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Abstract. The aim of this study is to investigate the potential of the GOME-2 instruments on board the MetOpA, MetOpB
and MetOpC platforms, to deliver accurate geometrical features of lofted aerosol layers. For this purpose, we use archived
ground-based lidar data from lidar stations available from European Aerosol Research Lidar Network (EARLINET)
database. The data are post-processed with the wavelet covariance transform (WCT) method in order to extract geometrical
features such as the Planetary Boundary Layer (PBL) height and the cloud boundaries. To obtain a significant number of
collocated and coincident GOME-2 — EARLINET cases for the period between January 2007 and September 2019, thirteen
lidar stations, distributed over different European latitudes, contributed to this validation. For the 172 carefully screened
collocations, the mean bias was found to be -0.18+1.68km, with a near Gaussian distribution. On a station-basis, and with a
couple of exceptions where very few collocations were found, their mean biases fall in the =1 km range with an associated
standard deviation between 0.5 and 1.5 km. Considering the differences, mainly due to the temporal collocation and the
difference, between the satellite pixel size and the point view of the ground-based observations, these results are quite
promising and demonstrate that stable and extended aerosol layers as captured by the satellite sensors, are verified by the
ground-based data. We further present an in-depth analysis of a strong and long-lasting Saharan dust intrusion over the
Iberian Peninsula. We show that, for this well-developed and spatially well-spread aerosol layer, most GOME-2 retrievals
fall within 1km of the exactly temporally collocated lidar observation for the entire range of 0 to 150km radii. This finding

further testifies to the capabilities of the MetOp-born instruments to sense the atmospheric aerosol layer height.

1. Introduction

Aerosols are important constituents of the atmosphere, influencing both the air quality and the Earth's climate. They scatter
and absorb solar and terrestrial radiation (direct effect) can act as cloud condensation nuclei (CCN) in liquid water clouds
and as ice-nucleating particles (INPs) in mixed-phase and ice clouds (indirect effect). Changes in their concentration affect
cloud extent, lifetime, particle size and radiative properties (Altaratz et al., 2014; Tao et al., 2012). However, the overall
uncertainties in the radiative forcing effect of aerosols (anthropogenic and natural) remain very high still (IPCC, 2014).
These uncertainties can only be reduced by better quantifying the vertical and horizontal distribution of aerosols over the

globe. Knowledge of geometrical features of aerosol layers is essential for understanding the impact of aerosols on the
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climate system. The aerosol height quantification of smoke, dust, biomass burning aerosols as well as volcanic ash, is a
critical determinant of global aerosol transport and dispersion.The spatial and temporal variation aerosol layer height is
associated with the major aerosol sources and the atmospheric dynamics. Aerosol vertical distributions are affected by
aerosol emissions and deposition processes, aerosol microphysical properties, meteorological conditions and chemical
processes. Which one is the dominant factor determining the aerosol vertical distributions depend on aerosol species
(Kipling et al., 2016). In the framework of aviation safety, it is important to have accurate knowledge about the height of
aerosol layers in the atmosphere since dust and ash particles can be transported over large distances away from their source
and so global monitoring is essential (e.g., Balis et al., 2016; Pappalardo et al., 2010; Pappalardo et al., 2013). There are
several differences in the sensing principles between active and passive remote sensing of aerosols, specifically in terms of
the vertical resolution. Lidar (Light detection and ranging) remote sensing techniques can provide accurate vertical profiles
of the aerosol backscatter and extinction coefficients, which are representative of aerosol load, with vertical resolution of a
few meters (Papayannis et al., 2008). Active remote-sensing instruments, like lidars - that are part of the European
Aerosol Research Lidar Network (EARLINET; Pappalardo et al, 2014), have been used to distinguish between different
aerosol types by providing vertical profiles of aerosol optical properties, as well to understand the three-dimensional
structure and variability in time of the aerosol field. Although they provide great details in the vertical direction, lidar
measured profiles are subjected to limited spatial and temporal coverage. On the other hand, passive spaceborne remote
sensing instrumentation has the ability to measure a specific point on Earth once a day for polar orbiting satellite missions
and several times in the day for geostationary missions. Polar satellites such as the Meteorological Operational satellite
programme (MetOp) series offer the advantage of global and daily coverage and instruments such as Global Ozone
Monitoring Experiment-2 (GOME-2) have already been used for aerosol detection (Hassinen et al., 2016). Therefore,
combined studies based on ground-based lidars together with atmospheric satellites will allow full exploitation of this data

for a detailed description of the temporal and spatial distribution and evolution on a global scale.

The only way to obtain the temporal and spatial variations of aerosol profiles on global scale is through the satellite remote
sensing. Passive satellite remote sensing of aerosol layer height can by far not provide the same details as active remote
sensing but adds an important extension compared to active remote sensing in terms of spatial coverage. Active
instruments, such as CALIOP onboard CALIPSO (Winker et al., 2009), provide measurements of high spatial and temporal
distributions of aerosol and clouds and their geometrical and optical properties (Vaughan et al., 2009).While CALIOP has
excellent vertical resolution and has the ability to resolve the layer heights of multiple plumes in a single profile, its swath
width is very narrow and has a 16 d global coverage compared to the passive sensors, which have daily global coverage.
Several previous studies, different algorithms and sensitivities analyses have employed a variety of definitions of the
aerosol height from passive instruments until now (Sun et al., 2019, 2020). Some important mentions of missions for ALH
retrieval are: the Ozone Monitoring Instrument (OMI) on board the NASA Aura satellite (Chimot et al., 2018), the Multi-
angle Imaging SpectroRadiometer (MISR) on board the NASA Terra satellite (Nelson et al., 2013), the Deep Space Climate
Observatory (DSCOVR) mission with its Earth Polychromatic Imaging Camera (EPIC) (Xu et al., 2017, 2019) and
currently the TROPOspheric Monitoring Instrument (TROPOMI) instrument on board the Sentinel-5 Precursor satellite

(\Veefkind et al., 2012). The next years, missions like the upcoming Tropospheric Emissions: Monitoring Pollution mission
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(TEMPO) (Zoogman et al., 2017) and the Multi-Angle Imager for Aerosols (MAIA) mission (Davis et al., 2017) are
expected to provide aerosol height retrievals as well. These instruments are examples of missions demonstrably more

capable of retrieving Aerosol layer height.

In this study, a quantitative assessment of Level 2 absorbing aerosol height product derived by the GOME-2 aboard the
MetOp platforms (Munro et al. 2016; Hassinen et al., 2016), using EARLINET lidar data as reference. Furthermore a case
study with several MetOp overpasses close to the EARLINET station of Evora, Portugal, (38.56°N, -7.91°E, 293m a.s.1) on
20-23 February 2017, is analyzed to demonstrate the performance of the GOME-2 Absorbing Aerosol Height (AAH)
retrieval for a strong Saharan dust event. This paper is organized as follows. In Sect. 2, the GOME-2/MetOp satellite-borne
instrument and the European Aerosol Research Lidar Network (EARLINET) are described. The data and methodology are
briefly described in Section 4 presents the network-based intercomparison results between GOME-2 and EARLINET and a
selected dust case is shown so as to illustrate the evaluation methodology. Finally, Section 5 contains the summary and the

conclusions of this article.

2. Satellite and ground-based instrumentation

2.1 Description of the GOME-2 instrument

The Global Ozone Monitoring Instrument (GOME-2) instrument, on board the MetOp-A, B and C platforms, is a UV—
VIS-NIR (visible—near IR) nadir viewing scanning spectrometer, with an across-track scan time of 6 s and a nominal swath
width of 1920 km, which provides global coverage of the sunlit part of the atmosphere within a period of approximately 1.5
days (Hassinen et al., 2016; Munro et al., 2016). The MetOp satellite series is the core element of the European
Organization for the Exploitation of Meteorological Satellites (EUMETSAT) Polar System (EPS), developed in partnership
with the European Space Agency, (ESA). The primary GOME-2 instrument onboard MetOps perform equally and main
characteristics are listed in Table 1. The three  GOME-2 instruments provide unique and long data sets for atmospheric
research and applications. The complete mission time is expected to cover 2007-2024 period. The AC SAF (Satellite
Application Facility on Atmospheric composition) is responsible for the development and distribution of the GOME-2

Level 2 products accessed through the AC SAF web portal, https://acsaf.org/product_list.html.

2.2 The EARLINET network

The EARLINET network was founded in 2000 as a research project for establishing a quantitative, comprehensive, and
statistically significant database for the horizontal, vertical, and temporal distribution of aerosols on a continental scale
(Bosenberg et al., 2003; Pappalardo et al., 2014). Since then EARLINET has continued to provide the most extensive
collection of ground-based data for the aerosol vertical distribution over Europe. EARLINET is one of the components of
ACTRIS, the European Aerosol Clouds and Trace gases Research Infrastructure, now in its implementation phase. Within
ACTRIS, many developments have been realized in EARLINET improving the quality assurance of the lidar systems and
the quality control procedures of the lidar data (Matthias et al., 2004; Freudenthaler et al., 2009, 2016, 2018). Additionally
improvements in retrieved products as well as advanced products have been developed through integration with

observations from other ACTRIS components. The SCC is a major component of the ACTRIS Aerosol Remote Sensing


https://acsaf.org/product_list.html

© 00O N O O & W N P

NN RN NMNOMNRNRNNNRERRRRR R B B
© 0 N OO OB WNRPOOO®MNOOOU M WDNR O

30
31

32
33
34
35

Node (ARES) responsible for the curation and the processing of the ACTRIS aerosol remote sensing data (D'Amico et al.,
2015, 2016; Mattis et al., 2016).

The geographical distribution of the lidar stations can be found at the EARLINET website
(https://www.earlinet.org/index.php?id=105). Lidar observations in the framework of EARLINET are performed according

to a common schedule and on preselected dates. The schedule involves three measurements per week, namely one during
daytime at around local noon on Monday at 14:00+1 UTC and two during nighttime on Monday and Thursday at
sunset+2/3 h to enable Raman extinction retrievals. Furthermore, observations are devoted to monitoring special events
over the continent, such as Saharan dust outbreaks, forest fires, photochemical smog, and volcanic eruptions (e.g. Balis et
al., 2003; Amiridis et al., 2009; Sicard et al., 2011; Pappalardo et al., 2013; Fernandez et al., 2018; Soupiona et al., 2018).
EARLINET observations have already been used for climatological studies (Amiridis et al., 2005; Giannakaki et al.; 2010;
Siomos et al. 2018), long-range transport analysis (Ansmann et al., 2003; Papayannis et al., 2008), aerosol characterization
of dust forecast modeling (Perez et al., 2006; Mona et al., 2014; Mona et al., 2012), among others. Furthermore, retrieval
algorithms related to aerosol microphysical properties were developed with real multi-wavelength lidar data (Miiller et al.
2007; Tesche et al, 2009; Balis et al., 2010; Mamouri et al., 2012). So far, EARLINET represents an available tool for
validation and exploitation of data from the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO;
Winker et al., 2009) mission and several studies have investigated the CALIPSO products (e.g., Mamouri et al. 2009; Mona
et al., 2009; Pappalardo et al. 2010; Amiridis et al., 2015; Papagiannopoulos et al., 2016). Also, the multi-wavelength
EARLINET data will be very useful for the validation of current and future satellite missions, such as the ESA Explorer
missions Atmospheric Dynamics Mission — Aeolus (ADM-Aeolus), Sentinel-5 Precursor (S5-P) Earth Clouds, Aerosols and
Radiation Explorer (EarthCARE).

Some of the EARLINET systems perform 24/7 continuous measurements as, for example, the PollyXT systems (Baars et
al., 2016; Engelmann et al., 2016). It hence follows that EARLINET consists of rather different lidar systems regarding the
number of measured wavelengths and signal channels, the detection range, which is mainly determined by laser power and
telescope size and number, the optical design and the electronic signal detection techniques. The majority of EARLINET
stations are equipped with multi-wavelength Raman channels and many of them operate depolarization channels that
measure the depolarization of the emitted linearly polarized radiation. In order to ensure qualitative and consistent data
processing within the EARLINET network, algorithm intercomparison campaigns have been organized (Matthias et al.,
2004; Pappalardo et al., 2004; Bockmann et al., 2004). These campaigns aimed to assure the homogeneity of the data

despite the differences in the lidar systems of the stations.

3. Data and Methodology
3.1 Satellite data (GOME-2)

3.1.1 Absorbing Aerosol Index (AAI)
The Absorbing Aerosol Index (AAI) indicates the presence of elevated amounts of absorbing aerosols in the Earth's
atmosphere. Is a unitless index and separates the spectral contrast at two ultraviolet (UV) wavelengths (340/380nm) caused

by aerosol scattering and absorption from other effects, including molecular Rayleigh scattering, surface reflection and
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gaseous absorption (Torres et al., 1998). The aerosol types that are mostly seen in the AAI are desert dust and biomass
burning aerosols. Absorbing aerosol index is a unitless parameter, with higher values indicating elevated amount of aerosols
present in the atmosphere. Negative values are caused by the presence of clouds and/or scattering aerosol in the scene.
However a positive value for the AAI can only be explained by the presence of absorbing aerosols. The paper of de Graaf et
al. (2005) provides several sensitivity analyses that detail the importance of the aerosol height for the interpretation of the
AAI. The Absorbing Aerosol Index (AAI) from GOME-2 is produced by the Royal Netherlands Meteorological Institute,
KNMI, -within the framework of the AC SAF. The GOME-2 AAI products are calculated for all three MetOp-A, MetOp-B
and MetOp-C satellite instruments and data are available since January 2007, December 2012 and January 2019,

respectively (ACSAF: https://acsaf.org/datarecords/aai.html, KNMI: http://www.temis.nl/airpollution/absaai/)

3.1.2 Absorbing Aerosol Height (AAH)

The Absorbing Aerosol Height (AAH) is a new operational ACSAF EUMETSAT product for aerosol layer height detection,
developed by KNMI within the AC SAF. It uses the Absorbing Aerosol Index (AAI) as an indicator to derive the actual
height of the absorbing aerosol layer in the O2-A band using the Fast Retrieval Scheme for Clouds Observables (FRESCO)
algorithm (Wang et al. 2008, 2012; Tilstra et al., 2010, 2012). The retrieved aerosol height varies from the bottom to the top
of the aerosol layer, depending on the aerosol optical thickness (AOT), solar zenith angle (SZA) and actual aerosol layer top
height (Wang et al., 2008). The AAH product can be used to monitor volcanic eruptions globally and provide the height of
the ash layers (Balis et al., 2016). The Absorbing Aerosol Height is very sensitive to cloud contamination. However,
aerosols and clouds can prove difficult to distinguish and AAH is computed for different FRESCO cloud fractions. Not only
FRESCO is able to determine the height of an absorbing aerosol layer in the absence of clouds, but under certain conditions
also in the presence of clouds. Further details and more information associated with AAH product, are available in the
Product User Manual (PUM) and Algorithm Theoretical Basis Document (ATBD; Tilstra et al. 2019, PUM; Tilstra et al.,
2020). The product is available openly from the ACSAF repository, https://acsaf.org/offline_access.html, and has been
officially validated (De Bock, et al., 2020).As discussed in the ATDB, observation pixels with AAI values below 2.0

correspond to scenes with too low amount levels of aerosol to result in a reliable AAH retrieval. Also for AAI values larger
than 2.0 but smaller than 4.0 the aerosol layer is not in all cases thick enough for a reliable retrieval. However, most of our
aerosol cases correspond to AAI values below the 4.0 level. The AAH product is provided, among others, with the related
standard deviation value. In summary, the AAH algorithm retrieves, from the GOME-2 level-1b Product, the following
parameters CF (effective aerosol/cloud fraction), CH (aerosol/cloud height), SA (scene albedo), SH (scene height). Two
different aerosol/cloud layer heights (CH and SH) are determined by the AAH algorithm. It is up to the algorithm to decide
which of the two is the best candidate to represent the actual AAH level. According to Wang et al. (2012) in order to
distinguish whether the contribution of clouds is crucial, three situations about the reliability of the AAH product are used
and the effective cloud fraction (CF) is used to check in which of these regimes is the better solution (A: High reliability,

B:medium reliability, C:Low reliability). In more detail:

= Regime A (CF<=0.25) refers to the situation in which there is either only a low degree of cloud cover or the aerosol

optical depth is sufficiently large to compensate the presence of a cloud layer below the aerosol layer. Exceptions are
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cases with low aerosol amounts, but these scenes were filtered out beforehand by demanding that the AAI must be
higher than a threshold AAI value.

= Regime B (0.25<CF<0.75) is an intermediate regime and the AAH found this way is likely to underestimate the AAH
in some cases, and the reliability attributed to this regime is medium.

= Regime C (CF>=0.75) is the situation of a thick cloud layer present in the scene. In this case an aerosol layer is only
retrieved successfully when the aerosol layer is sufficiently thick. The reliability is therefore characterized as low. More

information can found in Wang et al. (2012)

In the Sect. 3.3, a pie chart ( cf. Fig. 6) with the distribution of reliability category (Regime) of collocated observations is
presented, including the contribution of clouds.

3.2 Ground-based lidar data (EARLINET)

The EARLINET database represents the largest collection of ground-based data of the vertical aerosol distribution on a
continental scale. EARLINET members, as well as external users, get access to the database through a web interface
(www.earlinet.org; Last access: 23 April 2020). Additionally EARLINET data are permanently indexed and published at
WDCC (https://www.earlinet.org/index.php?id=247). The main information stored in the files of the EARLINET database

is the vertical distribution of aereosol backscatter and extinction coefficients. Additionally, there are more optional variables

included in the files, such as the lidar ratio, the particle linear depolarization ratio and the water vapor mixing ratio profiles.
In this study, we use the backscatter profiles for aerosol layer height retrieval. The backscatter files contain at least a profile
of the aerosol backscatter coefficient (m™sr™) derived from the elastic backscatter signal and may be accompanied by an
extinction coefficient profile. Here, we use the vertical information of backscatter profiles (at 1064nm and 532nm in some
cases) for selected EARLINET stations. Quality assurance (QA) tests have been established and software intercomparison
campaigns (Béckmann et al., 2004; Matthias et al., 2004; Freudethaler et al., 2018) have been organized in the framework
of EARLINET in order to assure the homogeneity of the data despite the differences in the lidar systems of the stations. A
list of the EARLINET stations used for the validation of GOME-2 AAH and their geographical coordinates are given in
Table 2 and presented in Fig.1. The stations are located such that four European regions are covered: Central Europe,
Western Mediterranean, Central Mediterranean and eastern Mediterranean. In this way, a large variety of aerosol optical and

geometrical characteristics can be investigated.

3.2.1 Wavelet covariance transform (WCT) method

In this section we analyze the algorithmic processes that are required to extract geometrical features from lidar signals
employed in this work. The aerosol geometrical properties carry information about the structure of lidar profiles, such as the
boundary layer height and the features of the lofted aerosol layers and can be obtained from any lidar profile. In this study a
full lidar dataset from thirteen EARLINET stations has been used for the calculations. Some lidar optical products however
are more reliable to use than others. For example, the longer wavelengths typically magnify the differences in the vertical
distribution of the aerosol load, resulting in layers that are easier to identify.. Furthermore, the Raman inversion always

results in profiles that are less structured for the extinction coefficients than the backscatter coefficients. This is the reason
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why we prioritize them so as to produce geometrical properties. (Baars et al., 2008; Siomos et al., 2017) The product with
the highest potential to magnify the aerosol layer structure available is selected for each measurement. More specifically,
the backscatter products are prioritized over the extinction products and the longer wavelengths over the shorter ones. For
this study, backscatter profiles at 1064nm have been chosen primarily, and in some cases backscatter profiles at 532nm.

Our analysis is based on the method of Baars et al. (2008) that applies the wavelet covariance transform (WCT) to the raw
lidar data in order to extract geometrical features such as the PBL height and the cloud boundaries. Many methods have
been proposed for the calculation of the PBL height from lidar data - (e.g., Flamant et al., 1997; Menut et al., 1999; Brooks,
2003; Bravo-Aranda et al., 2016; Caicedo et al., 2017). The WCT transformation has also been applied successfully in the
past on other lidar products. Siomos et al. (2017), for example, use an adaptation of the WCT method to calculate the
geometrical features from the aerosol concentration profiles. The wavelet covariance transform was defined as a means of

detecting step changes in a signal. It is based upon a compound step function, the Haar function h, defined as shown in Eq.

():

+Lb—§Ssz
-b
h(=2) = ~L:b<z<b+2 (1)

0: elsewhere,

Here, h[(z-b)/a] is the Haar function, a is the dilation of the Haar function indicating the size of the window (or dilation), b

is the center of the Haar function (or the translation) and z is the altitude range. The covariance transform of the Haar

function, Wy (a, b), is defined as shown in Eq. (2):

Wy(ab) = a™ [2 f(2) h(22) dz @)

where f(z) is the backscatter lidar signal, z;, and z; are the lowest altitude and the highest altitude of possible layers
heights. The W (a, b) is referred to as the wavelet coefficient. These variables define the window function. Based on the
defined lower and upper limits the Haar transform is calculated. The obtained Haar values are subjected to the covariance
transform and the maximum negative value of the covariance transform provides the aerosol layer top. The key issues of
performing the WCT are the determination of the dilation value of the Haar function. As with previous studies (Brooks et
al., 2003; Baars et al., 2008), the dilation factor a, affects the number of covariance wavelet transform coefficient local
minima. Larger values of dilation factor reveal a few large local minima, at the height of the biggest aerosol loading in the
aerosol backscatter profile. In addition, lower dilation values, create local minima at heights of smaller aerosol loads in the
profiles. A dilation of 0.5 km is used in this study for the lofted aerosol layer height calculations. An example of a lidar
backscatter profile with resulting WCT profile from the Barcelona lidar station (Universitat Politechnica de Catalunya,

Barcelona — UPC) on June 29, 2019 is given in Fig.2. This figure is reasonably to show the ability of the lidar to detect
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multiple layers. The blue lines refer to S-G (Savitzky—Golay smoothed signal) and the yellow one to the noisy backscatter
lidar signal. The horizontal red dashed line represents the detected aerosol layer top applying the WCT methodology (see
the section 3.2.1) and three aerosol layers are detected, according the methodology that we follow. The vertical dashed lines
represent some thresholds for the detection of the boundaries of aerosol layers. If the coefficient values falls below that
threshold, one can assume that that no significant aerosol layer exists (Brooks et al., 2003; Baars et al., 2008). Applying the
WCT we can check if there are strong variations in the backscatter coefficient profile within an aerosol layer, which may
lead to a classification of a separate layer. The colored “star” symbols represent the local maxima (purple) and minima (red)

of wavelet transform signal.

3.3 Validation methodology and collocation criteria

The validation of products with a typical resolution of several kilometers against point-like ground-based measurements
involves uncertainties. A key question is how well the ground-based observation represents a larger area around the
measurement site and to a large extent depends on the characteristics of the station location (urban, sub-urban, etc). In this
study, to obtain a significant number of collocated GOME-2 — EARLINET cases, data from thirteen EARLINET stations
were used for the GOME-2 AAH product validation as shown in Table 2. As the UV-VIS satellite instruments provide
daytime observations, only the lidar measurements temporally close to the satellite overpass are used in this comparison. To
achieve a good agreement between retrieved aerosol height form O2 A band observations and ground-based lidar
measurements is very challenging and depends on some assumptions (Sanders et al., 2015). The lidar backscatter profiles
are used to retrieve aerosol layer height (ALH) information of the aerosol vertical profile, while the AAH product is
extracted by the GOME-2 algorithm. For the comparison of GOME-2 AAH against aerosol height from EARLINET lidars,
the coincidence criteria are set to a 150 km search radius between the satellite pixel center and the geolocation of the
ground-based station. The lidar measurements nearest to the GOME-2 overpass time within a 5 hour temporal interval were
selected for every available day of measurement, to ensure a sufficiently large collocation database. It should also be noted
that the temporal criterion is necessary since most of the EARLINET lidar observations occur at noon or night while the
MetOp orbits are in the morning. For each ground based measurement, only the spatially closest GOME-2 measurements
were selected for the comparison study. Furthermore, certain criteria for ensuring the quality and representativeness of the
satellite measurements, such as sun glint, solar eclipse events, and AAI values greater than 2 were taken into account. In
this study, we use only the pixels containing positive AAI values, corresponding to absorbing aerosols, and especially only
values greater (or equal) than 2.0. According to Tilstra et al. (2019, ATDB) observation pixels with AAI values below 2.0
correspond to scenes with too low amount levels of aerosol to result in a reliable AAH retrieval. This threshold, does not
apply to every passive satellite instrument which retrieve the aerosol layer height product. For example, the TROPOMI
ALH is only retrieved for pixels with UV Al (calculated by 354-388nm wavelength pair) larger than 1. In addition,
unconverging pixels with AAH set to be 15 km are also excluded. Due to the use of FRESCO algorithm, GOME-2 is
limited to a maximum height of 15km for the AAH retrieval and hence cannot detect layers higher than 15km.Table 3 lists

the GOME-2 quality-assurance thresholds applied in the EARLINET comparison. Selecting these criteria, the total set of
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available satellite pixels is quite small. Most of the satellite measurements available from GOME-2 / MetOp refer to cases
with AAI between 2 and 4.

Applying all these selection criteria resulted in a total of 272 correlative GOME-2 —EARLINET cases suitable for the
comparison study and representativeness of the GOME-2 Level-2 AAH product. However, it quickly became clear that
further consideration of the individuality of each sensing instrument is required. A large amount of GOME-2 AAH heights
below the 1km level are reported, which in most cases are unlikely to be retrieved from a lidar backscatter profile due to the
system overlap (Wandinger and Ansmann, 2002). This is a common source of uncertainty when dealing with lidar data, due
to hardware limitations, that determine the altitude above which a profile contains trustworthy values. This is demonstrated
in the 0-1 km bin of Figure 3,where the collocations are separated depending on the AAH reported per instrument. Most of
the vertical lidar profiles begin over 0.8-1.0 km and is indeed quite rare to find profiles starting below of these values.
Therefore in this study, a threshold value of 1.0 km, for the signal altitude is selected, under which we will not take into
account observations in our analysis. The backscatter profiles archived in the EARLINET database have a variable height
range which typically extends up to 5-6 km where the most of the lidar signals have an optimal signal-to-noise ratio.
Therefore, as can also be seen for the last bar — for heights above 6km- (cf. Fig. 3), there are very few cases where the
lidars report heights above that altitude. Collocated cases where the lidar ALH values are greater than 7km, have been
removed from the study.

As a result of this extra restriction in collocation, the number of GOME-2 — EARLINET cases considered in the assessment
of the accuracy and representativeness of the GOME-2 AAH are provided in Table 2 including the code name of the
EARLINET station used in figures further in the text. Figure 4 (left) shows the distribution of available of collocated cases
for each lidar station and in Fig.4 (right) the distribution of all collocations by year. All three GOME-2 instruments are
considered in one single satellite data pool. Figure 5 shows the spatial distribution of all collocated layers around each
EARLINET station considered (Athens, Barcelona, Belsk, Buchurest, Granada, Evora, Lecce, Limassol, Minsk, Potenza,
Sofia, Thessaloniki and Warsaw) while the concentric red circles denote regions of 150 km from the location of these
stations. In Fig.6 the distribution of reliability category (Regime) of collocated observations is presented, including the
contribution of clouds. The effective cloud fraction (CF) is a primary indicator for the AAH algorithm and is used to check
which of these regimes is more reliable for retrieving the AAH. It is clear that most of the collocated cases belong to the
high (regime A) and medium (regime B) reliability categories. We take into account all the Regime flags of pixels
regardless of the reliability. According to Wang et al. (2012) Regime C is the situation of a thick cloud layer present in the

scene. In this case, an aerosol layer is only retrieved successfully when the aerosol layer is sufficient thick.

4. Results

4.1 GOME-2 & EARLINET comparison statistics

In this section an overall assessment of the GOME-2 retrieved AAH product is given, using the total dataset of GOME-2 —
EARLINET collocated cases. In Figure 7 shows the distribution of GOME-2 AAH and EARLINET aerosol height
differences. The histogram plot refers to the total of 172 collocated cases. The near Gaussian distribution of the absolute

difference is centered slightly to the left, indicating lower GOME-2 AAH values on average with a mean bias of -0.18km
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and standard deviation of 1.68km, a very promising result considering all the individual uncertainties of both datasets as
well as the collocation criteria. The related metrics are given in Table 4. Fig.8 shows the updated bar plot, effectively
demonstrating the reason for the lingering differences between the two datasets. A comparison for all study stations can be
seen in Fig.9 where the collocations are now colour-coded per their associated AAI value. The overall agreement is quite
satisfactory with most lidar AAH values between 1 and 7km, while the GOME-2 AAH results range a bit higher up to
~8km. The individual station statistics are given in Table 5, sorted by the number of collocations found for each station. The
mean bias (GOME-2 AAH — EARLINET ALH) falls well within the +1 km range, with an associated standard deviation
between 0.5 and ~2 km. Considering the differences mainly in the temporal collocation and the difference between the
satellite pixel size and the point view of the ground-based observations, these results are quite promising as the stable
aerosol layers are well captured by the satellite sensors.

Some of the lingering differences may be explained as follows: as per Fig.3, the geometrical and technical characteristics of
each lidar system determine the height range where backscatter profiles can be retrieved, and this can affect the
comparisons at very low and very high ALHs. Additionally, GOME-2 AAH retrieval assumes a single aerosol layer in the
atmospheric column, while it is a common feature to have more layers in the column. This is well captured by the lidar
observations, but making the GOME-2 against lidar comparison there is some uncertainty which lidar derived layer should

be compared to the GOME-2 equivalent one.

4.2. Saharan dust outbreak event between 21-23 February 2017

An intense Saharan dust episode occurred between the 20% -23" of February over the Iberian Peninsula. Analysis of the
meteorological conditions during this dust event are described in Fernandez et al (2018). In this section we present the
evolution of the dust outbreak event that was captured by the Evora, Portugal, lidar station between the 21 and the 23" of
February 2017 as well as the GOME-2 AAH observations.

4.2.1 Evora lidar station

This Evora station is located about 100km eastward from the Atlantic west ocean. Due to its geographical location Evora is
influenced by different aerosol types namely urban as well as mineral and forest fire aerosol particles. The lidar system here
installed (PAOLI-Portable Aerosol and Cloud Lidar), is a multi-wavelength Raman lidar belonging to the Polly*" family
(Baars et al., 2016) with high temporal and spatial resolution, operating since September 2009. It is installed at the Evora
Atmospheric Science’s Observatory (EVASO) and operated by the University of Evora (UE) and the Institute of Earth
Sciences (ICT) (38.56°N, -7.91°E, 293 m a.s.l). The instrument features three elastic channels in the UV-VIS-IR range (355,
532 and 1064nm), two inelastic (Raman) channels (387 and 607nm) and a polarization channel which detects the cross
polarized signal at 532 nm. PAOLLI is participating both in the EARLINET and the Spanish and Portuguese Aerosol Lidar
Network, SPALINET (Sicard et al., 2009 and 2011). The Evora lidar system, being part of EARLINET, has been quality-
assured through direct inter-comparisons, both at hardware (Matthias et al., 2004) and algorithm levels (Béckmann et al.,
2004; Pappalardo et al., 2004). During daytime, data provided by the Klett technique (Klett, 1981, 1985) use as input a
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constant lidar ratio value to retrieve the backscatter coefficient values with an average uncertainty of the order of 20-30%
(Bosenberg et al., 2003).

4.2.2 Case study: Evora, 21-23 February 2017

In February 2017, an exceptionally extreme event affected the whole Iberian Peninsula, as examined with AERONET,
EARLINET lidars and passive-satellite observations (Fernandez et al. 2018). MetOp overpasses close to the EARLINET
station of Evora are analyzed here to demonstrate the performance of the GOME-2 instrument under the intense Saharan
dust outbreak (see Fig.13). This typical case concerns an intense Saharan dust outbreak, which lasted for three days (21 to
23 February 2017) and was successfully followed during these three days by the Evora lidar station. A combined use of
lidar profiles, back-trajectory analysis, dust models and satellite observations allows the identification of Saharan dust
cases. Fig.10 shows the temporal evolution of the aerosol total attenuated backscatter coefficient at 1064nm (m™sr™) over
Evora on 21-23 February.

In order to verify the origin of the aerosol layers, observed by the ground-based lidar and GOME-2/MetOp satellite, we
calculated backward air-mass trajectories by using the HYSPLIT model (Hybrid Single-Particle Lagrangian Integrated
Trajectory, available online at http://ready.arl.noaa.gov/HYSPLIT.php) through the READY system on the site of Air
Resource Laboratory, ARL, of NOAA, USA (National Oceanic and Atmospheric Administration) (Stein et al., 2015; Rolph
et al., 2017). GDAS (Global Data Analysis System) meteorological files with a spatial resolution of 1°x1° every 3 h,

generated and maintained by ARL, are used as data input. The calculations of backward air mass trajectories show the
provenance of the air mass traversed for a chosen time period before arriving at Evora at 10:00 UTC. The temporal
evolution of five days backward trajectories, from 21 to 23 February 2017 for arrival heights 1000 m (red), 2000 m (blue)
an 3500 m (green) to cover the height range of the observed layers that we recognize in structures of height time displays of
the range-corrected lidar signal is shown in Fig.11. The trajectory analysis reveals that the origin of aerosol air masses is
indeed the Sahara desert.

In Fig.12, satellite maps from Moderate resolution Imaging Spectroradiometer (MODIS, Kaufman et al. 1997; Levy et al.,
2013),an instrument aboard the Terra satellite, show the dust being transported by air masses over the Atlantic before
returning towards Portugal and Spain on the 21% (Fig.12, panel a), 22" (Fig.12, panel b) and 23" (Fig.12, panel c) of
February 2017. To illustrate the evaluation methodology for the GOME-2 Level 2 AAH, a pair of collocated and concurrent
GOME-2 and EARLINET lidar observations is shown in Fig.13. We apply the proposed methodology in the measurement
performed at the morning of 23" of February 2017. The case study was selected as a large set of GOME-2 AAH retrieved
pixels is available and extremely high values of AAlare observed indicating the large aerosol dust load during this day. The
retrieved absorbing aerosol height pixels are shown in Fig.13 (panel b, d) and the retrieved AAl in Fig.13 (panel a, c). Data
gaps in the maps represent screened-out bright pixels due to either cloud or pixels affected by the sun glint effect while
recall that AAH retrievals are only available when AAI is > 2. We will examine this date in particular later on as the
extremely high AAI values, as well as the direct temporal morning collocations, give us confidence in the resulting

comparisons.
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As mentioned above, both ground-and satellite-based followed this major dust event for all three days of February 2017.
An example of the equivalent backscatter profiles observed by EARLINET station and the information about coincidence
of AAH measured by GOME-2 are reported in Fig. 15. The horizontal dashed blue lines in the left plots column indicate
the AAH value derived from the centered GOME-2 pixel. Additional information such as the absorbing aerosol height
(AAH), aerosol height error, absorbing aerosol index (AAI), cloud fraction (CF) and distance of collocated centered
GOME-2 pixels from EARLINET station are displayed as legend. On the 21 of February, a well-defined aerosol layer is
picked up by the lidar at 10:01:23 UT (Fig.14,, panel a) spanning between 1.5 and 3 km. The collocated GOME-2B
observation between 09:59 and 10:30 UTC, at a distance of 62.7 km from the ground station, has an associated AAI value
of 2.65, cloud fraction of 10% and an AAH estimate at 2.07 km (blue dashed line), well within the range seen by the lidar at
the surface. For the case of the 22" of February, the aerosol layer appears to split into two separate plumes (Fig.14, panel
c), with GOME-2A reporting an AAI value of 2.07, i.e. quite close to the threshold value of 2.0. Even though the cloud
fraction remains low (~10%), the satellitt AAH estimate is quite low (0.8 km). On the 23™ of February, (Fig.14, bottom)
GOME-2B reports a pixel quite close to the station, at 25 km, and even though the reported AAH of 2.8 km (dashed blue
line) is well within the range of the aerosol layer height reported by the lidar, the high cloud fraction of 45% and associated
extreme AAI value of 5.75 makes it difficult to draw further conclusions.

In Fig.15, we show the comparisons for all GOME-2 pixels against the simultaneous lidar observation for the 23rd of
February, over Evora station. The collocated points are color-coded by their associated AAI value. In this way, we can
assess whether the general agreement shown by the collocations of Fig. 13, can be turned into a generalized comment as to
behavior of the GOME-2 AAH algorithm for cases of high AAI and good temporal collocations. Due to the sufficient
amount of collocations in this case study, only observations with AAI larger than 4 are shown. The spread of the satellite
estimates are within £1km from the lidar observations (red and green dashed lines) for the vast majority of the cases shown,
for all spatial distances between ground and satellite pixel. The results of this study case could be also interpreted taking
into account the representativeness study done using EARLINET and CALIPSO data (Pappalardo et al., 2010) during an
intense dust case in 27-30 May 2008. The agreement seems to decrease with larger distances and this follows the losing of
correlation between observation when the distance from station increasing. Additionally at the same study, Pappalardo et al.
(2010) demonstrate that at 100 km maximum horizontal distance, the variability is strong already with time differences
larger than 1 hour, so probably this is the reason of the observed differences between satellite and ground based
observations. These results further strengthens our original assessment that the satellite algorithm is mature enough to

observe stable and well-spread aerosol layers in the troposphere.

5. Summary and conclusions

In this paper, the first validation of the GOME-2/MetOp absorbing aerosol height (AAH) product against ground-based
aerosol layer height (ALH) information, retrieved from the European Aerosol Research Lidar Network(EARLINET), lidar
observations of backscatter profiles at 532 nm and 1064nm is presented. The total number of carefully screened
collocations with the EARLINET lidar measurements was 172 for the three GOME-2 instruments aboard on MetOpA,

12
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MetOpB and MetOpC, between 2007 and 2019. A wide choice of stations around Europe was made in order to examine the
behavior of the comparisons for different typical common aerosol load over the locations; South European stations are often
affected by Saharan dust intrusions, Central European stations are further affected by local and transboundary pollution
events of both anthropogenic and natural origin and Northern European stations are mostly free of dust and most sense
particle of anthropogenic provenance. A spatial collocation criterion of 150km, and temporal of 5h, were selected, so as to
obtain a sufficient amount of collocations. The official lidar EARLINET dataset has been post-reprocessed by an automatic
geometrical feature detection algorithm, known as the WCT algorithm. The WCT method make use of the elastic
backscattered coefficient at 532 and 1064nm in combination with criteria flags. This method can be only applied in stations
with at least one elastically resolved backscatter profile. The results of this article encourages the operational usage of the
WCT-based algorithms in validation processes. The inter-comparison results are very promising, showing that the GOME-2
AAH measurements provide a good estimation of the aerosol layer altitudes sensed by the lidar ground-based instruments.
On average, the mean absolute bias (GOME-2 minus lidar height) was found to be -0.18+1.68km, with a near Gaussian
distribution and minimum and maximum differences between ~ +5km. On a station-basis, and with a couple of exceptions,
their mean biases fall in the £1 km range with an associated standard deviation between 0.5 and 2 km. Considering the
differences, mainly due to the temporal collocation and the difference between the satellite pixel size and the point view of
the ground-based observations, these results are quite promising and demonstrate that stable aerosol layers are well
captured by the satellite sensors. The official AC SAF requirements on the accuracy of the GOME-2 AAH product state
that, for heights < 10 km, the threshold accuracy is 3km, the target accuracy is 2km and the optimal accuracy is 1 km. This
validation effort shows that for all cases the target accuracy is achieved, and for specific aerosol heights, also the optimal,
well within user requirements.

An extreme Saharan dust event, which advected large dust loads from the North African continent over Iberian Peninsula on
21-23 February, 2017, was analyzed in detailed. In this case, numerous collocations were found within £30min with the
Evora, Portugal, lidar system. This permitted a more stringent criterion on the Absorbing Aerosol Index, AAl, to be used,
permitting collocations with associated AAI > 4 to be considered. For this well-developed and spatially well-spread aerosol
layer, most GOME-2 retrievals fall within 1km of the temporally collocated lidar observation for the entire range of 0 to
150km radius permitted. This finding further testifies to the capabilities of the MetOp-born instruments to sense the
atmospheric aerosol layer height. EARLINET represents an optimal tool to validate satellite instruments data and to provide
necessary information to fully exploit the data produced. Furthermore, the EARLINET network is a suitable database to
contribute also to future passive satellite missions such as the TROPOspheric Monitoring Instrument (TROPOMI S-5P;

Veefkind et al., 2012) on board Sentinel-5 Precursor (S5P) satellite, for the validation of aerosol layer height products.
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Table 1. Summary of the GOME-2 instrument main characteristics (*) GOME-2A tandem operation since 15 July 2013

Instrument / GOME-2 GOME-2 GOME-2
Characteristics MetOp-A MetOp-B MetOp-C
Launch date 19 Oct 2006 17 Sep 2012 7 Nov 2018
Spectral Coverage 240 - 790 nm 240 - 790 nm 240 - 790 nm
Spectral resolution 0.26 - 0.51nm 0.26 - 0.51nm 0.26 - 0.51nm
Spatial Coverage 4(? ?( Z; %}:‘n(q*) 80 x 40 km 80 x 40 km
Swath width 1920 km — 960 km 1920 km 1920 km
Equator Crossing 09:30 am. LT 09:30 am. LT 09:30 am. LT
Time
Global coverage 13.5ng;( ?ﬂngFSess)) 13.5d3£/s( ?ﬂngFéeeess)) 13.)5ng;:,( ?ﬂngRFfess'?)
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Table 2. Locations of EARLINET lidar stations order by site, with their geographical coordinates and GOME-2/MetOp cases considered
in the validation process

Site EATO‘(:EET Altitude a.s.l (m) Latitude (°N) Longitude (°E) Common cases
Athens, Greece ATZ 212 37.96 23.78 3
Barcelona, Spain BRC 115 41.39 2.11 32
Belsk, Poland COG 180 51.83 20.78 26
Bucharest, Romania INO 93 44.34 26.03 10
Evora, Portugal EVO 293 38.56 -7.91 5
Granada, Spain GRA 680 37.16 -3.60 32
Lecce, Italy SAL 30 40.33 18.10 18
Limassol, Cyprus LIM 10 34.67 33.04 11
Minsk, Belarus MAS 200 53.91 27.60 5
Potenza, Italy POT 760 40.60 15.72 2
Sofia, Bulgaria SOF 550 42.65 23.38 1
Thessaloniki, Greece THE 60 40.63 22.95 24
Warsaw, Poland WAW 112 52.21 20.98 3
Table 3. List of GOME-2 quality-assurance thresholds applied in the EARLINET comparison
Absorbing Aerosol Index (AAI) >2

Use only flag values 0, 1, 4, 8, and 33-63

Sunglint effect Do not use flag values 32 or 64 and higher

Spatial criterion <150 km radius from the EARLINET stations
Temporal window 5 hours
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Table 4.Statistical metrics from the validation between GOME-2 AAH and EARLINET retrieved aerosol layer height

Metric

Number of collocated cases (no.)

Mean difference
Standard deviation

Min | Max of the differences

Median

172
-0.18 km
1.68 km

-4.91|3.91 km
-0.15 km

Table 5.Summary of statistics for the comparisons between GOME-2 AAH and LIDAR ALH for all stations* sorted by maximum

number of collocations found.

Statistical parameters [in km]

EARLINET

Station N Mean absolute Bias STD Min Max
Barcelona 32 -0.35 1.94 -4.66 2.86

Granada 32 -0.63 1.79 -3.65 3.9
Thessaloniki 24 -0.05 1.84 -4.71 3.24
Belsk 26 0.19 1.52 -3.11 3.24
Lecce 18 -0.24 1.14 -3.47 2.05
Bucharest 10 -0.39 1.26 -0.96 2.96
Limassol 11 -0.06 1.64 -2.89 2.80
Evora 5 -0.07 1.95 -1.64 3.31
Minsk 5 0.56 0.61 -0.05 151
Athens 3 -2 1.38 -3.6 -1.06
Warsaw 3 1.66 0.53 1.08 2.15
Potenza 2 -1.4 11 -0.64 -0.64

*The station of Sofia has only one collocation, therefore it is not shown
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Map of study EARLINET stations
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Figure 1. Geographical distribution of EARLINET lidar stations used in this study.

Universitat Politecnica de Catalunya, Barcelona - UPC
Observation time: 08:12:56 - 09:12:56 (2019-06-29)
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Figure 2. Barcelona lidar station (Universitat Politechnica de Catalunya, Barcelona — UPC): (panel a)Lidar backscatter profile at 1064nm
and (panel b) resulting WCT profile on June 29, 2019. The horizontal red dashed line represents the detected aerosol layer top applying
the WCT methodology The label “S-G™ indicates that a Savitzky-Golay filter was used to reduce to noise variance in the backscatter
profile. The colored “star” symbols represent the local maxima (purple) and minima (red) of wavelet transform signal.
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Distribution of GOME-2 AAH & LIDAR ALH
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Figure 3. Bar plot of GOME-2 AAH (green) and EARLINET ALH (blue) stations. The height ranges of bins are between 0-1, 1-2, 2-3,
3-4,4-5,5-6 and > 6 km. The bar counts indicate the number of collocated cases.

30

25

20

15

10

Number of Observations

w

BRC GRA COG THE SAL UM INO EVO
EARLINET stations

EEl GOME-2/EARLINET collocations

(a)

MAS ATZ WAW POT SOF

Number of Observations

40

B GOME-2/EARLINET collocations

(b)

2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019
Years

Figure 4. (panel a) Distribution of collocated cases with minimum distance from each lidar station, for a radius distance 150km around
each EARLINET station and (panel b) distribution of all collocated cases by year for the study period (2007-2019). Refer to Table 4, for
the EARLINET code names shown in the x-axis.
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Figure 5. Spatial distribution of collocated pairs between GOME-2/MetOp and EARLINET stations for the sites including in the
validation study. The color-codes denote the absolute difference between GOME-2/MetOp AAH and the retrieved aerosol height from
EARLINET data for each collocated pair..The concentric red circles denote regions of 150 km from the location of EARLINET stations
refer to Table 4 for the EARLINET code names shown in the legend.
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GOME-2 AAH Regime flag distribution
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Figure 6. Distribution of AAH product reliability (Regime flag) related to degree of cloud cover (effective cloud fraction) for the
selected collocated observations as per Sect. 3.1.2. (A: High reliability, B: medium reliability, C: Low reliability)
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Figure 7. Histogram of absolute differences between GOME-2 Absorbing aerosol height and aerosol layer height obtained from
EARLINET backscatter profiles (using the WCT method), calculated for all collocated cases.

29



Distribution of GOME-2 AAH & LIDAR ALH
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Figure 8. Bar plot of GOME-2 AAH (green) and EARLINET ALH (blue) stations occurrences. The height ranges of bins are between 1-
2, 2-3, 3-4, 4-5, 5-6 and > 6 km.
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Figure 9. Scatterplot between GOME-2 AAH and aerosol layer height from EARLINET stations, for the total of collocated cases. The
associated AAI value is colour coded.
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Figure 10. Quicklook images corresponding to the total attenuated backscatter at 1064 nm observed with the EARLINET Evora lidar for
the 21st (panel a), the 22nd (panel b) and the 23rd (panel c) of February 2017 show nicely the evolution of this particular dust event
(https://quicklooks.earlinet.org/) (Blue colors indicate weak backscattering signal and yellow and red colors indicate higher
backscattering signal)
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Figure 11. The 5-day NOAA HYSPLIT backward trajectories ending at the position of Evora 10:00 UTC (38.56°N, -7.91°E) for the 21
(panel a), the 22™ (panel b) and the 23" (panel c) of February show nicely the evolution of this particular dust event.
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Figure 12. Images of Saharan dust transport as captured by the MODIS/Terra satellite, on the 21st  (panel a), the 22nd
(panel b) and the 23rd (panel c) of February 2017, over the Iberian Peninsula. The orange line denotes the Terra
overpasses on the 21st (~11:00), 22nd (~12:00) and 23rd (~11:00) of February 2017
(https://worldview.earthdata.nasa.gov/).
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Figure 13. The Saharan dust transport on the 23" of February 2017 over the Iberian peninsula. The Evora station is marked with the red
star. The color schemes illustrate the altitude of the AAH (b-d) and the AAI (a-c) as observed by GOME-2A (a-b) at 10:00 UTC and
GOME-2B - (c-d) at 11:00 UTC.
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Figure 14.Evora lidar backscatter profiles (red and green lines, a, ¢ and e subpanels) and WCT method applied at 1064nm (stars, b, d and
f subpanels) and GOME-2A, GOME-2B AAH (blue dashed line) and associated error, AAl, CF and distance (legend) for the 21* (a-b),
the 22™ (b-c) and the 23" (e-f) of February.
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Comparison of GOME2/MetOp AAH and LIDAR ALH
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Figure 15. GOME-2 AAH (coloured dots) against the distance of the retrieved pixels from EVORA lidar station, on the 23rd February,

2017. The color scale on the right indicates the Absorbing Aerosol Index (AAI) for GOME-2 pixels. The two dashed lines correspond to
the simultaneous lidar observations at 10:00-10:30 UT (red) and 11:00-11:30 (green)
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