.9 40.3
380 0.023 − 0.010 27.9 59.7
416 0.021 − 0.006 35.3 67.2
440 0.022 − 0.006 34.3 69.7
494 0.024 − 0.007 28.9 62.7
670 0.041 − 0.028 14.4 30.3
747 0.056 − 0.034 13.9 26.4
772 0.065 − 0.045 12.4 20.9
All 0.038 − 0.020 21.3 44.8
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