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Abstract: The Polar Multi-Sensor Aerosol product (PMAp) is based on the synergistic use of three
instruments from the Metop platform, GOME-2, AVHRR, and IASI. The retrieval algorithm includes
three major steps: a pre-identification of the aerosol class, a selection of the aerosol model, and a
calculation of the Aerosol Optical Depth (AOD). This paper provides a detailed description of the
PMAp retrieval, which combines information provided by the three instruments. The retrieved AOD
is qualitatively evaluated, and a good temporal as well as spatial performance is observed, including
for the transition between ocean and land. More quantitatively, the performance is evaluated by
comparison to AERONET in situ measurements. Very good consistency is also observed when
compared to other space-based data such as MODIS or VIIRS. The paper demonstrates the ability
of this first generation of synergistic products to derive reliable AOD, opening the door for the
development of synergistic products from the instruments to be embarked on the coming Metop
Second Generation platform. PMAp has been operationally distributed in near-real-time since 2014
over ocean, and 2016 over land.
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1. Introduction

Aerosols are solid or liquid particles suspended in the Earth’s atmosphere transported
over short to large distances. This definition comprises various types of particles with
different sources and shapes, as well as different physical properties and chemical com-
positions. Atmospheric aerosols affect air quality, which, in turn, affects human health
and the overall ecosystem. Because aerosols have direct and indirect radiative effects, they
play an important role in the Earth’s radiation budget and, therefore, in the overall climate
system [1]. Aerosols are, therefore, very relevant to policy issues in both air quality and
climate sciences. In fact, air pollution by particulate matter (PM) is probably the most
pressing issue in air quality regulation worldwide, and, at the same time, it represents one
of the biggest sources of uncertainties in current climate simulations [1,2].

In order to understand the role of aerosols in the atmosphere and in the overall
climate system, observations of aerosol properties and of their spatiotemporal distri-
bution and abundance are needed. In addition, aerosol parameters are required as in-
put for atmospheric and Earth-system models in order to provide forecasts of global
aerosol distribution—and in particular of critical events such as volcanic eruptions, dust-
storms or other major pollution events—as well as for the modeling of past and future
climate systems [3,4].
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Satellite-based observations can provide a wide range of parameters describing aerosol
properties at a global scale and for various time scales. Many applications require the
provision of aerosol data in near-real-time (NRT), i.e., provided “on-line” within minutes to
hours after the sensing time, with a high degree of reliability and availability. NRT data are
needed for Air Quality, Numerical Weather Prediction, National Meteorological Services,
and Advisory Centers for sand, dust, and volcanic ash. Other applications, such as the
provision of climate data records, are not demanding in terms of timeliness, and aerosol
data can be provided “off-line.”

Since aerosols are the product of a large variety of natural and anthropogenic processes,
they form highly variable mixtures of different chemical and microphysical compositions
and abundancy, which make their quantitative characterization very difficult, in particular
when using remote sensing techniques. The intrinsic complexity of aerosols, therefore,
requires the combination of observations covering a large spectral range at moderate
spectral resolution from the ultraviolet (UV) to the thermal infra-red (TIR). In addition
to the spectral information, the scattering properties of aerosols can be assessed through
observations of a range of scattering angles, especially when this is combined with polarized
measurements. Ideally, high spatial and temporal resolution observations are needed to
disentangle the aerosol from the surface signal better and address the diurnal variation of
the aerosol load. Up to now, no single space-based instrument is capable of providing such
a combination of measurements.

To date, the highest information content on aerosol properties derived from a single
space-based instrument has been provided by multi-angular polarimeters in the visible
to the near-infrared range [5,6], such as by the various POLDER missions [7-9]. POLDER
not only allowed the retrieval of the aerosol optical depth (AOD) but was also able to
characterize other aerosol optical and microphysical properties, such as single-scattering
albedo (SSA), refractive index (real and imaginary parts), particle size distribution, and,
with some limitation, aerosol height. Because the information content is high, the POLDER
multi-angular observations also allowed the simultaneous retrieval of both surface and
aerosol properties [10,11].

In contrast, the (A)ATSR series of instruments on the European satellites ERS, ERS-2,
and ENVISAT and the MODIS instruments on NASA’s Terra and Aura platform have thus
far been delivering the largest data-sets, about 20 years of data, of aerosol products over
land at high spatial coverage and accuracy.

The (A)ATSR instruments measure at two different viewing angles for 11 spectral
bands from visible to TIR. However, only four of these bands are available in the reflective
spectral-domain useful for aerosol retrieval. The dual-view observations are essential
for the separation of the surface and aerosol scattering contributions to the measured
signal at the top of the atmosphere [12]. The (A)ATSR instruments have been used to
produce aerosol climatologies within the European Climate Change Initiative (CCI) [13]. A
multi-instrument approach combining AATSR with an optical spectrometer has also been
developed [14]. A long time series from 1995 to 2012 has been retrieved within the CClI,
but newer data are not available due to ENVISATs end-of-lifetime in 2012. Since 2016, a
new time series of AOD retrieved from a dual-view instrument has started with SLSTR on
Sentinel-3A and 3B [15].

The MODIS instruments provide observations in 36 spectral bands ranging from
0.4 pm to 14.4 um for a single view. The MODIS instrument is considered as a reference for
AOD retrieval from space due to its extensive validation and its long time series started in
1999. The primary MODIS aerosol retrieval makes use of the dark target approach [16] with
restrictions to areas where the contribution of the surface reflectance is moderately small.
This approach does not provide results over bright surfaces such as deserts because the un-
certainties on the a priori surface reflection increase or because the amount of light reflected
by aerosol as compared to the surface becomes unfavorable (see, for instance, the critical
surface albedo [17]). To better handle these types of surfaces, it is necessary to use shorter
wavelengths, typically below 0.5 um, for which the surface contribution is smaller. This
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was implemented in the MODIS retrieval in the deep-blue algorithm [18,19]. The deep-blue
algorithm is currently used in combination with the dark target approach [20] to provide
global aerosol information, also over bright surfaces such as deserts. Other more recent
approaches also try to simultaneously retrieve the surface and aerosol from the time series
of observations [21,22]. Note that the MISR instrument on the Terra platform, providing
observations for nine viewing directions and four spectral bands, is also contributing to an
observational dataset of aerosol properties for more than 20 years.

For all aerosol retrievals, including the ones mentioned thus far, the a priori knowl-
edge on the presence of clouds and the subsequent differentiation between cloud and
aerosol remains a critical issue. Even if a posteriori filtering is still possible (e.g., based
on goodness-of-fit [23]), most of the aerosol retrievals are conducted when the pixel is
primarily declared cloud-free. This cloud masking should be defined sufficiently robustly
such that pixels in the vicinity of clouds (up to a couple of kilometers depending on cloud
and atmosphere properties), which are cloud-affected, are also discarded. Sub-pixel clouds
are also challenging. If not detected, they may be assigned to aerosol by the retrieval. Only
observations with a higher spatial resolution allow the detection of sub-pixel clouds and
potentially some decontamination. Aerosol retrieval can also be conducted when the pixel
is cloudy. For example, aerosol plumes above clouds can be detected using polarization [24]
or thermal infrared observations [25].

A challenging part of an aerosol retrieval algorithm is to properly disentangle the
surface and aerosol contributions to the measured Top-of-Atmosphere (TOA) signal. In
many situations, the spectral and/or directional signature can be used in addition to a priori
assumptions on the surface contribution. As for cloud detection, sub-pixel information
from a higher spatial resolution instrument would also provide very valuable information
for better characterization of the heterogeneity of the surface or the target in general. The
Polar Multi-Sensor Aerosol Product (PMAp) is based on a multi-instrument approach from
sensors of a single polar platform, Metop from the EUMETSAT Polar System (EPS) [26].
Measurements available on the Metop platform are combined to form a “hyper-instrument”
providing a very rich spectral coverage from the Ultra-Violet to the Thermal Infrared, the
measurement of polarization, and multi-resolution spatial information. For this, PMAp
exploits the synergy of observations coming from the 2nd Global Ozone Monitoring Ex-
periment (GOME-2), the Advanced Very-High Resolution Radiometer (AVHRR), and the
Infra-red Atmospheric Sounding Interferometer (LASI), to derive the Aerosol Optical Depth
(AOD) at 550 nm at the spatial resolution of the 10 km x 40 km (Metop-B and -C) and 5 km
x 40 km (Metop-A). Additional information is also provided on the aerosol class. PMAp
version 1 was introduced operationally in the EUMETSAT ground segment in February
2014, providing NRT aerosol optical properties over ocean surfaces only. Since February
2016, the PMAp version 2 products provided global aerosol data (including land surface).
PMAp data are available on average 1.5 h after sensing via EUMETSAT’s EUMETCast
near-real-time distribution system [27,28].

2. Multi-Instrument Single-Platform Concept for Aerosol Retrieval
2.1. The PMAp Approach

PMAp makes use of measurements by GOME-2, AVHRR/3, and IASI, with the GOME-
2 footprint as its co-registration target. PMAp uses the GOME-2 polarization measurement
devices (PMDs), which provide, in addition to its hyper-spectral main channels, measure-
ments of un-polarized and polarized reflectance (the Stokes fraction Q/I) [29]. The spatial
resolution of the PMD observations, which is also the resolution of the PMAp level-2
products, is 10 x 40 km? for Metop-B and —-C, and 5 x 40 km? for Metop-A. AVHRR /3
is a scanning radiometer successfully used to retrieve AOD over the sea from the NOAA
satellite platforms [30], and algorithms not in operational use also exist over some types of
land surface [31-33]. GOME-2 and AVHRR/3 have complementary spectral ranges, which
provide coverage from the Ultra-violet to the Thermal infrared, overlapping in the visible
spectral range. The difference in their spatial resolutions is also an important asset. The
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observational capabilities of AVHRR/3 at 1 x 1 km? spatial resolution are mainly exploited
for accurate cloud masking and cloud correction (or decontamination) together with the
evaluation of the scene homogeneity inside the rather large GOME-2 footprint. Finally,
the spectra provided by the IASI thermal infrared spectrometer [34] at very high spectral
resolution add significant information to the retrieval with respect to the detection of desert
dust and volcanic ash [25].

The PMAp development has two important features. First, PMAp makes use of
the fully operational EUMETSAT infrastructure, with all EPS data processed on a single
ground segment, providing an operational aerosol product based on data acquired on the
EPS morning orbit (9:30 equatorial crossing time) and disseminated in near-real-time to
operational users. PMAp, therefore, provides AOD information in addition to aerosol class
and other relevant parameters (e.g., cloud fraction, chlorophyll concentration, etc.) in near-
real-time for direct assimilation, e.g., by the Copernicus Atmosphere Monitoring Service
forecast system, in addition to the already assimilated MODIS data [35]. Second, PMAp
serves as proof-of-concept for an operational aerosol product derived from the combination
of multiple sensors requiring, as a prerequisite, a multi-sensor co-registration framework.
This framework is currently being extended to a multi-sensor retrieval framework for
the retrieval of aerosol properties from EPS-SG, combining observations from the 3MI
polarimeter, the VII cloud imager, and the IASI-NG and Sentinel-5 spectrometers [36]. The
lifetime of the EPS mission serving PMAp spans from 2006 to 2027 and beyond, and the
follow-on EPS-5SG mission is planned to be operational in the 2024 to 2046 timeframe.

2.2. Sensors Contributing to PMAp
2.2.1. The Global Ozone Monitoring Experiment (GOME-2)

GOME-2 is an optical spectrometer fed by a scan mirror, which enables across-track
scanning in nadir, as well as sideways viewing for polar coverage and instrument charac-
terization measurements using the moon [29,37]. GOME-2 senses the Earth’s backscattered
radiance and extraterrestrial solar irradiance in the ultraviolet and visible part of the
spectrum (240-790 nm) at a high spectral resolution of 0.26-0.51 nm. The instrument
comprises four main optical channels, which focus the spectrum on linear detector arrays
of 1024 pixels each, and two polarization measurement devices (PMDs) containing the
same type of arrays for measurement of linearly polarized intensity in two perpendicular
directions (called PMD-S and PMD-P). The definition of the bands is provided in Munro
et al. [29], and the associated mean values are reported in Table 1. The PMDs are required
because GOME-2 is a polarization-sensitive instrument. The PMD measurements are
performed at the lower spectral resolution but at higher spatial resolution than the main
science channels. The PMD-S and PMD-P bands are combined to derive the un-polarized
TOA reflectance and its polarized component, the Stokes fraction g defined by Q/I. Both
un-polarized and polarized reflectances were used for 11 of the 15 spectral bands cov-
ering the region from 312 to 800 nm (Table 1). The corresponding PMD footprint was
10 km across-track x 40 km along-track for a nominal swath width of 1920 km. Metop-A
is operated in a different mode with a reduced swath of 960 km (from July 2013) and an
increased spatial resolution of the PMDs (5 x 40 km?). The PMDs also facilitate sub-pixel
determination of cloud fraction [38] at a higher spatial resolution than the operational
cloud retrieval applied to the main science channels [39]. In addition, AVHRR based cloud
coverage and cloud inhomogeneity within a GOME-2 pixel is delivered by EUMETSAT
operationally together with the spectra in the GOME-2 Level-1 product.
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Table 1. Band definition for the EPS instruments contributing to the spectral synergy used in PMAp
and sorted by increasing wavelength. PMD bands from GOME2 with their central wavelength (CWL
in pm) and full width half maximum (FWHM in pm). Values are an average of PMD-S and PMD-P
bands [29]. Only PMD-4 to PMD-14 are used in PMAp. Spectral Characteristics of AVHRR with
their CWL and FWHM. IASI main spectra feature with min-max wavelengths and wave numbers
(inecm™1).

Sensor  Channel ~CWL (um) FWHM (um) Wavelength (um) Wave Number

(cm—1)

GOME2 PMD-4 0.3381 0.0041
GOME2 PMD-5 0.3694 0.0171
GOME2 PMD-6 0.3821 0.0035
GOME2 PMD-7 0.4143 0.0291
GOME2 PMD-8 0.4633 0.0578
GOME2 PMD-9 0.5220 0.0539
GOME2 PMD-10 0.5546 0.0037
GOME2 PMD-11 0.5908 0.0449
AVHRR 1 0.630 0.100
GOME2 PMD-12 0.6403 0.0441
GOME2 PMD-13 0.7568 0.0241
GOME2 PMD-14 0.7992 0.0089
AVHRR 2 0.865 0.275
AVHRR 3a 1.610 0.060

IASI 3 3.62-5.00 2000.0-2760.0
AVHRR 3b 3.740 0.380

TASI 2 5.00-8.26 1210.0-2000.0
AVHRR 4 10.800 1.000
AVHRR 5 12.000 1.000

IASI 1 8.26-15.50 645.0-1210.0

Instrument degradation has been observed in GOME-2, causing a differential spectral
degradation (different for radiance and solar irradiance) in the measured signals, which
could affect the retrieval of several L2 products. As the degradation is spectrally inhomoge-
neous, it has the potential to impact the aerosol optical properties retrieval significantly.
Potential contributors to the observed signal degradation of GOME-2 were identified as
internal contamination of the optical path, degradation of the scan mirror with viewing
angle-dependent response, and solar optical path degradation. In addition, the thermal in-
stability of the optical bench contributes to spectral instability. A model of this degradation
was developed taking into account the above-mentioned issues, and a platform-dependent
matrix of time-dependent spectral coefficients was computed to correct the PMD channel
signals [29]. This correction, derived for each GOME-2 instrument on the 3 Metop plat-
forms, was now in use in PMAp. Figure 3, also described in Section 2.4, illustrates the
improvement in the Level-1C reflectance when the degradation correction is applied to the
Level-1B data, resulting in a much better correlation with AVHRR reflectance.

Note that a radiometric adjustment of the PMD reflectance was also introduced for the
bands used to derive the AOD (bands 7, 8, and 12). A significant difference was detected
between the TOA reflectance and reflectances calculated for conditions, which maximize
the contribution of Rayleigh scattering, thereby increasing the relevance of the comparison.
For bands 7 and 8, measurements were collected over dark surfaces, and after the rejection
of atmospheric turbidity (using polarization), a radiometric offset was detected. The same
was performed for band 12 over the ocean. It is not the goal of this paper to detail this
radiometric adjustment, but more details can be found in [40].
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2.2.2. The Advanced Very High-Resolution Radiometer (AVHRR/3)

AVHRR/3, hereafter called AVHRR, is a six-channel scanning radiometer equipped
with three solar channels in the visible and short-wave infra-red region and three thermal
infrared channels. The spectral features of AVHRR are presented in Table 1. AVHRR is an
across-track scanning system with a scan range of £55.37°and an instantaneous field of
view size of 1.08 km at nadir. The spectral channels of AVHRR/3 are not exactly the same
as those of AVHRR/2, and include an additional 3a/b split-window channel. Channel 3a
operates in the solar spectral region (1.6 um) and is available in the daytime, while channel
3b operates in the infrared (3.7 pm) and cannot be used for aerosol retrievals since it is
available on the night-side only [41,42].

2.2.3. The Infrared Atmospheric Sounding Interferometer (IASI)

The Infrared Atmospheric Sounding Interferometer (IASI) is a Fourier transform
spectrometer, which provides infrared spectra at high spectral resolution (FWMH: 0.5 cm 1)
between 645 and 2760 cm™~! (3.6 to 15.5 um) for a spatial resolution of 12 km over a swath
of about 2200 km. The main goal of the IASI mission is to provide atmospheric emission
spectra for the derivation of temperature and humidity profiles with high vertical resolution
and accuracy. Additionally, it is used for the determination of trace gases such as ozone,
methane, carbon dioxide, and nitrous oxide, as well as land and sea surface temperature,
and emissivity, and cloud properties. IASI is equipped with 8461 spectral channels, aligned
in three bands, with a spectral resolution of 0.5 cm~! (FWMH) after apodization (L1c
spectra). The spectral sampling interval is 0.25 cm~!. The main spectral features of IASI
are reported in Table 1.

2.3. The Colocation Algorithm

A dedicated and computationally efficient algorithm was developed for the colocation
of AVHRR and IASI measurements to the corresponding GOME-2 observation in order to
allow their synergistic use for NRT aerosol retrieval. This multi-sensor colocation strategy
was developed taking into account the exact size and shape of the footprints of the different
instruments (Table 2), as well as their projection on the Earth surface, which depends on
the viewing geometry.

Table 2. Size and shape of the footprints considered by the colocation algorithm developed for PMAp.
ACT and ALT refer to across-track and along-track, respectively.

IFOV Size [km] IFOV Shape
Sensor Nadir Edge
ACT ALT ACT ALT
GOME-2 PMD (Metop A) 5 40 10 60 rectangular
GOME-2 PMD (Metop B, C) 10 40 20 60 rectangular
AVHRR (Metop A, B, C) 1.08 1.08 6.15 227 rectangular
IASI (Metop A, B, C) 12 12 39 20 circular/elliptical

The GOME-2 PMD pixel footprint is chosen as the target for the colocation of AVHRR
and IASI measurements since the inversion algorithm uses IASI and AVHRR measurements
for scene and aerosol type characterization, while the retrieval of AOD is carried out using
the GOME-2 PMD reflectances (see Section 3). The algorithm identifies all AVHRR ground
pixels within the exact PMD footprint and calculates the percentage of overlap between
GOME-2 PMD rectangular and IASI elliptical pixels. Hence, GOME-2 can be referred to
as the primary instrument, whereas AVHRR and IASI are the secondary instruments [43]
requiring two different steps for the colocation (see hereafter). All three instruments
observe the same scene at the same time. The colocation algorithm only focuses on the
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geometrical colocations of the footprints in order to ensure that a sufficient number of
secondary measurements fully covering the primary area will always be available.

2.3.1. AVHRR/GOME-2 Colocation

The colocation algorithm for AVHRR is based on a technique similar to the “quasi-
elliptical approach” described in [43], with the difference that the primary footprint is
not elliptical but rectangular. With respect to the GOME-2 footprints, AVHRR pixels are
treated as dimensionless points. For this purpose, an accurate Point-in-Polygon approach is
applied. A slice of the Earth sphere (locally approximating the ellipsoid) is associated with
each GOME-2 footprint, as shown in Figure 1. This shape is called the geoslice and consists
of a spherical sector whose spherical cap is a polygon, instead of a circle. In an Earth-fixed
Cartesian reference frame with P being the center of an AVHRR footprint, the colocation
algorithm analytically evaluates the position of P with respect to the planes delimiting the
geoslice (Figure 1).

AVHRR pixels

Figure 1. Reference geometry for the “Point-in-Polygon” algorithm in an Earth-fixed reference frame
and results of AVHRR/GOME-2 colocation (for Metop-A). (Left), an illustration of the geoslice where
ABCD shows a GOME-2 pixel projected on the Earth, and P an AVHRR pixel colocated in this GOME2
pixel. (Right), a result after colocation of all the AVHRR pixels into GOME2 pixels.

For such an approach, the most time-consuming task is the search among the many
AVHRR pixels that can potentially be colocated to the GOME-2 pixel (up to 650 AVHRR
pixels can be colocated within one of the 192 PMD pixels of a GOME-2 forward scan).
The search problem is mitigated by the use of a pivot pixel technique (similar to the one
described in [44]). As a consequence, a “brute-force” search among the various AVHRR
pixels is only performed for the first GOME-2 pixel of the first GOME-2 scan. Then, for the
next GOME-2 footprint, the colocation results of the previous pixel are used to limit the
AVHRR search area, thus speeding up the search for the next pixels. For each GOME-2
PMD pixel, the result of the colocation is an array of colocated AVHRR pixels, each of them
identified by a scan index and a pixel index along the scan.

The colocation of AVHRR observations into the GOME-2 PMD footprint is funda-
mentally similar to the one developed for the colocation of VII observations into the 3MI
footprint in the context of the EPS-SG mission [45].
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2.3.2. IASI/GOME-2 Colocation

The IASI footprint size is comparable to that of the GOME-2 PMD footprint (Table 2),
although of a completely different shape. Therefore, IASI pixels cannot be considered
dimensionless points. The colocation approach developed for IASI is, therefore, based
on a Polygon-Polygon intersection algorithm, which represents both GOME-2 and IASI
footprints as two-dimensional convex polygons and aims at calculating the percentage of
overlap between them.

As for the AVHRR colocation, the rectangular GOME-2 footprint is represented by
a 4-point polygon on the ellipsoidal Earth surface; the elliptical IASI footprint is also
approximated by a polygon, whose number of sides can be variable (for the PMAp case, it
has been set to 16). Once a set of approximating points is defined for the two footprints, a
planar projection (to a local tangent plane) and a rotation of these points are needed in order
to transform the two 3D point sets into two 2D convex polygons (Figure 2). The percentage
of a GOME-2 pixel overlapping with an IASI pixel is then evaluated using a convex polygon
intersection algorithm [46]. As in the case of AVHRR, this Polygon-Polygon algorithm is
also based on the search of IASI pixels. Since the number of IASI pixels per scan is not so
large—with 30 samples acquired per scan and 4 footprints per sample, thus resulting in
120 footprints per scan—a brute force search is preferred over a pivot pixel strategy in this
case, in order to reduce the complexity of the algorithm design. This choice still allows the
required level of performance for the NRT processing to be met.

IASI scan direction
orientation of ellipse major axis)

Center of a
single footprint
IASI footprint
model (ellipse)

Figure 2. Polygon-Polygon algorithm: results of IASI/ GOME-2 colocation (for Metop-A).

For each GOME-2 PMD pixel, the result of the colocation is an array of colocated IASI
footprints together with the percentage of the GOME-2 pixel overlapping with them. Again,
each IASI footprint is identified by a scan index and a footprint index along the scan.

2.4. Consistency between Co-Registered AVHRR and GOME-2 Information

The reflectance measured in all AVHRR bands and the corresponding cloud mask
derived from the AVHRR level-1B product [41,42] is colocated to the GOME-2 PMDs using
the point-in-polygon approach described in the previous section. The colocations have
to be performed separately for each PMD band because, due to their sequential readout



Remote Sens. 2022, 14, 85

9of 31

whilst the scan mirror and satellite are moving, the PMD bands do not cover exactly the
same footprint. This effect of non-unique ground pixel footprints within a spectrum is
called spatial aliasing and detailed for GOME-2 in Munro et al. [29] and the GOME-2
Factsheet [47]. This type of effect can be critical and is important to consider for the design
of the algorithm and its performance, as well as for the estimation of the retrieval error.

The colocation of reflectances measured by AVHRR channel-1, centered at 630 nm, to
GOME-2 PMD band 12 at 640 nm is critical for the PMAp algorithm. PMD12 is the band
closest in wavelength to AVHRR channel-1. Figure 3 shows the correlation after colocation
between AVHRR channel-1 and GOME-2 PMD-12, to which radiometric corrections have
been applied (L1C including degradation correction) for one orbit over the Pacific Ocean. A
generally good agreement with a very high correlation is found. The discrepancies between
the two reflectance data sets, predominantly resulting in a slope different from one, with
essentially no offset, are mostly due to a well-known calibration error on AVHRR [48].
Other aspects may also contribute to the absolute calibration error of GOME-2, the slightly
different wavelength ranges covered by the two channels, and differences in the shape
of their spectral response function, as well as to the error introduced by the colocation
algorithm itself. This accuracy is limited by the different shapes of the footprints (elliptical
for AVHRR and rectangular for GOME-2), such that the average of all AVHRR pixels within
the PMD will not cover exactly the same area on Earth as the PMD. The dispersion observed
in Figure 3 is obviously linked to the radiometric inhomogeneity of the pixel, the lower
dispersion at very low reflectance being explained by clear sky conditions. The correlation
presented in Figure 3 can be used to monitor the potential degradation of the two sensors
as well as the efficiency of the colocation process.

03 T T T T
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0.05

0 0.05 0.1 0.15 0.2 0.25 0.3
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Figure 3. PMD-12 reflectance before (from L1B) and after (from L1C) radiometric correction as a
function of colocated AVHRR reflectance in channel 1 for one orbit of acquisition, the 16 October 2017.

3. The PMAp Multi-Sensor Aerosol Retrieval Algorithm
3.1. General Structure

The PMAp algorithm, in order to fulfill the operational NRT requirements, needs to
be fast and robust for implementation in EUMETSAT’s ground segment. The use of data
collected by the three Metop platforms allows for a quasi-daily global coverage since the
overpass of every Metop complements the others. The retrieved aerosol maps may contain
residual spatial gaps mainly due to cloudy conditions, sun glint, or limitations of the PMAp
algorithm (such as for aerosol over bright inhomogeneous surfaces).

Cloud screening is a critical part of every aerosol retrieval approach. Cloudy scenes
lead to a significant change in the TOA reflectance as compared to cloud-free scenes,
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depending on the cloud type (brightness, opacity, semi-transparency) and surface type
(dark or bright). Such cloudy conditions have to be properly masked and/or corrected.
The general strategy in PMAp is to use a strict cloud filter at the level of the instrument
with the highest spatial resolution (AVHRR) with additional tests enabling the detection
of optically thick aerosols, initially detected as clouds. The cloud mask is defined, where
possible, as dependent on the aerosol type (see Section 3.3). At the level of the target
instrument (GOME-2) with much coarser spatial resolution, the aggregated high spatial
resolution cloud mask information is used to correct the reflectances for cloud signals up
to a certain level (see Section 3.3.7). This cloud decontamination is an important means to
significantly increase the number of retrievals and, as a consequence, the spatial coverage
of retrieved AOD.

The GOME-2 PMDs provide unpolarized reflectance and polarization through the
Stokes fraction g for the single acquisition viewing geometry. Because the information
content of the polarization is largely dependent on the observation angle, the core retrieval,
in particular the estimation of the AOD, is based on the unpolarized reflectance, with the
Stokes fraction q (i.e., Q/I) being used for fitting other aerosol properties (in the particular
aerosol model).

Aerosol retrieval is an under-determined problem, and the best mathematical fit may
not always represent the best geophysical solution. During the retrieval of the AOD, the
TOA signal is computed and compared to the measured TOA signal considering a series of
geophysical parameters such as the aerosol model or the surface type and reflectance. The
number of parameters estimated in addition to the AOD has to be realistically adjusted
to the information content provided by the sensors. To mitigate this, it is usually needed
to include a priori information on some of the input parameters for the calculation of the
TOA signal. This approach is also important to provide a level of stability of the algorithm,
especially with respect to the changes in the inputs, such as calibration degradation of
Level-1 data. An appropriate error characterization suitable for use in data assimilation
(see Section 3.4) is also implemented.

Based on these considerations, the PMAp algorithm is structured in three successive steps:
e  Step 1 (Multi-Sensor): The multi-sensor part of the retrieval is dedicated to aerosol/cloud

discrimination, deriving cloud information, and preliminary classification of the sus-
pended aerosol (through an aerosol class). The result of this step is:

O A cloud flag to exclude pixels with a large cloud contribution;

O Cloud decontaminated GOME-2 PMD reflectances for partly cloudy conditions;
@) A flag for thick dust/ash aerosol (also used in Step 2 to constrain the aerosol class);
O An aerosol class including fine/coarse discrimination;

e  Step 2 (GOME-2): For every candidate aerosol model from the aerosol class identified
in Step 1, an AOD is derived from the GOME-2 unpolarized reflectance using one
single PMD band (the most favorable one: in the red spectral range over the ocean,
and in the blue part of the spectrum over land). For cloud-free pixels over the ocean,
the surface contribution (parametrised with the chlorophyll concentration) is fitted
using the reflectance in two additional bands. The result of this step is:

@) A set of AOD estimates (i.e., one AOD for every candidate aerosol model);

o  Step 3 (GOME-2): Reflectance and polarized reflectance from several PMD bands are
used in a minimization process to identify the best aerosol model (default aerosol
model otherwise). Based on this model, the final AOD is extracted from the set
retrieved in step 2. The polarized reflectance (q-Stokes fraction) is used for cloud-free
pixels only, and the uncertainty is calculated for the retrieved AOD. The result of this
step is:

@) The aerosol model (estimated or default);
O A final AOD and an estimate of the associated uncertainty;
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3.2. Definition of Aerosol Models and Look-Up-Tables
3.2.1. Aerosol LUT

In order to be computationally efficient and at the same time robust, PMAp uses Look
up Tables (LUTs) of reflectance and Stokes fraction specifically calculated for GOME-2
spectral bands [49]. Reflectance and Stokes fraction values in the LUTs are functions of the
observation geometry, the surface characteristic (albedo), the AOD, and the aerosol type.
Table 3 details the microphysical properties of every aerosol model used to generate the
PMAp LUTs. All aerosol models are identified by their aerosol Id ranking from 1 to 9.

Table 3. Aerosol micro-physical properties are currently embedded in PMAp, according to Hasekamp
et al. [50]. The aerosol Id from 1 to 9, the effective radius (in um) for the small (fine) and large (coarse)
parts, the associated effective variance (in um), the fraction f; of large particles, the real n, and
imaginary n; parts of the refractive index (values are provided at 414 nm and 640 nm when spectrally
variable), the aerosol type, the altitude of the layer assumed to be homogeneous, and the surface type
for which the aerosol Id is considered.

Effective .
Aerosol Radius E.ffectlve f Refractive Index Aerosol Altitude Surface Comment
Id (um) Variance (um) Type Type
small large small large n, n;
1 0.11 0.84 0.65 0.65 1.53e—2 1.40 —5.0e—8 oceanic 0-2 km ocean
2 0.12 2.19 0.18 0.81 4.36e—4 1.40 —4.0e—3 industrial ~ 0-2 km land/ocean
3 0.14 2.15 0.22 0.62 7.00e—4 1.45 —1.2e—2 industrial  0-2 km land/ocean
4 0.12 243 0.20 0.87 1.70e—4 1.50 —1.0e—2 biomass 0-2 km land/ocean
5 0.12 2.67 0.17 0.70 2.05e—4 1.50 —2.0e—2 biomass 0-2 km land/ocean
6 0.10 1.60 0.32 0.42 4.35¢e—3 1.53 —3.2e—3/—9.0e—4 dust 0-2 km ocean weak abs.
7 010  1.60 0.32 0.42 435e—-3 153 —4.6e—3/—-12e—3  dust 02km  land/ocean strong abs.
8 0.10 1.60 0.32 0.42 4.35¢e—3 153 —1.3e—2/—3.5e—3 dust 0-2 km ocean weak abs.
9 0.10 1.60 0.32 0.42 4.35e—3 1.53 —4.6e—3/—1.2e—3 dust 4-6 km ocean moderate abs.

The LUTs, as originally defined in Hasekamp et al. [50], contained up to 29 aerosol
models, with a larger choice of industrial, biomass, and dust mixtures, also considering
2 altitudes (1-2 and 4-6 km) for all models. The current version of the PMAp algorithm
presented here uses 9 of these models as listed in Table 3, which already represents a good
starting list for demonstration of the PMAp ability to differentiate aerosol type. A later
version of PMAp could extend this list of considered models.

LUT, containing TOA reflectance and the associated Stokes fraction for the 10 PMD
bands identified in Table 1, are available for every aerosol model and for the following
parameters:

e  The aerosol optical thickness (from 0.1 to 4.0);

e The observation geometry: viewing zenith angle (VZA with 5°step from 0 to 60°),
solar zenith angle (SZA with 5°step from 25 to 75°), and cosine of relative azimuth
angle (cos(RAZI) with step 0.1);

The surface pressure (1013.0 hPa for ocean and 700.0, 1013.0 hPa for land);
The surface contribution for land: surface albedo (from 0 to 0.8);

e  The surface contribution for ocean: surface chlorophyll concentration (from 1.0e > to

10.0 mg.m~3) and surface wind speed (from 3.0 to 11.0 m.s~1);

3.22. UVLUT

This LUT, used for the calculation of the Aerosol Absorbing Index, contains modeled
reflectances for a Rayleigh-only atmosphere, i.e., without clouds and aerosols but including
the surface. The LUT is provided dependent on solar zenith angle, satellite viewing angle,
and relative azimuth angle for PMD-3 to PMD-6. In the PMAp retrieval, the LUT of PMD-4
around 340 nm and PMD-6 around 380 nm is used with the following parameters:

e  The elevation (0-8 km);
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e The observation geometry: viewing zenith angle (from 0 to 60°), solar zenith angle
(SZA from 20 to 85°), and relative azimuth angle (step 20°, from 0 to 180°);
e  The surface albedo (from 0.01 to 0.8);

3.2.3. Cloud LUT

This LUT is used for the conversion of the TOA reflectance into a cloud optical depth
(COD) and contains the following parameters:

e  The cloud optical depth (from 0 to 100);

e  The observation geometry: viewing zenith angle (from 0 to 60°), solar zenith angle
(SZA from 20 to 85°), and relative azimuth angle (step 20°, from 0 to 180°);

e  The cloud albedo (from 0.01 to 0.8);

3.3. Step 1: Cloud/Aerosol Discrimination from Multi-Sensor Pre-Classification
3.3.1. Desert Dust Detection

In order to better identify desert dust aerosol over the ocean and land surfaces, in-
cluding over bright surfaces, a dust detection scheme is applied in the early stages of the
PMAp algorithm, based on the unified approach to aerosol remote sensing in the infrared
spectral range developed by Clarisse et al. [25]. Following this approach, a desert dust
index is calculated using the IASI measurements from one hundred channels selected in the
infrared thermal spectra, and reference mean clear sky and polluted spectra (i.e., spectra
affected by the presence of a selected aerosol type, which is represented in our case by
desert dust). The index is determined by comparing the distance between polluted and
clear sky spectra to the distance between measured and clear sky spectra. This dust index
is a threshold to 3.0, a value estimated after looking at a large number of assumed clear
and polluted observations (as described in [25]).

3.3.2. Volcanic Ash/Thick Dust Detection

A refined detection of volcanic ash and thick dust is possible thanks to the very rich
spectral information. The following tests are applied to detect such events:

e A threshold (—2.2 °K) on the brightness temperature difference (BTD) between 10.8 um
and 12 um AVHRR bands is widely used because dust and ash events cause a negative
BTD due to the dust absorption at 10.8 pm (with a different threshold value for ocean
and land) [51]. The separation between aerosol and clouds works best for ice clouds
due to ice absorption at 12 um. However, the test also delivers a lot of misclassifications
due to low-level water clouds. Therefore, an additional test on the spatial homogeneity
of AVHRR brightness temperature at 10.8 um is also applied in a 3 x 3 pixel vicinity
(ash/dust when the variance is lower than typically 0.1);

e A threshold on the GOME-2 UV Absorbing Aerosol Index (AAI) was calculated for
the whole PMD footprint. This AAI was derived according to de Graff et al. [52]. The
PMD-6 band around 380 nm was used to derive an effective surface albedo using
the UV LUT (see Section 3.2.2), assuming a purely molecular atmosphere. Then, the
PMD-4 band at 340 nm was used to derive the aerosol absorbing index using the
effective surface albedo as input according to de Graff et al. [52]. Note this threshold
was still under test and was not activated for the generation of the results presented in
this paper;

e A test on IASI measurements in the thermal infrared spectral range combining two
threshold tests on BTD at 10 um and 12 um (lower than —1 °K), and at 7.1 um and
7.2 um (higher than 2 °K). The second BTD was calculated between a background
channel and the SO, v3 absorption band channel, which was by far the strongest
absorption band of SO, in the mid-infrared (as described in [53]). This test was a
simultaneous detection of coarse particles and SO, thus likely suggesting the presence
of volcanic ash aerosol;
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e  Additional tests were applied for ocean only, using thresholds on the reflectance ratios
R(1.6 pm)/R(0.87 pm), R(1.6 um)/R(0.63 um), and R(0.87 um)/R(0.63 um). Pixels
were considered as ash/dust when all ratios were higher than 0.70. Dust aerosols
usually show a significantly weaker wavelength dependency than clouds or fine mode
aerosols [54] in the wavelength range under consideration;

3.3.3. Initial Cloud Mask (First Guess)

The AVHRR operational cloud mask provided with the AVHRR level-1b product
(cloud analysis information provided as part of the scene type identification) is used as
a first-guess for PMAp [55]. For each GOME-2 pixel, an initial geometric cloud fraction
CFgeom was defined using the number of cloudy AVHRR pixels nl8 cloudy Within the GOME-2
pixel (having #110c0ted AVHRR pixels) according to the first guess cloud mask.

nlgcloudy (AVHRR)
Neolocated (AVHRR)

An AVHRR pixel is classified as not cloudy if four cloud detection tests, defined in [56],
are in agreement:

1. Test Ref: reflectance in visible bands should not show high values (bright clouds);

2. Test T4: brightness temperature at 10.8 pm should not have low values, which are a
sign of medium and high-level clouds;

3. Test T4T5: difference between brightness temperature at 10.8 um and 12 pm should
not give high positive values, which are a sign of thin cirrus presence;

4. Test SpHo: spatial homogeneity of the brightness temperature at 10.8 um within a
3 x 3 AVHRR pixels box should not reveal high values, sign of a cloud edge, a thin
cirrus, or a small cumulus (over water surfaces only).

In order to deal with the frequent situation of dust or ash aerosol transported above
clouds, this cloud mask assessment is also performed when dust and ash have been detected
previously and when the cloud fraction is >90%. In this case, the retrieval scene is labeled
as an aerosol-contaminated cloud.

3.3.4. Clear-Sky AVHRR Reflectances for Typical Clear Conditions

The retrieval of AOD was conducted for a GOME-2 PMD footprint. Each footprint
contains various colocated AVHRR pixels because the spatial resolution of AVHRR is much
finer than the spatial resolution of GOME-2. The initial cloud mask provided in the AVHRR
L1B product was not sufficiently reliable, in particular for the discrimination of clouds
from thick dust or aerosol events. As a consequence, improved estimation of the clear-sky
conditions for all AVHRR pixels and bands is needed, in order to derive more reliable
information about the cloudiness of GOME-2 pixels and for cloud decontamination of
partially cloudy GOME-2 pixels.

The strategy in PMAp is to determine the clear-sky reflectance on the GOME-2 foot-
print for five different types of clear-sky conditions reported in Table 4. For every GOME-2
footprint, the clear sky AVHRR reflectances are estimated through pre-classification and
removal of cloudy AVHRR pixels using the tests defined in Table 4. The selection of the
most appropriate clear sky reflectance will be later described in Section 3.3.5.3 and Table 5.
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Table 4. Different types of clear-sky conditions and the associated radiometric tests applied accord-
ingly. The unfiltered clear-sky condition corresponds to the case for which the removal of cloudy
pixels is applied without any specific filtering, i.e., applying all tests and types of removal.

Name Clear-Sky Condition Test
Ref SpHo T4 T4 T5 BTD VIS/NIR Out R4 R3
CS1-DUST Volcanic Ash and extreme Dust X
CS2-COARSE Coarse Mode and Dust X X X X X X
CS3-STD Unclassified X X X X X X X
CS4-FINE Fine Mode X X X X X X X X
CS5-IR Thick Aerosol X X X
Reference Unfiltered Clear-sky X X X X X X X X X
Table 5. Aerosol classifications used within PMAp, the associated clear-sky conditions, and the
default aerosol model considered for the AOD retrieval.
Aerosol Clear-Sky
s o Default
Nr Class Surface Characterization Models Condition Model
(Table 3) (Table 4)
BTD dust tests negative and strong
no dust/ wavelength dependency of the 3
0 fine mode ocean reflectance between 0.6 um and 1.6 -5 S5 1
um.
BTD dust tests negative and weak
strong coarse wavelength dependency of the g
! mode ocean measured signal between 0.6 um and 68 CS3 6
1.6 um
2 blom.a 59 not used not used (placeholder)
burning
thick BTD dust tests positive, weak A — & (s
3 dust/volcanic  land/ocean wavelength dependency in VIS/NIR 9 (land) CS1 9 (land)
ash (sea only), IASI SO, test negative
volcanic ash BTD dust tests positive, weak
4 with SO land/ocean wavelength dependency in VIS/NIR 6-8 CS1 8
2 (sea only), IASI SO; test positive
CS4 (ocean)
no ) 1-8 (ocean) . 1 (ocean)
L9 classification el fogzan 2-5,9 (land) EER, 23, 2 (land)

CS4 CS5] (land)

The following tests are considered for pre-classification and removal of cloudy AVHRR

pixels within a GOME-2 footprint:

Tests Ref, SpHo, T4, and T4T5 are taken from the AVHRR cloud mask and defined in
Section 3.3.3;

Test BTD: lowest (highest negative) brightness temperature difference between 10.8 pm
and 12 um;

Test VIS/NIR: iterative removal of the coolest pixels at 10.8 pm as long as heterogeneity
is observed in infrared (variance at 10.8 um > 0.02), but homogeneity is observed in
visible (variance at 670 nm < 0.05);

Test Out: outlier correction through an iterative removal of (i) for the 3 reflective solar
bands, the brightest pixel as long as the average of remaining pixels is lower than the
median of AVHRR pixels over the GOME-2 footprint, and (ii) for the band 10.8 um,
the coolest pixel as long as the average of remaining pixels is higher than the median
of AVHRR pixels over the GOME-2 footprint;

Test R4: iterative removal of the coolest pixels until the variance of the radiance for
10.8 um is below a threshold (0.002);
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e  Test R3: iterative removal of the brightest pixels until the variance of reflectance for
1.6 um is below a threshold (0.002).

3.3.5. Pre-Classification of Aerosol (Aerosol Class)

In this section, a pre-classification of the aerosol model corresponding to the GOME-2
PMD footprint was performed as well as a selection of the associated aerosol models to be
considered in the retrieval. If the class remains undefined through the following tests, then
the default aerosol model is used, as described in Section 3.3.5.3.

3.3.5.1. Desert Dust and Ash

Desert dust and volcanic ash were detected in the earlier cloud/aerosol discrimination
step of PMAp. In the case of an additionally positive IASI test, the aerosol class associated
with these pixels was set to “thick dust/volcanic ash” or “volcanic ash with SO,” if the
IASI SO, test was positive (Table 5). Over the ocean, in case the cloud fraction from AVHRR
was larger than 0.9, and the IASI dust test was positive, the pixel was classified as “ash
contaminated cloud” (“aerosol contaminated cloud” if the IASI test is negative).

3.3.5.2. Fine/Coarse Mode Discrimination over Ocean

For observation over the ocean, the aerosol class can be distinguished between fine or
coarse mode using a set of thresholds on the spectral ratios R(1.6 um)/R(0.8 um) [fine mode
when <0.7, coarse mode when >0.8], and R(0.8 um)/R(0.6 um) [this ratio is compared to
the no-aerosol reference from the LUT; fine mode when ratio <1.2 x reference, and coarse
mode when ratio >1.4 x reference]. Large aerosol particles (described as a combination
of median radius and standard deviation of the lognormal distribution) show a weaker
wavelength dependence compared to small particles in this wavelength range [54]. In
these cases, the aerosol class is set to “strong coarse mode” representing dust or coarse-
mode sea-salt. If a strong wavelength dependence is found, the aerosol model is set to
“no dust/fine mode” (Table 5).

3.3.5.3. Selection of Clear-Sky Condition and Default Aerosol Model

Based on the tests performed in previous sections, Table 5 is used to select the as-
clearsky

sociated clear-sky conditions of the GOME-2 PMD pixel (R ,/;;rz_1) to be used for the
calculation of the final cloud fraction (see next section). The aerosol model to be used by
default for the later retrieval of the AOD is also defined. When none of these tests have
been able to identify a candidate class of aerosol or to derive a proper cloud fraction, the
AOD will be retrieved assuming the default aerosol model, and the aerosol class is set to
“No classification.”

3.3.6. Final Cloud Mask
A classification of the GOME-2 PMD footprint is finally proposed among;:
Case CS: clear-sky pixel;
Case SCC: pixel with small cloud contribution for which AOD could be retrieved after
cloud decontamination (i.e., reflectance will be corrected for cloud contamination);

e Case LCC: pixel with large cloud contribution and for which it will be impossible to
retrieve an AOD;
The number of cloud-free AVHRR pixels 71, into a PMD footprint is defined by the

number of pixels identified as clear-sky in the previous section. Therefore, the final cloud
fraction of the GOME2 PMD pixel, CFgomE, can be derived by:

CFoome =1 — Metear(AVHRR)
Neolocated (AVHRR)

The GOME-2 pixel is labeled as clear-sky using radiometric criteria based on the dif-
ference between the average reflectance at 0.6 um of AVHRR clear pixel, (Rayyrr-1)

Melear”
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and the average reflectance of all colocated AVHRR pixels, (RAVHRR—1)1n,5jpear0q- L D€ Pixel
is declared CS if one of the two following tests are fulfilled:

e  The difference is smaller than a threshold: 0.006 for land, 0.0002 for the ocean;

‘ <RAVHRR71>HC[L’{H‘ - <RAVHRR*1>”colacated| S Threshold

e  For ocean only, the relative difference between clear and colocated reflectance is smaller
than a threshold (0.05);

For pixels not detected as clear-sky, a threshold is applied to the cloud fraction CFgomg
to decide if the cloud contribution is small (SCC) or large (LCC). This threshold was set to
65%.

3.3.7. Cloud Decontamination

For GOME-2 PMD pixels classified as small cloud contribution (SCC), it is possible to
correct the pixel reflectance for the cloud contamination. This first-order correction uses
the heterogeneity information from AVHRR channel 1. The decontamination is obvious
for PMD12 because the GOME-2 and AVHRR wavelengths are similar (see Figure 3). The

decontaminated PMD-12 reflectance, R%ﬂgiz, is defined as the relative part of the PMD-12

reflectance only due to clear sky sub-pixels (Rfi‘ef;;;%_l estimated in the previous section),

and can be written as:
Rclearsky
AVHRR-1
RAVHRR_l > Neolocated

cleared
Rpmpi2 = Rpmpiz {

Note that, for this GOME-2 PMD pixel, the associated cloud reflectance can be written
accordingly as:
Rpmpi2 — (1 — CFgome)-ResHed,

CFgomE

Rcloud =

The correction of the other PMDi bands is more complicated because the wavelengths
are rather different to AVHRR, but also because the footprints are shifted with respect
to PMD-12 due to spatial aliasing. For other PMDi bands, the decontamination follows
the same approach, but two aspects have to be adjusted. First, the average reflectance
(RavHRR—1 (PMDi))y_10.es @nd clear sky reflectance RZ‘E;’E%{A(PMDI') derived from
AVHRR channel 1 and initially calculated for PMD-12 have to be recalculated for the
exact PMDi footprint that slightly differs from PMD-12 due to spatial aliasing. Second, it
is necessary to recalculate an effective cloud fraction and cloud reflectance for the PMDi
band of interest. The effective cloud fraction CFpy is calculated for every PMDi band
combining average and clear sky reflectances with the cloud reflectance Ry, from band
PMD-12 [38,57,58] as:

. learsk .
<RAVHRR_1 (PMDZ)>nculncated B RZ?/HIVJSR%{fl (PMDZ)

learsk .
Rcloud - Ri\?/a[r—lstzfﬂpMDl)

CEff =

The cloud reflectance Rf)llo\}l‘g ; for band PMDi is calculated based on an extrapolation of

the cloud reflectance R4 initially estimated for band PMD-12 using a LUT considering
a Lambertian cloud layer at 700 hPa with a cloud albedo of 0.8, Rayleigh scattering, and
different surface reflectances [59]. Finally, the decontaminated reflectance Rffﬁf’[g? can be
estimated for all PMDi bands according;:
Réleared _ Rpmpi — CFeff'R%l%gi
PMDi 1—-C Feff
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This decontamination cannot be applied to polarized reflectance as no polarized
information is available for GOME-2 at the sub-pixel level, and in that case, the retrieval
will be only based on unpolarized reflectance.

3.4. Step 2: Retrieval of AOD for Every Candidate Aerosol Model

In the second step, the AOD is retrieved for all candidate aerosol models in the aerosol
class of the pixel under consideration, using one single band depending on the surface type.
Additionally, the surface contribution, parametrized as a function of chlorophyll pigment
concentration, can be estimated for clear sky pixels over the ocean.

3.4.1. Interpolation of the LUT

The derivation of the AOD relies on a LUT approach to optimize the processing
time. As described in Section 3.2.1, the LUTs contain TOA reflectance and Stokes fraction
for PMD bands for a given number of parameters, among which are the viewing and
solar geometries. This step interpolates the LUT to the exact geometry of the pixel under
consideration, using interpolation in the scattering angle domain between the two nearest
neighbor scattering angles.

3.4.2. Identification of Observations Significantly Perturbed by Sun Glint

For geometries contaminated by sun glint, an alternative retrieval of AOD is used (see
next section). It is difficult to accurately predict the sun glint contribution-based only on
the surface wind speed v,;,,; [ECMWEF] taken from ECMWF forecasts, with a maximum
forecast range of 6 h. The aim of this filtering is to identify observations for which the
uncertainty due to sun glint would represent a significant part, typically 50%, of an aerosol
reference signal assumed to be sea-salt aerosol (model 1 in Table 4) with an AOD of 0.3. For
this, a twofold approach is used. The first is purely geometrical, checking if the viewing
geometry is close to the exact specular geometry. If this angular difference is smaller than
15°, the view is considered to be too significantly affected by sun glint and is not retrieved.
The second approach is radiometric. A reference aerosol signal is calculated for PMD-12 as
the difference between the TOA reflectance with aerosol, Ryeferosor, and the TOA reflectance
in the absence of aerosol, Rypgerosor- An indication of the degree to which the sun glint may
impact the reflectance for the corresponding pixel configuration (i.e., solar and viewing
geometries) can be assessed based on the difference between Ryefence calculated for 2 wind
speeds. Therefore, a pixel is considered to be too significantly perturbed by sun glint, and
as a consequence not retrieved, if:

wind wind

Rrefaerosol (Uwind[ECMWF]) - Rnoaerosol(Uwind[ECMWFD < 05 x Rnoaerosol(vmax ) — Ryoaerosol (Umin ) ’

where v and v"" are the minimum and maximum wind speed values of the LUT. This

consequently leads to additional gaps in the PMAp retrieval for the Eastern part of the
swath and moderated latitudes. Another criterion is used to identify and exclude situations
for which the reference aerosol signal Ryeferosol 1S 1ess than 20% of the aerosol free signal
Rionerosor (Which includes sun glint) according to:

[ Rrefuerosol(Uwind[ECMWF]) - Rnoaerosol(vwind[ECMWP])} <02 Rnoaerosol(vwind[ECMWF])

In that case, because the aerosol signal in the TOA reflectance is too limited, the alternative
retrieval of AOD will be used (next section).

3.4.3. Retrieval over Ocean

For the retrieval of AOD, the surface contribution has to be considered. For cloud-free
pixels (CS), chlorophyll pigment concentration Chl is estimated, jointly with a first guess
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aerosol optical depth AOD1g, through a x? minimization using reflectance of three PMD
bands Rppp: PMD-7 (414 nm), PMD-10 (554 nm), and PMD-12 (640 nm).

2= (Rpmp — Rpur (AODyg, Chl))?
PMD Ryt (AOD;g, Chl)

For partly cloudy pixels (SCC), a global default value of 1e > mg/m? (low chlorophyll
load) was assumed for Chl. Once the chlorophyll pigment concentration is known, the
AOD is estimated for every candidate aerosol model by interpolation of Ry from LUTs
using reflectance in PMD-12 (decontaminated reflectance for partly cloudy pixels).

For clear pixels with a significant sun glint contribution (identified in the previous
section), an alternative retrieval relies, in addition, on Stokes fraction because both aerosol
and sun glint show a significant polarized signature. The global default value was assumed
for Chl. Then, the AOD was retrieved through a x> minimization using reflectance from the
PMD-9 band (522 nm).

2 _ (Rpmpo — Riur(AOD))*  (qpmpo — qrur(AOD))?
Rpur(AOD) qLur(AOD)

If the x? difference between measured and modeled reflectance and Stokes fraction
were both below a pre-defined threshold, the minimization was recalculated using only the
Stokes fraction. If the difference is still not fulfilling the criterion, the retrieval fails.

3.4.4. Retrieval over Land

Over land, the AOD was calculated from PMD-8 (463 nm) because the surface albedo
remains low for most areas in this band. For higher wavelengths, the contrast between
aerosol and the surface becomes much less favorable [17]. It is also the rationale used for
the MODIS deep blue AOD retrieval over land [33].

The PMAp retrieval over land was based on a priori information on the surface
using the GOME-2 Lambertian-Equivalent reflectance database [59]. This GLER database
provides a climatological value for the monthly surface reflectance. An angular dependence
from the GOME-2 viewing angle was also provided in order to account for the bidirectional
variation of the surface reflectance. As a consequence, the surface reflectance was derived
from GLER after temporal interpolation for the date of observation and correction for the
viewing angle. If the surface reflectance in PMD-8 was found to be significantly brighter
than for PMD-7, the retrieval alternatively switches the calculation of AOD to PMD-7. In
all cases, the surface pressure was taken into account again using the operational ECMWF
6 hourly forecast.

As for retrieval over the ocean, the AOD was estimated for every candidate aerosol
model by interpolation on Ryt from LUT using reflectance in PMD-8 (decontaminated
reflectance for partly cloudy pixels).

3.5. Step 3: Selection of the Aerosol Model and its Associated AOD

The final AOD can be determined once the aerosol model AM is identified. For this,
x? minimizations on reflectances R and Stokes fractions g are performed using different
sets of bands for unpolarised reflectance (for npyp bands) and a polarized q-Stokes fraction
(for npppy bands). The %2 function is written:

2 1 . (R —RLUT(AOD,AM))2+ (q —qLUT(AOD,AM))Z
npmp +1pmpg \uomy,  RLur(AOD, AM) qLur(AOD, AM)

npMDg

The Stokes Fractions are considered in the x? function for clear-sky pixels only because
no cloud decontamination is available for polarization. Cases for which the reflectance
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from the LUT is lower than a threshold: Ryt < 0.002, and g;yr < 0.05 over ocean or 0.1
over land are also discarded from the x? function.

Over land, the fit was performed in two steps. First, the fit was performed on the
reflectances from PMD-7 to -12 (412-640 nm) only. Bands with a surface albedo above 0.05
were excluded, and finally, all models with x2 > 0.0005 and Ax?%/x% > 1 were also excluded.
The Stokes fractions from PMD-7 to -14 (414-799 nm) were fitted to the remaining models if
the criteria above were fulfilled. Models were excluded using the same criteria. The default
aerosol model from the corresponding aerosol class was selected if it was still included in
the possible models, otherwise, the aerosol model with the lowest x2 was selected.

For clear sky pixels over the ocean, the fit takes into account the reflectance of PMD-7
to -14 (414-799 nm) and Stokes fractions of PMD-9 to -14 (522-799 nm). The model with
the lowest x? was selected if the fit was significantly better compared to the default model
(Ax? < 0.0005 or Ax?/x? < 1). If this criterion is not fulfilled or if the pixel is partly cloudy,
the default aerosol model from the corresponding aerosol class is selected.

In both ocean and land cases, a selection of the aerosol model cannot be performed for
partly cloudy pixels because Stokes fractions were not decontaminated as performed for
reflectance. As a consequence, the default aerosol model from the corresponding aerosol
class was selected.

Once the aerosol model is known (selected or default), the associated AOD can be
considered as the final AOD retrieval. In the case of negative AOD values, the AOD is set to
0. These null values, considered as not fully physical, will be discarded for the evaluation
of the performance.

3.6. Calculation of Uncertainty

The retrieved AOD is associated with an estimation of the uncertainty. It is very
challenging to provide an uncertainty able to fully characterize a representative error for
the given pixel. Here, a statistical approach is used to provide a randomized error suitable
for assimilation purposes. The uncertainty is defined as the standard deviation of a set
of AOD (at least 30 values) recalculated based on the same retrieval but with changes on
inputs or assumptions. The AOD uncertainty is recalculated for the following cases:

e  Angular interpolation: nearest neighbours for SZA, VZA, and RAZI are used instead
of the values interpolated to the actual measurements;

e  Aerosol model: all aerosol models from Table 4 are used for the fit on the retrieval
instead of those limited to the aerosol class;

e  (Cloud decontamination: maximum and minimum values are obtained from the scatter
between averaged AVHRR reflectance and the GOME-2 reflectance (standard deviation
of the linear fit in Figure 2).

e  Surface contribution: ranges of wind speed and chlorophyll pigment concentration
are used for ocean, and alternative surface albedo (the GOME-2 albedo from Tilstra
et al. [59] and the black-sky albedo from MERIS [60]) are used for land;

3.7. Cloud Optical Depth

A Cloud Optical Depth parameter (COD) is provided in PMAp as a side parameter in
addition to the aerosol characterization. This cloud parameter is provided for information
and is designed for monitoring and validation, as well as to support the interpretation
of the aerosol product. The COD is not designed as a real cloud parameter because it is
derived assuming fixed microphysical properties within the cloud model.

The retrieval of COD relies on a LUT calculated for a typical cloud model and assuming
a given surface albedo. The surface albedo is either derived from the clear-sky reflectance if
the pixel is partly cloudy (use of aerosol LUT to invert the albedo knowing the aerosol) or
from the GOME-2 LER surface albedo climatology [59] if the pixel is fully cloudy. Once the
surface albedo is known, the LUT is interpolated to the exact geometry of the pixel, and
the COD is calculated for PMD-12. The COD is finally provided at 550 nm to be consistent
with AOD.
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4. Results and Validation
4.1. Qualitative Evaluation

The thorough validation and assessment of the performance of a retrieved aerosol
product is a complex and large task. In this section, the goal is not to provide full valida-
tion of the PMAp products, which will be more extensively addressed in an upcoming
dedicated paper, but to demonstrate the good potential of the retrieval, qualitatively, but
also quantitatively. The following results are based on the last version of the operational
near-real-time PMAp product (version 2.2.4) [28].

Figure 4-top illustrates a typical daily retrieval of the AOD for Metop-B for 21 Septem-
ber 2020. The global distribution of AOD is obtained for the part of the swath not affected by
sun glint, which creates an artificial reduction of the swath over the ocean. Aerosol patterns
can be identified over many different locations, oceans, or continents. Figure 4-bottom
shows the same daily retrieval as Figure 4-top but combines the results from the three
Metop platforms. The global coverage was obviously much better, and the qualitative
consistency between the three products was clear. The major aerosol events were captured
worldwide: biomass burning from California in Northern America, from Amazonia, South
America, and Siberia, the usual desert dust plume crossing the Atlantic from Africa to
America, multiple desert dust events over North Africa, Arabia, and Asia, and proba-
bly anthropogenic pollution in Asia. A generally good spatial consistency was observed,
including for the land to sea transition (e.g., in Africa, Arabia, and Northern America).
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Figure 4. Global daily aerosol optical depth retrieved by PMAp for the 21 September 2020. AOD only
based on Metop-B (top) and based on the combination of the three Metops (bottom).
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Figure 5 shows the associated output parameters provided in the PMAp aerosol
product. In Figure 5 top-left, the retrieval approach was presented, i.e., which branch of the
algorithm was used in terms of cloudiness and surface type. The situation over the ocean
was dominated by cloud-free and partly cloudy cases. Over land, the retrieval approach
was much more variable. As there is much more contrast in the surface contribution over
land, cloud-free and partly cloudy conditions were combined with dark, nominal, or bright
surfaces. It is interesting to note that, despite the spatial heterogeneity of the retrieval
approach over land, the AOD in Figure 4 appears spatially consistent. Figure 5 top-right
illustrates the aerosol class selected by PMAp. The class remains mostly undetermined
over land, where the main distinction is made for dust aerosol. Over the ocean, the aerosol
class is mostly dominated by fine mode, with some regular coarse class observed, for
instance, in California, the Indian ocean, or Eastern Australia. The desert dust identification
appears nicely consistent between ocean and land. In this example, no ash was detected
(but it was clearly observed on other days for recent volcanic eruptions such as Etna, La
Soulfriere, Raikoke, as previously demonstrated also in Clarisse et al. [25,61]). Finally, partly
cloudy situations were very frequent cases. This is mostly a consequence of the GOME2
footprint size, which is very large (200 km? for Metop-A and 400 km? for Metop-B and
-C). In Figure 5 bottom-left, the uncertainty associated with the AOD value is illustrated.
It was observed that, over the ocean, the uncertainty was usually small. For land, the
uncertainty was clearly proportional to the AOD itself, as correlation with Figure 4 can be
seen. Very high uncertainties were observed for bright surface conditions for which it is
known that the AOD retrieval is more problematic. Figure 5 bottom-right illustrates the
cloud fraction as seen by AVHRR. It is interesting to note that the AOD retrieval provided
in Figure 4 for partly cloudy conditions was, in general, spatially consistent with the AOD
retrieval for cloud-free conditions (mostly visible over the ocean, especially for Southern
latitudes). It was a qualitative confirmation that the cloud decontamination of the GOME2
pixel performed in PMAp was valid.
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Figure 5. Parameters associated with the AOD in the PMAp aerosol product. Retrieval approach
(top-left), aerosol class (top-right), AOD uncertainty (bottom-left), and cloud fraction (bottom-right)
associated with the AOD illustrated in Figure 3.
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Figure 6 shows the AOD retrieved by MODIS-Terra using the Merged Deep Blue/Dark
Target algorithm (version 6.1.), and the VIIRS Deep Blue product, which is a combination
of the Deep Blue retrieval over land and the Satellite Ocean Aerosol Retrieval (SOAR)
algorithm over the ocean (this product called Deep Blue, includes data over-water retrievals
as well) [62]. These aerosol products are regularly used as a reference because of their
maturity level and because their performance was extensively documented [18-20,63]. As
can be seen, Figure 4-bottom shows patterns very similar to those observed in Figure 6 by
both MODIS and VIIRS. This is true for all events in Africa, America, Siberia, Asia, as well
as over the oceans. This demonstrates how PMAp is able to retrieve very relevant aerosol
information, spatial features, as well as the order of magnitude of the AOD. Excessive cloud
screening can possibly be observed in PMAp over bright surfaces (this is very obvious
when compared to VIIRS, which has a larger swath and is much more reasonable when
compared to MODIS). This is partly a consequence of the large GOME-2 footprint for which
AQOD cannot be retrieved when significant cloud contamination exists.
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Figure 6. AOD derived from MODIS-Terra (top) and VIIRS (bottom) for 21 September 2020. The
MODIS AOD is based on the collection 6.1 merged Deep Blue/Dark Target retrieval. The VIIRS AOD
is based on the Deep Blue/SOAR retrieval.

Figure 7 illustrates the average AOD for the period of 12 days in September 2020.
This specific period was chosen because of an interesting peak in aerosol events that
occurred in summer 2020. It can be seen that PMAp captures most of the aerosol events
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occurring around the world. A giant biomass-burning plume, coming from California,
crossing North America, moving through the North Atlantic, and finally reaching the North-
Western European coasts. Other biomass burning events occurred in South America, from
Amazonia with a plume crossing South Atlantic, in South Africa, or Eastern Siberia [64].
Dust events were observed in Arabia and North Africa, crossing the Atlantic toward the
west. Extreme pollution in Xinjiang Chinese province (dust event, coal fires, and industries
in the Tarim Basin and Ala Shan plateau [65]) was also well captured, and with a smaller
magnitude around the Beijing basin, in North India, or Indonesia [66].
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Figure 7. Average AOD derived from PMAp for Metop-A, B, and C on 10-21 September 2020.

4.2. Quantitative Evaluation Using Ground-Based Measurements

The qualitative evaluation described in the previous section already provides good
information on the PMAp behavior and its level of performance, but a more quantita-
tive evaluation of the performance can be derived through matchups with ground-based
measurements. Here we used the AERONET ground-based network of sun-photometer
data from a widespread network of about 130 sites, which allows a statistically significant
comparison of the PMAp output against well documented and quality-controlled ground-
based data [67]. AERONET Level 2.1 data were retrieved at 550 nm under cloud-free
conditions using a direct sun inversion algorithm and were characterized by pre- and
post-field calibration, cloud screening, and general quality assurance.

The PMAp retrieval performance was evaluated for two time periods, June-September
2013 (validation period 1) and February-May 2015 (validation period 2). These periods
were historically adopted as reference periods for the evaluation of regular upgrades of
the retrieval because the processing capabilities remained limited. They were defined in
order to provide a large number of observations for exact spatiotemporal colocation with
ground-based observations, but moreover, to allow the analysis to be carried out under
representative atmospheric conditions for different seasons. Only Metop-A and —B can be
evaluated for these periods because Metop-C was launched later in 2018. Note also that
a reprocessing of the complete 2006-2019 Metop time series is ongoing in the context of
climate data record generation, and this will allow the confirmation of the performance
described in this analysis over the entire Metop archive. The analysis was separated for
land and ocean surface measurements, and the validation procedure has been carried out
as follows:
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1.  Collect AERONET measurements (level 2.1) within a 30-min time window around a
Metop overpass and for stations below 2000 m in altitude;

2. Land: identify all corresponding GOME-2 measurements in a 30 km circle around
the station;

3. Ocean: identify all corresponding GOME-2 measurements in a 30 km circle around
the station (located on an island or at the coast);

4.  Calculate the average PMAp AOD and plot the minimum and maximum value around
the station;

5. If a quality assured AERONET measurement at 550 nm wavelength is not avail-
able, the AERONET value is interpolated at 550 nm from the neighboring spectral
measurements;

6.  Calculate the regression parameters for the whole matchups.

Figures 8 and 9 present the scatter plots of PMAp AOD at 550 nm as a function of the
AOD derived from AERONET in situ measurement, for land and ocean surfaces, and for
Metop-A and -B. Statistics were calculated in terms of slope, offset (representing the slope
and offset of the best fit line), Pearson correlation coefficient (R), root mean square error
(RMSE), and the number of points (N) of the linear regression, and all values were reported
in Table 6. Figure 10 provides a visualization of values provided in Table 6 for every case:
slope, offset, R, and RMSE, ocean or land, 2013 or 2015 validation periods.
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Figure 8. Scatter plot of the measurements for the validation period in 2015 for land sites: AOD at
550 nm from PMAp/Metop-B (left panel) and -A (right panel) is plotted versus the corresponding
AERONET AOD measurements. The color illustrates the density of the measurements.
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Figure 9. Scatter plot of the comparison of PMAp-A measurements with AERONET over the ocean,
and for the validation period 1 in 2013 (left), and 2 in 2015 (right).
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Table 6. PMAp AOD against AERONET AOD: summary of the performance for both Metop —A (in
grey) and -B, for the two reference periods in June-September 2013 and February-May 2015, and over
land or ocean. Filtered data refers to cloud-free retrieval cases, excluding bright surface conditions.
Statistics provided are the number of matchups (N), the slope, offset, correlation coefficient (R), and
root mean square error (RMSE) of the linear regressions.

Metop Period Surface Data N Slope Offset R RMSE
A Jun-Sep 2013 ocean all 98 0.56 0.06 0.61 0.12
B Jun-Sep 2013 ocean all 119 0.43 0.10 0.49 0.25
A Feb-May 2015 ocean all 61 0.97 0.03 0.85 0.17
B Feb-May 2015 ocean all 81 0.99 —0.02 0.75 0.22
A Jun—Sep 2013 land all 853 0.92 0.04 0.58 0.30
A Jun-Sep 2013 land filtered 150 1.05 —0.04 0.70 0.13
B Jun-Sep 2013 land all 986 115 0.00 0.56 0.32
B Jun-Sep 2013 land filtered 127 0.83 0.00 0.80 0.13
A Feb-May 2015 land all 1160 0.60 0.09 0.57 0.30
A Feb-May 2015 land filtered 356 0.50 0.07 0.74 0.31
B Feb-May 2015 land all 1520 0.78 0.06 0.64 0.32
B Feb-May 2015 land filtered 298 0.61 0.04 0.76 0.24
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Figure 10. Performance of PMAp based on the matchups with AERONET measurements for Metop-
A, -B, for the two reference periods in 2013 and 2015, and over the ocean (left) and land (middle) and
land in the case of filtered data (right). Values for slope, R, offset, and RMSE is taken from Table 6.
The black plain and dashed lines represent the perfect performance with slope/R equal to 1 (plain)
and offset/RMSE equal to 0 (dashed).

In Figure 8, the distribution over land is quite similar for Metop-A and -B for the
validation period in 2015 (the 2013 validation period is not presented because it shows
approximately the same distribution, and the statistics are provided in Table 6). As also
shown in Figure 10, the correlation was close to 0.60, the slope between 0.70 and 1.1, and
the offset between 0.00 and 0.09. An additional statistic was provided over land by filtering
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the data and discarding measurements associated with partly cloudy retrievals (about 50%
of all retrieval cases) or bright surfaces (50% of cloud-free cases), situations for which a
lower performance can be expected. These “filtered data” represent approximately 20% of
the total number of matchups over land. As anticipated, it can be observed from Table 6
and Figure 10 that filtered data generally provide much higher performance in terms of
correlation with values around 0.80 and also with a slight reduction of offset. On the
other hand, the performance of all data (instead of filtered) shows a comparable slope
and offset. The RMSE was found to be twice as large over land than the ocean, but once
restricted to filtered data, the RMSE becomes roughly comparable over ocean and land.
This demonstrates the reasonably good ability of PMAp to decontaminate for partly cloudy
pixels, as described in Section 3.3.7.

In Figure 9, Table 6, and Figure 10, a significant difference is observed over the ocean
between 2015 and 2013 for all parameters (offset, slope, and R). As Metop-A remains very
consistent with Metop-B, this could be interpreted as a difference in terms of geophysical
conditions between 2013 and 2015 (as also seen in the MODIS time series [68]), with PMAp
having more difficulty in the retrieval of heavy dust events, which were more frequent in
the 2013 validation period. Nevertheless, the comparison in Figure 9 of the 2013 and 2015
validation campaign does not qualitatively show very different scatter plots. The number
of matchups is reduced due to the limited number of AERONET stations suitable for the
oceanic environment. Therefore, the numbers provided for the overall performance remain
very sensitive to outliers.

Figure 11 illustrates a comparative time-series of AOD derived from PMAp (with
Metop-B) and AERONET for three representative sites for the validation period in 2013.
The ability of PMAp to retrieve the temporal dynamics and change of the aerosol load, in
the sense of day-to-day variation as observed by AERONET, is clearly demonstrated. For
some days, the agreement with AERONET is quasi-perfect. However, for other days the
difference in AOD can reach 0.05 or up to 0.1. When extreme dust events occur, such as
over Valladolid in end-June 2013, the error in AOD can be larger (up to 0.45 in that case),
but these situations are globally exceptional. The same type of time series is observed from
PMAp AOD derived from Metop-A (not shown here). In addition, the same conclusion can
be derived from Figure 12 for the validation period in 2015.
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Figure 11. Time series of the PMAp AOD at 550 nm for validation period 1 compared to the AOD
retrieved from Metop-B and for 3 AERONET sites: Cabo da Roca, Ascension Island, and Valladolid.
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Figure 12. Time series of the AOD at 550 nm for validation period 2 compared to the AOD retrieved
from Metop-B and for 3 AERONET sites: Cabo da Roca, Lampedusa, and Badajoz.

5. Conclusions and Perspectives

This paper describes the Polar Multi-Sensor Aerosol Product (PMAp) operational
aerosol retrieval. The PMAp algorithm is based on a multi-sensor single-platform approach,
synergistically exploiting observations from GOME-2, AVHRR, and IASI onboard the Metop
satellites. Aerosol optical properties, as Aerosol Optical Depth at 550 nm wavelength and a
PMAp tailored set of aerosol classes, are globally retrieved over the ocean and land surface
at a spatial resolution of 10 km x 40 km (5 km x 40 km for Metop-A) and are available
within 1.5 (maximum 3) hours from sensing.

The PMAp algorithm is separated into three main steps. Step 1 consists of a pre-
liminary aerosol optical properties classification, as well as cloud masking and cloud
corrections, making use of the different spectral and spatial sampling features of the dif-
ferent sensors. In step 2, the radiative transfer calculations are carried out using specific
GOME-2 PMD channels, retrieving a set of candidate AOD values for all the aerosol optical
property models provided by the LUT. Finally, in step 3, the best fit using a least-squares
minimization of the pre-selected aerosol properties and related AODs to all GOME-2 PMD
channels provides the final AOD and aerosol class. Calculation of the error in AOD is also
performed based on a standard deviation of a set of AOD values computed using variations
in the input data.

Examples have been presented of daily and monthly averaged maps as derived both
from Metop-A and Metop-B, confirming the capabilities of PMAp to reproduce the global
distribution of aerosol loading. This has been compared to reference sensors such as
MODIS and VIIRS. Aerosol optical depth retrieved over ocean and land surfaces is reliable
in terms of spatial distribution and temporal variation of the aerosols and their abundance.
In addition to AOD, a dedicated PMAp aerosol class is provided in the product. Over
land, PMAp is able to identify thick dust or ash. Over water, PMAp can often distinguish
between fine and coarse modes, as well as detecting the presence of dust.

The PMAp AOD product has been tested over two time periods, June-September
2013 (validation period 1) and February-May 2015 (validation period 2). For these periods,
AOD retrieved from Metop-A and Metop-B observations has been compared against
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corresponding ground-based AERONET level 2 data in terms of correlation, bias, offsets,
and time patterns. The results of the best fits over ocean and land are reported (e.g.,
typical correlation from 0.6 to 0.85 with an RMSE close to 0.15/0.20 over ocean/land (for
filtered data).

This paper reported a first-level validation that demonstrates the ability of PMAp to
retrieve relevant AOD with a very good spatial and temporal behavior and an acceptable
overall performance. A more exhaustive validation is needed and should better document
the detailed performance. This ongoing activity will document various aspects, such as
the influence of the acquisition geometry and the aerosol model as described in Fougnie
et al. [69] or how the performance varies with the surface type. The consistency between
the three Metops is also important to document, especially for the most recent Metop-C,
which is now becoming fully mature in term of radiometric correction. A more consoli-
dated comparison to MODIS, VIIRS, or Sentinel-3/SLSTR will complement the previous
comparisons. Additional validation through model-based comparison can also be provided
as documented in Metzger et al. [70].

PMAp AOD is disseminated in near-real-time [28] and is fully operational over the
ocean and demonstrational over land (where the retrieval is more challenging and under
consolidation). AOD over the ocean has been assimilated by the Copernicus Atmospheric
Monitoring System (CAMS) since 2014, in addition to the MODIS AOD [35,71]. This aerosol
product is a very good demonstration of the synergistic use of different sensors sharing
the same platform Metop. Some possible improvements have already been identified
and may be implemented in the near future. This synergistic concept has already been
applied to the sensors of the Metop Second Generation platforms (the multidirectional
polarimeter 3MI, the spectrometer Sentinel-5, the spectral imager MET-image, and the
thermal infrared sounder IASI-NG), which will allow the retrieval of a much-improved
suite of aerosol parameters thanks to the comprehensive information content provided by
these instruments.

The last version 2.2, of the PMAp products are distributed near-real-time through
the EUMETcast-Europe and EUMETcast-Terrestrial since 6 May 2021 [28,72]. A long-term
archiving of all PMAp products, including products generated using previous PMAp
versions, is accessible through the EUMETSAT data center [73]. A full reprocessing of the
time series, from 2007 to 2019, based on the last version 2.2 presented in this paper, has
been generated and will also be released soon [73].
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