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Abstract. The purpose of this study is to investigate the ability of the Sentinel-5P TROPOspheric Monitoring
Instrument (TROPOMI) to derive accurate geometrical features of lofted aerosol layers, selecting the Mediter-
ranean Basin as the study area. Comparisons with ground-based correlative measurements constitute a key com-
ponent in the validation of passive and active satellite aerosol products. For this purpose, we use ground-based
observations from quality-controlled lidar stations reporting to the European Aerosol Research Lidar Network
(EARLINET). An optimal methodology for validation purposes has been developed and applied using the EAR-
LINET optical profiles and TROPOMI aerosol products, aiming at the in-depth evaluation of the TROPOMI
aerosol layer height (ALH) product for the period 2018 to 2022 over the Mediterranean Basin. Seven EAR-
LINET stations were chosen, taking into consideration their proximity to the sea, which provided 63 coinci-
dent aerosol cases for the satellite retrievals. In the following, we present the first validation results for the
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TROPOMI/S5P ALH using the optimized EARLINET lidar products employing the automated validation chain
designed for this purpose. The quantitative validation at pixels over the selected EARLINET stations illustrates
that the TROPOMI ALH product is consistent with the EARLINET lidar products, with a high correlation co-
efficient R = 0.82 (R = 0.51) and a mean bias of −0.51± 0.77 km and −2.27± 1.17 km over ocean and land,
respectively. Overall, it appears that aerosol layer altitudes retrieved from TROPOMI are systematically lower
than altitudes from the lidar retrievals. High-albedo scenes, as well as low-aerosol-load scenes, are the most
challenging for the TROPOMI retrieval algorithm, and these results testify to the need to further investigate
the underlying cause. This work provides a clear indication that the TROPOMI ALH product can under certain
conditions achieve the required threshold accuracy and precision requirements of 1 km, especially when only
ocean pixels are included in the comparison analysis. Furthermore, we describe and analyse three case studies
in detail, one dust and two smoke episodes, in order to illustrate the strengths and limitations of the TROPOMI
ALH product and demonstrate the presented validation methodology. The present analysis provides important
additions to the existing validation studies that have been performed so far for the TROPOMI S5P ALH product,
which were based only on satellite-to-satellite comparisons.

1 Introduction

Aerosols play a key role in atmospheric composition, cli-
mate, and human health (IPCC, 2021; Ramanathan et al.,
2001). Given the broad variety of their natural and anthro-
pogenic sources, their relatively short lifetime, and their dif-
ferent formation mechanisms, aerosols exhibit highly vari-
able spatio-temporal distributions around the globe (Torres
et al., 2007). Aerosol properties present one of the leading
uncertainties in climate modelling; both natural and anthro-
pogenic aerosols can strongly affect both air quality, as well
as the delicate balance in atmospheric chemistry (Bellouin
et al., 2020; van Donkelaar et al., 2010). The knowledge
of the vertical distribution of aerosols is an important key
parameter to reduce uncertainties in our understanding of
Earth’s climate (Ramanathan and Carmichael, 2008). Accu-
rate and reliable measurements of high spatio-temporal res-
olution aerosol distributions and their properties, such as the
aerosol layer height (ALH), are essential for understanding
the impact of aerosols on the climate system.

Both active and passive remote sensing methods have been
developed from both ground-based and spaceborne systems
in order to estimate the aerosol layer height. Ground-based
active remote sensing methods offer high-accuracy results;
however, their geographical coverage is spatially limited.
Space-based instruments are able to fill this gap, providing
products with global coverage. In order to trust and use the
space-based products, their validation against known ground
truth is required. Lidar profiles from the European Aerosol
Research Lidar Network (EARLINET) provide the accu-
rate and reliable detailed vertical structure of the aerosols,
and therefore they can be regarded as the benchmark for
validating passive ALH remote sensing (Pappalardo et al.,
2014). In recent years, many Earth satellite sensors have
developed algorithms to extract the ALH information from
their ultraviolet/visible (UV/VIS) observations: the MetOp
Global Ozone Monitoring Experiment-2 (GOME-2) instru-

ments (Hassinen et al., 2016), the Deep Space Climate Ob-
servatory (DSCOVR) mission with its Earth Polychromatic
Imaging Camera (EPIC) (Xu et al., 2019), the Multi-angle
Imaging SpectroRadiometer (MISR) on board the NASA
Terra satellite (Nelson et al., 2013), the Sentinel-5P TROPO-
spheric Monitoring Instrument (Veefkind et al., 2012), and
more recently the Geostationary Environment Monitoring
Spectrometer (GEMS; Kim et al., 2019). Over the next few
years, upcoming missions such as the Tropospheric Emis-
sions: Monitoring of Pollution mission (TEMPO) (Zoogman
et al., 2017) and the Sentinel-4 and Sentinel-5 missions (Ing-
mann et al., 2012) are expected to continue providing quality-
assured aerosol height data sets.

In this work, we focus on the validation of the
S5P/TROPOspheric Monitoring Instrument (TROPOMI)
aerosol layer height product (Nanda et al., 2020) against
independent ground-based lidar measurements in order to
enumerate the quality of the TROPOMI retrievals. The
EARLINET network of ground-based lidar instruments
has been established to provide reference measurements
of aerosol properties that can be applied to the vali-
dation of the TROPOMI retrievals, providing long-term,
quality-assured, and multi-wavelength aerosol vertical pro-
files. The geographic and temporal coverage of EAR-
LINET stations alongside their quality-assured measure-
ments provides an excellent framework for the intercompar-
ison of TROPOMI/S5P aerosol products under different at-
mospheric conditions and aerosol concentrations around Eu-
rope. The ability of the EARLINET data to successfully as-
sess and validate space-borne ALH observations has already
been demonstrated for the GOME2/MetOp aerosol height
products (Michailidis et al., 2021).

Nanda et al. (2020) validated the TROPOMI operational
ALH retrievals against the Cloud-Aerosol Lidar with Orthog-
onal Polarization CALIOP-based data, on board the Cloud–
Aerosol Lidar and Infrared Pathfinder Satellite Observation
(CALIPSO). Their work indicated that the operational algo-
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rithm retrieves lower ALH compared to CALIOP, by ∼ 2 km
over land and ∼ 0.5 km over the ocean. The negative bias
is primarily caused by the impact of the high surface re-
flectance in the O2 A band, which affects aerosol retrievals.
A similar comparison for the 2018 biomass burning fires in
North America (Griffin et al., 2020) indicates that this bias
also strongly depends on the thickness of the smoke plume.
They reported a−2.1 km bias of ALH for thin smoke plumes,
which is reduced to only ∼−0.7 km for plumes thicker than
1.5 km. At the time of writing this article, no studies assess-
ing the validation of the TROPOMI aerosol height products
with ground-based EARLINET stations have been published.
A table at the end of Sect. 4 summarizes the outcomes of
this study, including the findings of the previous validation
works.

The article is structured as follows: a general description
of the region of interest is given in Sect. 1.1. Sections 2.1
and 2.2 contain the description of the satellite and ground-
based data sets used in the study. Section 2.3 contains the
detailed description of the validation methodology, the qual-
ity control and product limitations. In Sect. 3 we provide
the main validation results and statistics and also three case
studies in order demonstrate the full potential of the pre-
sented method. Conclusions and prospects are summarized
in Sect. 4.

Study Region: the Mediterranean region

The Mediterranean Basin consists of a region heavily influ-
enced by the Sahara to the south and the highly populated and
industrialized European countries to the north. This region
has been identified as a crossroad of air masses with many
types of aerosols (Lelieveld et al., 2002; Basart et al., 2009;
Amiridis et al., 2010; Soupiona et al., 2020). This relatively
high aerosol load in the region can have strong effects on
the regional radiative budget, climate, and ecosystems (Stohl
et al., 2015). Many studies have used satellite observations
to derive aerosol properties over the Mediterranean during
the last decade (e.g. Gerasopoulos et al., 2011; Mallet et al.,
2013; Nabat et al., 2013; Marinou et al., 2017; Papanikolaou
et al., 2020) and investigate their effect on radiation, cloud
formation, and climate (e.g. Georgoulias et al., 2020.)

Figure 1 shows the geographical distribution of the se-
lected EARLINET stations participating in the TROPOMI–
EARLINET intercomparison activity (in alphabetical order:
Antikythera-PANGEA, Athens, Évora, Granada, Lecce, Li-
massol, and Potenza). The list of stations, along with their
identification codes, surface elevation, and respective refer-
ences, considered for the validation of the TROPOMI/S5P
ALH product are shown in Table 1. The location of the sta-
tions across the Mediterranean basin is an ideal test environ-
ment for TROPOMI ALH features due to their proximity to
the Sahara and Europe, which feature frequently observed
events of mineral dust and smoke particles (Lelieveld et al.,
2002). Thence, the TROPOMI aerosol products can be ex-

amined under a complete set of different atmospheric condi-
tions. Over land, the TROPOMI ALH product has decreased
capabilities compared to over the sea surfaces since the re-
trieval algorithm becomes increasingly sensitive to errors in
the surface albedo features over bright surfaces (Griffin et al.,
2020; Sanders et al., 2015). Hence, the choice of the valida-
tion stations was performed based on the limitations of the
TROPOMI ALH algorithm over land surfaces in providing
accurate retrievals. Using these sites further provides an op-
portunity to study the effect of the albedo parameter on the
validation of ALH product. A final aspect that influenced the
choice of stations was the availability of suitable EARLINET
data during the period examined, which is dictated by the fact
that the EARLINET measurements are systematically per-
formed following a standard schedule and not optimized for
the validation of the TROPOMI products.

All participating stations operate high-performance multi-
wavelength lidar systems. Three of the contributing stations
(Antikythera-PANGEA, Évora, and Limassol since Octo-
ber 2021) are also part of the PollyNET sub-network (http:
//polly.tropos.de, last access: 1 May 2022), operating round-
the-clock portable and remote-controlled multiwavelength-
polarization Raman lidar systems (PollyXT; Baars et al.,
2016; Engelmann et al., 2016).

2 Data and methodology

2.1 The EARLINET products

The lidar technique is the most predominant tool for aerosol
profiling and has largely contributed to our knowledge of
the vertical distribution of the aerosol optical properties
(e.g., Balis et al., 2004; Papayannis et al., 2008; Mona et
al., 2012; Granados-Muñoz et al., 2016; Ortiz-Amezcua et
al., 2017). The European Aerosol Research Lidar Network
(https://www.earlinet.org/, last access: 2 June 2022, Pap-
palardo et al., 2014), established in 2000, provides a large
collection of quality-assured ground-based data of the verti-
cal distribution of the aerosol optical and geometrical prop-
erties over Europe.

The EARLINET data have been used extensively for satel-
lite aerosol product validation in recent years, such as for
the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite
Observations (CALIPSO) (Winker et al., 2009), which is
the first satellite focused on monitoring vertically resolved
aerosol and cloud optical products (Papagiannopoulos et al.,
2016). Furthermore, the evaluation of aerosol optical prod-
ucts from the Cloud-Aerosol Transport System (CATS) on
board the International Space Station (ISS) was also per-
formed based on the EARLINET database (Proestakis et al.,
2019). Recently, the co-polar particle backscatter coefficient
product measured by the Atmospheric LAser Doppler IN-
strument (ALADIN) on board Aeolus was evaluated in the
Iberian Peninsula using EARLINET data (Abril-Gago et al.,
2022). With respect to the aerosol layer height reported by
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Figure 1. Location of the EARLINET lidar stations used in this study. Red circles denote multi-wavelength Raman lidars, and green circles
denote the stations with continuous operation capabilities (see Table 1).

Table 1. Details on the locations and main reference document for the EARLINET lidar stations used in this work.

Station Code Country Longitude, latitude, elevation Main references

Antikythera-PANGEA AKY Greece 35.86◦ N, 23.31◦ E, 193 m Kampouri et al. (2021)
Athens ATZ Greece 37.96◦ N, 23.78◦ E, 212 m Pappayannis et al. (2020)
Évora EVO Portugal 38.56◦ N, 7.91◦W, 293 m Salgueiro et al. (2021)
Granada GRA Spain 37.16◦ N, 3.60◦W, 680 m Guerrero-Rascado et al. (2009)
Lecce SAL Italy 40.33◦ N, 18.10◦ E, 30 m Perrone and Romano (2019)
Limassol1 LIM Cyprus 34.67◦ N, 33.04◦ E, 10 m Nisantzi et al. (2015)
Limassol2 CYC Cyprus 34.67◦ N, 33.03◦ E, 11 m Mamouri et al. (2021)
Potenza POT Italy 40.60◦ N, 15.72◦, 760 m Madonna et al. (2011)

1 Cyprus University of Technology (CUT). 2 Leibniz Institute for Tropospheric Research, Leipzig, and ERATOSTHENES Centre of Excellence
(after October 2020).

UV-VIS satellite sensors, Michailidis et al. (2021) have suc-
cessfully validated the GOME2/MetOp absorbing aerosol
height (AAH) products using aerosol profiles reported by
the EARLINET community. The intercomparison showed
that the GOME-2 AAH measurements provide a good es-
timation of the aerosol layer altitudes sensed by the EAR-
LINET ground-based lidars with a mean bias of approxi-
mately −0.2± 1.7 km. While the TROPOMI ALH has more
observations of dust and smoke outflows over the water sur-
faces, the GOME-2 AAH has improved availability over
desert regions and remote oceans as its retrieval has no con-
straint on surface albedo and cloud fraction.

Currently, the network includes 32 active lidar stations
distributed around Europe providing information of aerosol
vertical distributions on a continental scale. The large ma-
jority of the stations involved is based on multi-wavelength
Raman lidar systems, which combine detection channels at
both elastic and Raman-shifted signals and are equipped
with depolarization channels. Observations submitted to the
EARLINET database follow absolute accuracy standards to
achieve the desired confidence in product calculations. To
this end, the lidar measurements are processed by the sin-
gle calculus chain (SCC) (D’Amico et al., 2015, 2016), the

standardized tool that allows a centralized process of the li-
dar data acquired at each station within EARLINET. The
SCC consists of several different modules for handling the
pre-processing of raw lidar signals by applying specific cor-
rections and providing the final optical products. In Table 2,
the main quality assurance (QA) procedures applied to the
EARLINET lidars used in the study are presented. In or-
der to make the lidar products from different systems in
EARLINET comparable and to be able to provide quality-
assured data sets of network products, specific quality stan-
dards have been established (Freudenthaler et al., 2018) and
algorithm intercomparison campaigns have been organized
(e.g. Amodeo et al., 2018).

The main information provided by the EARLINET
database is the vertical distribution of aerosol backscatter
and aerosol extinction coefficients alongside their errors at
one or more out of the following wavelengths: 355, 532, and
1064 nm. The database also includes volume and particle de-
polarization ratio profiles at 532 nm (some stations also at
355 nm). During the daytime, the data acquisition is limited
to the signals that occur from the elastic scattering of the laser
beam by the air molecules and the atmospheric aerosol. The
Klett–Fernald (KF) inversion is applied (Klett, 1981; Fer-
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Table 2. QA procedures applied to EARLINET lidar measurements.

Step Procedure

1 HiRELPP: high-resolution EARLINET lidar pre-processor
Corrections on the raw lidar signals before deriving higher-level products
(dead-time correction, trigger delay correction, overlap correction, atmospheric and electronic background subtrac-
tion, low- and high-range automatic signal gluing).

2 CloudScreen: cloud screen module
Cloud detection and screening on the pre-processed range-corrected signal time series.

3 ELPP: EARLINET lidar pre-processor
Corrections on the raw data before deriving the optical products at low temporal or spatial resolution.

4 ELDA: EARLINET lidar data analyser
Retrieval of extinction and elastic or inelastic backscatter retrieval profiles.

nald, 1984), and the backscatter coefficient profiles are pro-
duced. In this study, only daytime lidar data from the QA
EARLINET database were considered. A common source
of uncertainty when dealing with lidar data is the system’s
overlap function that determines the altitude above which a
profile contains trustworthy values. The incomplete overlap
between the laser beam and the receiver field of view signifi-
cantly affects lidar observations of particle optical properties
in the near-field range (the first few hundred metres). The im-
pact of the overlap height considered in the validation results
is presented in detail in Sect. 2.3.

2.2 The TROPOMI/S5P aerosol layer height

The TROPOspheric Monitoring Instrument (TROPOMI;
Veefkind et al., 2012) is a space-borne, nadir-viewing, imag-
ing spectrometer operating in a non-scanning push-broom
configuration covering wavelength bands between the ul-
traviolet and the shortwave infrared. Sentinel-5P is a near-
polar sun-synchronous-orbit satellite flying at an altitude of
817 km, with a 2600 km wide swath, providing near-daily
global coverage and overpass local time at an ascending node
of 13:30 UTC (repeat cycle of 17 d). The spatial resolution at
nadir, originally of 3.5× 7 km2 (across track × along track),
has been refined to 3.5× 5.5 km2 on 6 August 2019.

The TROPOMI ALH product focuses on the retrieval of
vertically localized aerosol layers in the free troposphere,
such as desert dust, biomass burning aerosol, or volcanic
ash plumes. It can therefore provide accurate values to the
modelling community by improving air quality forecast-
ing and radiative forcing studies. The height of such lay-
ers is retrieved for cloud-free conditions and is reported
in both altitude and pressure. The aerosol height retrieval
is based on the absorption in the Oxygen A band in the
near-infrared wavelength range (759–770 nm) and assumes
a single aerosol layer of 50 hPa thickness. This is an impor-
tant simplification to note when comparing with other satel-
lites and ground-based lidar profiles (e.g. from EARLINET),

since these lidar profiles have the capability to detect mul-
tiple aerosol layers. The Oxygen A band can provide al-
titude information on scattering layers (clouds or aerosol)
from the troposphere up to the stratosphere. The TROPOMI
aerosol layer height (AER_LH) algorithm was developed
by the Royal Netherlands Meteorological Institute (KNMI;
Sanders et al., 2015; Nanda et al., 2018, 2020) and is a part
of the TROPOMI operational algorithm suite. We used S5P
L2_AER_LH (RPRO and OFFL; algorithm versions from
1 March 2000 to 2 March 2001) data covering the time pe-
riod from June 2018 till July 2022. In brief, several quality
control filters are applied in the TROPOMI L2 data set, fol-
lowing the filtering proposed for ALH product (Nanda et al.,
2020; their Table 1). A detailed description of the product
and product versions, can be found in the product user man-
ual (PUM; Apituley et al., 2021).

Additionally, we use the operational UV aerosol index
(UVAI) TROPOMI product (Stein-Zweers et al., 2021) to
qualitatively examine the AER_LH products over the se-
lected domain. The UVAI is an air quality product derived
from the top-of-the-atmosphere (TOA) reflectance spectra
and is widely used as an indicator for the presence of aerosols
in the atmosphere (e.g. Herman et al., 1997). The UVAI is
based on spectral contrast in the UV spectral range for a
given wavelength pair, where the difference between the ob-
served reflectance and the modelled clear-sky reflectance re-
sults in a residual value. Positive values indicate the pres-
ence of absorbing aerosols, such as dust, smoke, or volcanic
ash. Over the oceans, positive UVAI may also result from
non-aerosol sources such as sunglint and ocean colour effects
(Torres et al., 2018). Clouds yield near-zero residual values,
and negative residual values can be indicative of the presence
of non-absorbing aerosols, as shown by sensitivity studies of
the UVAI (e.g. de Graaf et al., 2005). Negative UVAI can
also result from optically thin clouds and aerosols over both
land and oceans, while ocean colour effects associated with
chlorophyll absorption yield negative values over the oceans.
For the aforementioned reasons, while the UVAI is well ac-
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cepted as a first indicator of the presence of aerosols, care is
required as to its quantitative interpretation. The use of this
atmospheric parameter in this work is explained further in
Sect. 3.

2.3 Validation methodology and co-location criteria

In this section, we present the basic principles of the valida-
tion method of the TROPOMI ALH product in detail. The
methodology is demonstrated using a selected number of co-
located cases of TROPOMI overpasses over selected EAR-
LINET lidar stations mainly located around the Mediter-
ranean Basin for the period June 2018 to July 2022. The
approach followed is based on the previous expertise and
methodology that have been developed using EARLINET
observations for the GOME2/MetOp validation activities
(Michailidis et al., 2021). At present, seven EARLINET sta-
tions operating at 1064 nm (or 532 nm) contribute to this
study (Fig. 1). To obtain a validation data set with statisti-
cal significance, ground-based lidar measurements first need
to be collected and co-located with TROPOMI observations.
Individual TROPOMI pixels are averaged over a selected ra-
dius around the lidar stations. Taking into account the rec-
ommendations of the previous comparison studies (Griffin et
al., 2020; Nanda et al., 2020; Chen et al., 2021), the selection
of data and the comparison between TROPOMI and EAR-
LINET aerosol heights proceed through the following steps
for each date.

1. Create a list of TROPOMI overpass swaths that are
within the region of interest (EARLINET stations).

2. Identify the closest TROPOMI pixels (within a radius
of 150 km) around the EARLINET stations in time and
space. A maximum time difference of ±4 h is allowed
between co-location pairs. This choice is a compromise
to obtain a significant number of coincidences between
two data sets. A shorter time and spatial coincidence
criterion significantly decrease the numbers of sampled
co-located days. In most of cases the time difference
between the mean averaged lidar profiles and S5P over-
pass vary from 1 to 2 h.

3. For each ground-based measurement, select the spa-
tially averaged TROPOMI pixels in a radius of 150 km
for the comparison study. Different sensitivity tests have
been performed in order to evaluate the robustness of
the validation results. We used different radiuses around
the EARLINET stations (from 50 to 150 km). At most
stations, the bias shows a small dependency on the ra-
dius.

4. Use the lidar backscatter coefficient profiles, mainly at
1064 nm (or 532 nm), as reference data input to the val-
idation processing. These profiles are analysed by the
SCC (D’Amico et al., 2015, 2016) for quality-assured

measurements and TROPOMI level 2 ALH product.
The backscatter coefficient profiles at 1064 nm are used
for layer identification since the sensitivity to aerosol
structures is higher at this wavelength than in the UV or
visible

5. Apply the TROPOMI/S5P pixel selection scheme and
flags following the recommendations of the product
readme file (PRF) based on the quality-assurance (QA)
values. In order to avoid misinterpretation of the data
quality, we exclude satellite pixels associated with
a “qa_value” below 0.5. This removes very cloudy
scenes, snow- or ice-covered scenes, and problematic
retrievals. In addition, residual cirrus clouds can cause
substantial retrieval biases. For our purposes, the “cir-
rus_reflectance_viirs_filter” flag is the preferred flag for
removing possibly cirrus cloudy pixels. Satellite pixels
with VIIRS average cirrus reflectance beyond 0.4 are
excluded from the analysis. A sun-glint mask is also ap-
plied to screen sun-glint regions. Pixels with an associ-
ated negative AI are excluded; hence, only desert dust,
biomass burning aerosol, and volcanic ash aerosols, i.e.
absorbing aerosols, remain in the data set.

The effective aerosol height may be also described in terms
of layer boundaries or by the full vertical profile. In this
study, we make use of the backscatter-weighted height
(ALHbsc), calculated as the centre of mass (ZCOM) on the
backscatter (bsc) profile, based on the methodology described
in Mona et al. (2006). This height parameter is an impor-
tant indicator for vertical profiles that gives an indication
of the altitude of the aerosol distribution as a single num-
ber. For example, in cases where a single aerosol layer is
present in the atmosphere, the ALHbsc gives an indication
of its mean altitude; in cases of multiple layers, however,
the ALHbsc could be located in areas without any consider-
able aerosol load. In addition, ALHbsc is considered ideal for
comparisons with aerosol layer height retrievals from passive
remote sensing (e.g. TROPOMI/S5P, GOME-2/MetOp, and
the upcoming Sentinel-4 and Sentinel-5 missions). Informa-
tion about the aerosol layer’s centre of mass is useful because
the characteristics of the detected layer can be distinguished
at this altitude. Under the detection of a homogenous aerosol
layer, the Zcom can be estimated as the mean altitude of the
identified aerosol layer weighted by the altitude-dependent
aerosol backscatter coefficient. In some cases, the aerosol
vertical structure is very complicated because aerosol lay-
ers are present at different heights. For these cases, a total
layer resulting from the multi-layered structure is considered
for the calculation of mean optical parameters and integrated
values. The weighted-backscatter altitude is estimated by the
following equation:

ALHbsc =

∫ z=n
zi=1

zi ·βaer,i (z)dz∫ z=n
zi=1

βaer,i (z)dz
, (1)
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where βaer,i represents the aerosol backscatter coefficient
(Mm−1 sr−1) primarily at the 1064 nm channel at level i and
Zi is the altitude (km) of level i for the aerosol profile sig-
nal. Based on the above equation, the layer height is calcu-
lated from backscatter profiles, symbolized as ALHbsc. We
found that there is no significant dependence on the choice
of wavelength channel ranging between 20 and 80 m in the
ALH calculation. The ALHbsc represents an effective ALH
weighted by the aerosol backscatter signal at each level and
is the best parameter to compare with ALH as defined in the
TROPOMI algorithm. In our analysis, we applied Eq. (1) to
all lidar backscatter profiles co-located to TROPOMI mea-
surements. The backscatter profiles are used from each sta-
tion together with the associated error in the vertical profile.
After applying the Monte Carlo error propagation using the
backscatter profiles and the errors, for all cases we found that
the effect on the estimated ALHbsc is small, i.e. of the order
of tens of metres, ranging between 10 and 60 m.

A very important and critical issue in lidar-based ALH
calculation is the incomplete overlap area between the laser
beam and the receiver field of view. This affects the obser-
vations of the optical properties of the particles in the first
few hundred metres. To overcome this issue, we rely on cer-
tain assumptions. To calculate the ALHbsc from the lidar
backscatter profiles using Eq. (1), for the height range be-
tween the surface and the full overlap height, we assumed
a constant backscatter coefficient (height-independent value)
equal to the one measured at the full overlap height. This
is generally acceptable since the planetary boundary layer
(PBL) is characterized by well-mixed aerosol conditions
(Siomos et al., 2018). We can conclude that the effect of this
assumption shown on the calculation of ALHbsc is of the or-
der of 100–400 m, depending on the technical characteristics
of the lidar systems. Furthermore, we also investigated the
effect of lidar ratio on the ALHbsc estimates based on lidar
backscatter profile retrievals for different lidar ratio values.
The findings show that the effect on the weighted height cal-
culation (ALHbsc) is small (lower than 40 m).

Following the work proposed by Michailidis et al. (2021)
for automatic layer detection, we also apply the wavelet
covariance transform (WCT) approach in order to check
whether the TROPOMI-retrieved ALH is sensitive to dis-
tinct layers rather than a representative effective layer from
the whole profile. In this methodology all possible individual
layers identified by the lidar observations are analysed au-
tonomously, providing individual assessments on the height
of the aerosol mass and not a mean effective height from
all layers as is extracted by Eq. (1). Hence, further below in
Sect. 3.2, a comparison is also given using the WCT formal-
ism on the lidar profiles, from which the layer considered
most optically significant is compared against TROPOMI
ALH retrievals. In the case that more than one layer with a
significant contribution to the optical thickness of the profile
exists, an average value between these is calculated for the
comparison against satellite height retrievals.

3 Validation results and discussion

Following the methodology summarized in Sect. 2.3, we
performed a validation analysis using lidar data from seven
ground-based EARLINET sites located across the Mediter-
ranean, spatio-temporally collected with data from the
TROPOMI instrument on board the Sentinel-5P satellite. The
result of this analysis are presented and discussed in detail
in Sect. 3.1. Furthermore, in Sect. 3.2 three selected repre-
sentative cases are presented in detail; these were taken dur-
ing extensive dust and smoke events over the Mediterranean
Basin in order to illustrate the strengths and limitations of the
TROPOMI ALH product.

3.1 Comparison of TROPOMI against EARLINET ALH

Here we present the first comparison between TROPOMI
ALH and EARLINET measurements over the Mediter-
ranean. The basic issue in this validation approach was
the difficulty in identifying good spatiotemporal co-
locations between EARLINET lidar station observations and
TROPOMI/S5P overpasses. The TROPOMI AER_ALH re-
trievals over land surfaces are a challenge and strongly de-
pendent on the surface albedo, with low accuracy over bright
surfaces. The first comparison results presented here con-
firm this feature. Overall, from the selected EARLINET sta-
tions across the Mediterranean, 63 coincident cases were
found, checked, and flagged for the comparison against
TROPOMI retrievals. The co-located aerosol backscatter
profiles at 1064 nm from lidar level 2 products are used to
calculate a ALHbsc for the validation of TROPOMI ALH.
The spatially averaged TROPOMI ALH retrievals in a ra-
dius of 150 km around the station and around the overpass
time of TROPOMI are used in the validation for each day.
The total available data set is on the small side but suitable
for the comparison study and general representativeness of
the TROPOMI ALH product. For each selected satellite file,
TROPOMI UVAI data were used to qualitatively discrim-
inate aerosol plumes from the background. We apply our
validation process using satellite retrievals separately over
land and water surfaces to further demonstrate the known
TROPOMI ALH issues over land. The surface reflectance
for each pixel is derived after classifying the land and water
surface based on the pixel location. Recall that over land the
TROPOMI ALH product has decreased detection capabili-
ties than over the sea surfaces since over bright surfaces the
retrieval algorithm becomes increasingly sensitive to errors
in the surface albedo features (Sanders et al., 2015).

Figure 2 shows the scatterplot of TROPOMI ALH against
EARLINET ALHbsc for all the common cases used for
the intercomparison. Ocean-only S5P pixel comparisons are
shown in Fig. 2a and only land pixels are shown in Fig. 2b.
The error bars represent the corresponding spatial stan-
dard deviation of TROPOMI pixels within 150 km of the
EARLINET sites. The colour scale indicates the averaged
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TROPOMI aerosol index values. The agreement between
the TROPOMI and EARLINET data sets was quantified
by several evaluation metrics, including the number of co-
locations (N ), the linear correlation coefficient (R), the slope
(a) and intercept (b) of the linear regression, the root-mean-
square error (RMSE), and the mean of the absolute (absolute
bias) and relative (relative bias) for all cases. By defining a
weighted height from EARLINET aerosol backscatter profile
products (ALHbsc), the quantitative validation at pixels over
the selected EARLINET stations illustrates that TROPOMI
ALH is consistent with ALHbsc, with a high correlation coef-
ficient R = 0.81 and mean bias −0.51± 0.77 km over ocean
pixels andR = 0.51 and−2.28±1.17 km over both land pix-
els.

From these scatter plots, it can be noted that there are two
different point clusters which represent two different aerosol
events. The cluster with the low aerosol layer heights repre-
sents the dust episodes, while the high aerosol loads repre-
sent the four co-located cases associated with smoke events
over the western, central and eastern Mediterranean that orig-
inated from the California forest fires. These cases have thin
and well-defined layer structures, with no significant con-
tribution from lower layers apart from the PBL structure.
Overall, the TROPOMI ALH retrievals are systematically
lower than the compared lidar height in both clusters. This
can also be seen in Fig. 2c, which presents histogram plots
of absolute differences. The magnitude of the mean height
difference is smallest when only ocean pixels (in red) are
included in the comparison with the EARLINET and in-
creases when compared with land pixels (in green). Many
factors can play a role in this apparent disagreement between
TROPOMI retrievals over land and sea, including that high
surface albedos negatively influence the ALH, biassing the
ALH towards the surface. The accompanied related statistic
metrics are summarized in Table 3. The main reason for the
strong underestimation of the aerosol layer height retrieved
by the current algorithm from TROPOMI over land is the
surface reflectivity climatology used in the forward model,
leading to biased or non-convergent retrievals over land. Sen-
sitivity studies showed that the observed large bias over land
is reduced when fitting of the surface albedo as estimated
from TROPOMI itself was included in the retrieval proce-
dure. This will be further investigated in the near future and
is intended to be implemented in future versions of the ALH
L2 product.

The mean maximum layer heights for all cases are, on
average, 2.51± 1.13 km (ranging between 0.27 and 6.5 km)
and 0.791± 0.5 km (ranging between 0.06 and 2.15 km) for
TROPOMI ocean and land pixels, respectively. For the case
of EARLINET data the mean layer height is 2.87± 1.28 km
(ranging between 1.16 and 7.22 km). We have to note again
that the overlap effect and the station altitude are taken
into account for the calculation of the lidar ALH, following
the assumptions discussed in Sect. 2. The above-mentioned
statistics are summarized in Table 4.

Figure 2. Scatterplots of TROPOMI against EARLINET data:
(a) TROPOMI pixels over ocean and (b) over land. The colour of
each scatter point indicates the TROPOMI-retrieved UVAI values,
and the error bars of each scatter indicate the spatial variability of
the averaged TROPOMI ALH pixels. (c) Histogram of the differ-
ences between TROPOMI and EARLINET data sets, shown in red
over the ocean pixels and green for both ocean and land pixels.
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Table 3. Statistics of the comparison between TROPOMI and EARLINET ALH data sets.

TROPOMI pixels Na Rb Slopec Y d MBe RBf RMSEg

Ocean 63 0.82 0.69 0.41 −0.51± 0.77 km −14.73% 0.9 km
Land 60 0.51 0.19 0.21 −2.28± 1.17 km −73.36% 2.55 km

a Number of co-locations. b Correlation coefficient. c Slope from linear regression fit. d Y intercept of linear regression fit.
e Mean bias. f Relative bias. g Root-mean-square error.

Table 4. Layer height retrievals (min, max, and average) of the EARLINET and TROPOMI ALH co-locations.

Instrument Min height (km) Max height (km) Average height (km)

TROPOMI (ocean) 0.27 6.5 2.51± 1.13
TROPOMI (land) 0.06 2.15 0.791± 0.5
EARLINET 1.16 7.22 2.87± 1.28

The possibility of multiple atmospheric aerosol layers is a
challenging feature for a passive sensor to retrieve and ob-
viously affects ALH. We hence performed a separate analy-
sis for the cases where only one layer was detected and for
the cases where two or more layers were detected by EAR-
LINET. We apply the WCT approach on the backscatter pro-
files to distinct the aerosol layers in an automatic way for all
the cases, as described in Michailidis et al. (2021). Overall,
the lidar data reveal the presence of a single aerosol layer in
57.1 % (N = 36) of sample cases and a multi-layer structure
(two or more layers) the 42.9 % (N = 27) of the total sample
cases. It was found that the mean bias of the ALH differ-
ences does not significantly vary (ocean: −0.55± 0.66 km;
land: −2.38± 1.24 km) when multiple layers exist in the at-
mospheric scene, but we cannot say with certainty that it is
generally true due to the use of the limited validation data
set. Overall, among all the cases, the best performance of
the TROPOMI ALH is recorded in cases of single well-
developed dust layers. However, further research is needed
to substantiate the observations and make conclusive quanti-
tative statements. Using the WCT method for analysing the
lidar profiles for validation purposes adds value in the case of
multi-layer structures, but to refine this automated technique
more cases have to be analysed in the future as they become
available.

Another factor that can affect the satellite-ground based
intercomparison of measurements or products is the topogra-
phy. Over areas with a complex terrain, vertical inconsisten-
cies between ground-based and satellite retrievals may ap-
pear due to orography-induced disturbances in the aerosol
layer height. According to the statistics summarized in Ta-
ble 5, the correlative measurements between the mountain-
ous EARLINET stations (Potenza, Granada, Évora) and the
S5P overpasses show similar mean biases to coastal stations
(Limassol, Lecce, Antikythera, Athens). The complex to-
pography, in terms of geographical characteristics, and the
horizontal distance between the TROPOMI retrieved pixels

and the ground-based lidar sites are, however, features that
should also be examined when inter-comparing EARLINET
and TROPOMI aerosol layer heights.

3.2 Case studies: analysis and results

A total of 3 typical days with sufficient aerosol load over the
Mediterranean were selected to illustrate the performance of
the TROPOMI ALH product over scenes with strong aerosol
load. These cases refer to Antikythera, Évora, and Potenza
lidar observations during extended dust and smoke events.
The selected cases include (a) a Saharan dust outbreak over
the eastern Mediterranean region on 22 June 2021 and (b) a
smoke aerosol plume transported during 4 d between the 24
and the 27 October 2020, originating from the large wildfire
episodes in the California region (North America).

3.2.1 Dust case over the eastern Mediterranean:
22 June 2021, PANGEA observatory (Greece)

On 22 June, the eastern Mediterranean was affected by a
strong dust episode originating from North Africa. On this
day, the TROPOMI overpass over Greece was between ∼
10:00 and 11:00 UTC. A lofted layer of dust was also clearly
observed by the PollyXT system at PANGEA Antikythera
station on the same day. The PANGEA observatory of the
National Observatory of Athens (NOA) on the remote is-
land of Antikythera is located across the travel path of dif-
ferent air masses, providing continuous monitoring of es-
sential climate variables in the Eastern Mediterranean (Kam-
pouri et al., 2021). A PollyXT NOA lidar (Engelmann et al.,
2016) has been installed for PANGEA observations at An-
tikythera since August 2018. This multi-wavelength system
is part of the EARLINET community, with round-the-clock
operational capabilities, providing vertical distributions of
aerosol properties at different wavelengths. The dust plume
can clearly be seen in Fig. 3 (left) over Greece from the
VIIRS/Suomi-NPP true-colour image for this day (VIIRS
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Table 5. Clustering of EARLINET stations with respect to topographical features and the corresponded TROPOMI-EARLINET mean bias.
Details about the EARLINET stations are provided in Table 1.

TROPOMI pixels over ocean TROPOMI pixels over land

Clusters No. of cases MB ± SD [km] No. of cases MB ± SD [km]

Coastal stations: AKY, ATZ, SAL, LIM, CYC 46 −0.47± 0.69 43 −2.12± 1.05
Mountainous stations: POT, GRA, EVO 17 −0.61± 0.91 17 −2.67± 1.33

Figure 3. Suomi-NPP VIIRS (left) true-colour image on the 22 June 2021. The red star indicates the position of the Antikythera lidar station.
TROPOMI ALH (centre) and TROPOMI UVAI (right) over Greece.

images are generated from https://wvs.earthdata.nasa.gov/;
last access: 1 May 2022). The red star symbol indicates the
location of the PANGEA lidar station at Antikythera. Fig-
ure 3 shows the TROPOMI ALH and UVAI (centre and
right panels, respectively) product retrievals during the in-
vestigated dust episode. Comparing the TROPOMI product
maps to the VIIRS image, it can be seen that the large pos-
itive UVAI pixels and elevated aerosol layers are located at
the detected plumes. We note here that a recent publication
addresses the treatment of clouds in the UVAI parameteri-
zation for OMI/Aura observations (Torres et al., 2018), and
such considerations should be made in studies that depend
numerically on the UVAI atmospheric parameter.

Figure 4 (left) presents the total attenuated backscatter
signal time series for the PollyXT at 1064 nm over An-
tikythera between 10:00–13:00 UTC on 22 June 2021. A ho-
mogeneous layer can be identified throughout the day below
5 km (Fig. 5). The aerosol load is mainly between 500 and
4500 m, and the sky above the site is free of cloud during the
TROPOMI overpass time (thick red line). In addition, in or-
der to verify the origin of the detected aerosol layers, we cal-
culated back trajectories by using the HYSPLIT model (Hy-
brid Single-Particle Lagrangian Integrated Trajectory; avail-
able online: https://www.ready.noaa.gov/HYSPLIT.php, last
access: 1 May 2022; Stein et al., 2015). The temporal evo-
lution of 3 d backward trajectories for 22 June and selected
arrival heights (2000 m (red), 3500 m (green), and 5000 m

(yellow)) is illustrated in Fig. 4 (right). As can be seen, the
air masses that arrived over Antikythera station follow a pat-
tern originating from northwestern Africa.

For this event, the TROPOMI ALH spatially averaged val-
ues and the EARLINET temporally averaged backscatter co-
efficient profiles (between 11:30 and 13:00 UTC) are quali-
tatively compared in Fig. 5. Two optically thin layers with a
thickness of less than 300 m were detected, with their cen-
tres of mass shown as dashed–dotted red lines and spreads as
grey areas. TROPOMI detects this layer at 2550 m, whereas
the ALHbsc calculated by applying Eq. (1) to the lidar profiles
places it at 2105 m. An agreement within 500 m between the
satellite and ground-based lidar systems is hence found for
this clear aerosol scene, within the target requirement for the
TROPOMI ALH product (ATBD; de Graaf et al., 2022). The
presented case study indicates that the mean ALH value re-
trieved by the TROPOMI is in satisfactory agreement with
the calculated ALHbsc from the lidar profile under cloud-free
conditions where homogeneous aerosol layers are developed,
confirming the findings of Griffin et al. (2020) and Nanda et
al. (2020).

Using the WCT algorithm on the βaer profile at 1064 nm,
we can also extract the geometrical properties of detected
layers. Once the top and the base of the aerosol layer are
identified, the Zcom and optical properties of each aerosol
layer can be also estimated. In this way, we can also inves-
tigate if there are strong variations in the baer (or bsc), which
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Figure 4. Temporal evolution of the total attenuated backscatter signal from the PANGEA PollyXT at 1064 nm (left) and 3 d back trajectories
arriving at Antikythera, Greece, on 22 June 2021 at 12:00 UTC (right, HYSPLIT accessible at https://www.ready.noaa.gov, last access:
2 June 2022).

Figure 5. Lidar backscatter profile at 1064 nm (ALHbsc, red line) at
Antikythera, Greece, on 22 June 2021. The lidar-weighted aerosol
height calculated by Eq. (1) is shown as a thick red line. The calcu-
lated centre of mass (COM) of the two identified layers is shown as
a dashed–dotted red line, and their thickness is shown by the grey
areas. The TROPOMI mean ALH is given as a thick green line.

may lead to an identification of a separate layer. For the pre-
dominant thick layer (upper layer shown in Fig. 5), the re-
trieved geometric properties are layer base (3150 m), layer
top (4350 m), layer thickness (2200 m), and layer centre of
mass (4000 m). This example amply demonstrates that when
using the WCT technique as a reference, in the presence of
two layers with different spreads, the best agreement with
the satellite estimate is not necessarily found for the optically
thickest one. The representativeness of the TROPOMI ALH
when multiple layers are present is undoubtedly an issue for
further investigation in the future.

3.2.2 Smoke advection over the Mediterranean from
Californian fires

In mid-October 2020, a series of wildfires took place in
northern California resulting in thousands of square kilome-
tres of boreal forest being burned and causing a huge amount
of smoke to enter the atmosphere. The emissions caused ex-
treme air pollution conditions with poor visibility through-
out the area for several days. The TROPOMI sensor has
been monitoring these wildfires, and tracked the smoke as it
travelled all the way across North America and the Atlantic
Ocean to arrive in Mediterranean (Baars et al., 2021; Ans-
mann et al., 2021). These smoke aerosol layers were trans-
ported from the US West Coast towards Europe within 4–5 d.
The smoke arrived over the Iberian Peninsula in southwest-
ern Europe on 24 October (Fig. 6a), just in time for a reg-
ular overpass of TROPOMI over the Iberian Peninsula. As
the plume was transported along the Mediterranean, it was
detected over southern Italy and Greece, shown in the true-
colour images from VIIRS/Suomi-NPP (Fig. 6b to d). The
S5P trails behind Suomi-NPP by 3.5 min in local time as-
cending node, allowing its swath to remain within the scene
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Figure 6. VIIRS/Suomi NPP true-colour images for the four smoke scenes on 24–27 October 2020 (maps are generated from NASA
Worldview Snapshots: https://wvs.earthdata.nasa.gov/, last access: 2 June 2022).

Figure 7. TROPOMI UV aerosol index (UVAI) retrievals during the smoke plume transport over the Mediterranean during 24–27 Octo-
ber 2020.

observed by Suomi-NPP. We have to note here that the ALH
can be very sensitive to cloud contamination as aerosols and
clouds can be difficult to distinguish. In general, the VI-
IRS cloud mask has good performance for pixels covered
by aerosol plumes, but in many cases where very thick lay-
ers are detected the cloud mask can misclassify the retrieval
pixels as cloudy pixels with high cloud fraction. The equiv-
alent daily TROPOMI UVAI and ALH product retrievals are
presented in Figs. 7 and 8, respectively. The detected smoke
plumes are highlighted by large positive values of UVAI,

which are in contrast to clouds that typically exhibit a nega-
tive UVAI and/or values close to zero (Torres et al., 1998).

Smoke case over western Mediterranean:
24 October 2020, Évora (Portugal)

On 24 October 2020, during the Suomi-NPP satellite over-
pass, the VIIRS sensor captured the true-colour image
(Fig. 9, left) showing a large amount of smoke plumes in
the western half of the Iberian Peninsula , particularly in the
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Figure 8. TROPOMI aerosol layer height (ALH) retrievals during the smoke plume transport over the Mediterranean during 24–27 Octo-
ber 2020.

Figure 9. VIIRS Suomi-NPP true-colour image on 24 October 2020 over the Iberian Peninsula capturing the smoke plume (left). The red
star indicates the position of the Potenza lidar station, TROPOMI ALH (middle) and UVAI (right) retrievals at 340 and 380 nm. Missing
ALH pixels are flagged by a cloud or have negative AI values.

northwestern areas facing the Atlantic Ocean. The selected
scene is also strongly affected by the presence of clouds.
TROPOMI overpassed Évora around 12:30 UTC on this day
and recorded very high values related to UVAI values (> 5)
(Fig. 9, right) and elevated aerosol plumes corresponding to
high ALH values (Fig. 9, centre). The maximum altitude in
the TROPOMI AER_LH data is about ∼ 8 km. The white
spaces in the TROPOMI product maps indicate no valid
TROPOMI retrievals over these areas.

Figure 10a illustrates the temporal evolution of the ob-
served aerosol plume by means of the time–height cross sec-
tions of the 1064 nm total attenuated backscatter coefficient
for the time period from 12:00 to 17:55 UTC on the 24 Oc-
tober. As observed in the time series obtained from PollyNet
(https://polly.tropos.de/, last access: 1 May 2022), a signif-
icant particle load is detected after 11:00 UTC at approxi-

mately 10–12 km. The dashed red box indicates the tempo-
ral averaging of these lidar signals close to the S5P over-
pass time. The Portable Aerosol and Cloud Lidar (PAOLI)
installed at the Évora Atmospheric Sciences Observatory
(EVASO) (38.57◦ N, 7.91◦W; 293 m a.s.l.) is a multiwave-
length Raman lidar of the type PollyXT (Baars et al., 2016;
Salgueiro et al., 2021), part of the European Aerosol Re-
search Lidar Network (EARLINET). Backward trajectories
shown in Fig. 10b, generated with the HYSPLIT model,
were used to determine the origin of the air masses carry-
ing aerosol plumes arriving at the Évora site at the relevant
heights (7500, 9500, and 11 500 m). They confirmed that the
relevant air masses came from areas over Californian forest
fires detected by VIIRS.

In Fig. 11 the retrieved vertical profile of the observa-
tions with the PAOLI PollyXT lidar is presented. The tempo-
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Figure 10. (a) Temporal evolution of the total attenuated backscatter signal from the PAOLI PollyXT lidar system at 1064 nm showing the
detection of the smoke cloud, and (b) 7 d HYSPLIT back trajectories arriving at Évora, Portugal on 24 October 2020 at 12:00 UTC.

Figure 11. The same as Fig. 5 but for the PAOLI lidar observation
on 24 October 2020.

rally closest backscatter profile is used to extract the ALHbsc
and compare against the TROPOMI ALH retrievals. The
average backscatter profile at 1064 nm for the time period
from 13:30 to 14:00 UTC on 24 October 2020 is shown. The
TROPOMI observations report an average layer at 6500 m,
while the calculated ALHbsc (following Eq. 1) from the li-
dar profile places it at 7980 m. As in the analysis presented

above in Sect. 3.2.1, we also applied the WCT method on
the backscatter vertical profile in order to extract the aerosol
boundaries of the detected aerosol layers in an automatic
way. The WCT technique also reveals a clear single layer be-
tween 11 000 and 12 500 m with maximum backscatter value
∼ 1.8 Mm−1 sr−1 and centre of layer mass at 11 800 m. For
this case, we note the large discrepancy between both lidar
layer identification techniques and the TROPOMI ALH, the
reasons for which warrant further investigation in the future.

Smoke case over the central Mediterranean:
26 October 2020, Potenza (Italy)

On 26 October, the same smoke plume spread towards the
central Mediterranean due to the easterly prevailing winds
across Italy and Greece. Here we present a case study
within this smoke episode over the Potenza lidar station in
Italy on 26 October 2020. A significant aerosol load is ob-
served mainly over the south of Italy. The true-colour im-
age (Fig. 12, left) captured by VIIRS on board Suomi-NPP
provides the context for the retrievals shown next. The lo-
cation of the smoke plume is clearly seen in the TROPOMI
ALH and UVAI images (Fig. 12, middle and right) during
the Sentinel-5P overpass between 11:20 and 12:20 UTC. The
TROPOMI UVAI shows a wide range of values with sev-
eral patches with no retrievals due to the presence of clouds.
This case is also emphasizing the issue related to the lim-
itation of satellite measurements over land areas where the
effect of the surface reflectance is dominant. The contrast
observed between land and sea regarding the retrieval of the
ALH product and the surface albedo values is obvious, as can
be seen from the colour scale in ALH retrievals. The ALH
retrievals are very clearly biased over land, where the high
surface albedo biases ALH low.
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Figure 12. VIIRS Suomi-NPP true-colour image of 26 October 2020 over the central Mediterranean capturing the smoke plume (left). The
red star indicates the position of the Potenza lidar station. TROPOMI ALH (middle) and UVAI (right) retrievals. Missing ALH pixels are
flagged by a cloud or have negative AI values.

Figure 13. (a) Temporal evolution of the total attenuated backscatter signal from the MUSA lidar system at 1064 nm showing the detection
of the smoke cloud, and (b) 7 d HYSPLIT back trajectories arriving at Potenza, Italy, on 26 October 2020 at 11:00 UTC.

The event is extensively recorded on 26 October 2020
at the Potenza lidar station. MUSA is the lidar system
(Madonna et al., 2011) deployed at CNR-IMAA Atmo-
spheric Observatory (CIAO) in Potenza (40.60◦ N, 15.72◦ E,
760 m a.s.l.). Figure 13a shows the total attenuated backscat-
ter time series at 1064 nm measured by the MUSA system
during the smoke event. The lidar observations started on
26 October 2020 at 10:00 UTC and lasted almost contin-
uously until 13:30 UTC. The dashed red box indicates the
temporal averaging of the lidar signals (10:00–11:30 UTC)
close to the TROPOMI/S5P overpass time. Multi-layer struc-
tures were found, and smoke particles appeared in the free
troposphere between 6000 and 11 000 km above sea level
(a.s.l.). The intense part of the smoke plume is located
about 300 km south of the Potenza EARLINET station where
the atmospheric conditions are different and show different

TROPOMI retrievals from above the station. The temporal
evolution of 7 d backward trajectories for this day (arrival
heights: 7500 (red), 9500 (green)m and 11 500 m (yellow))
is illustrated in Fig. 13b. As can be seen, the air masses that
arrived over Potenza station seem to originate from North
America and follow an almost straight route towards Italy.

In Fig. 14 the retrieved vertical profile of the observations
with MUSA lidar is presented. The backscatter profile that
is closest in time is used in order to extract the ALHbsc and
compare it against TROPOMI ALH retrievals. The averaged
backscatter profile at 1064 nm is shown for the time period
from 10:15 to 11:40 UTC on 24 October 2020. Two opti-
cal elevated layers with a thickness of∼ 2 km were detected,
with TROPOMI detecting this layer at 5650 m, whereas the
calculated ALHbsc from applying Eq. (1) to the lidar profile
places it at 7800 m. For this case, which shows two well-
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Figure 14. The same as Fig. 5 but for the MUSA lidar observations
on 26 October 2020.

developed layers, the geometric properties retrieved by ap-
plying the WCT technique place the first detected layer at
7150 m and the second at 11 070 m, and these also have a
thickness of∼ 2 km. As with the previous examples, here we
also find a discrepancy between both lidar aerosol heights
and the satellite estimation of the aerosol height. Clearly the
AER_LH is placed much lower than both calculated altitudes
of the lidar profile.

This case of smoke at very high altitudes from intense
biomass burning in North America in 2020 shows a no-
table difference with lidar measurements, revealing a source
of limitations of the current operational S5P L2_AER_LH
product. The current implementation of the algorithm is
based on a neural network forward model and an optimal es-
timation scheme in the retrieval for spectral fitting with var-
ious aerosol layer pressures and aerosol optical thicknesses
in the O2 A band. The limitation exists due to the fact that
the algorithm has not been trained for very high altitudes,
and the versions of the algorithm used in our study do not
take these altitudes into account, as shown for these two
cases of elevated smoke layers. Furthermore, scaling of the
assumed pressure thickness must be considered for aerosol
plumes at very high altitudes (low pressure) observed mainly
for biomass burning plumes and volcanic ash and sulfate
aerosols. The ALH neural network is currently trained for
ambient pressures between 1000 and 75 hPa, which is about

12 km altitude maximally, and plumes above these heights
cannot be resolved.

4 Summary and conclusions

The TROPOMI aerosol layer height (ALH) is a new and
unique product providing global observations of aerosol
height. TROPOMI aerosol layer heights can add value to
the modelling communities by improving air quality fore-
casting and radiative forcing studies. Aerosol plume heights
from TROPOMI have the advantage of daily global cover-
age. This is the first work in which TROPOMI ALH re-
trievals are validated against EARLINET lidar observations,
and the results provide an early evaluation of their appli-
cability for monitoring aerosol height levels in a large area
such as Mediterranean and Europe. The choice of the EAR-
LINET stations close to the sea has been performed consider-
ing the limitation of the TROPOMI ALH algorithm over land
surfaces in providing accurate retrievals. Using these sites
presented an opportunity to study the effect of the surface
albedo on the validation of ALH product performing sepa-
rate analyses over land and sea. The data used as reference
for the validation were not part of a specifically designed val-
idation campaign, which explains the small number of co-
located cases found. This paper presents a cross-comparison
analysis between TROPOMI and EARLINET data and pro-
vides a simple and well-developed methodology for compar-
ing these different data sets. Lidar instruments retrieve the
vertical backscatter coefficient, which is not directly com-
parable to the TROPOMI ALH product. Thus, the weighted
backscatter height (ALHbsc) has to be calculated from the
available backscatter profiles in the frame of this study. Co-
incidences within a 150 km radius from the lidar station are
used for direct observations, with a maximum of 4 h time dif-
ference. All the input data sets considered in the study have
been previously pre-processed at high resolution by using
the EARLINET single calculus chain (SCC) tool. Overall,
for seven selected EARLINET stations across the Mediter-
ranean, 63 coincident aerosol cases were found during the
time period June 2018–July 2022 for the comparison against
satellite retrievals. The statistical results demonstrate the po-
tential of the TROPOMI instrument to detect aerosol lay-
ers under cloud-free atmospheric conditions with significant
aerosol load, such as dust and smoke plumes.

Despite the different measuring concept that the two
instruments used for retrievals (passive and active), a
good agreement was found between TROPOMI retrievals
and ground-based lidar measurements, demonstrating that
TROPOMI shows a quite promising potential for the
characterization of the aerosol vertical distributions on a
global scale. By defining a backscatter-weighted aerosol
height from EARLINET aerosol backscatter profile products
(ALHbsc), the quantitative validation at pixels over the se-
lected EARLINET stations illustrates that TROPOMI ALH
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Table 6. Summary of validation statistics for TROPOMI ALH using the O2A algorithm.

Reference Validation data Results

Griffin et al. (2020)
S5P vs. CALIOP Mean bias of −2.12 km (thin smoke plumes)

Mean bias of −0.7 km (thick smoke plumes)

S5P vs. MISR TROPOMI ALH is lower by ∼ 600 m

Nanda et al. (2020) S5P vs. CALIOP Mean bias of −2.41 km over land and 1.03 km over ocean

This work S5P vs. EARLINET Mean bias of −2.27 km over land and −0.51 km over ocean

is consistent with ALHbsc, with a high correlation coefficient
R = 0.82 (R = 0.51) and a mean bias about−0.51±0.77 km
(−2.27±1.17 km) over ocean and land pixels, respectively. It
appears that aerosol layer altitudes retrieved from TROPOMI
are systematically lower than altitudes from the lidar re-
trievals. The target requirement for the accuracy and preci-
sion of the retrieved aerosol layer height is 0.5 km or 50 hPa,
while the threshold requirement is 1 km or 100 hPa. Overall,
our results show that the TROPOMI product complies (under
these conditions) with the S5P mission requirements and that
our findings are in a good agreement with other TROPOMI
ALH validation studies. The outcomes of this study, includ-
ing the findings of previous validation work, are summa-
rized in Table 6. Nanda et al. (2020) and Chen et al. (2021)
also discuss the challenges associated with the validation of
TROPOMI ALH. These challenges arise mainly from the
large spatio-temporal variability of aerosols, the dependency
of the products on different geophysical parameters (e.g. sur-
face albedo), and different instrument sensitivities. The effect
of the surface albedo has been investigated through the sen-
sitivity tests presented in detail in previous studies (Sanders
and de Haan, 2015; Dubuisson et al., 2009) covering a large
number of surface albedo values, and these studies showed
that including the surface albedo in the optimal estimation fit
considerably improves the ALH in most cases.

The wavelet covariance transform method was also ap-
plied to the ground-based lidar profiles so as to quantify the
effect of multi-layer structures on the comparisons between
TROPOMI and lidar aerosol layer height. This method pro-
vides better insight as to the altitude ranges that the two in-
struments are sensitive to; however, more case studies need to
be analysed in detail to draw conclusions concerning which
sensed layer the TROPOMI algorithm is more sensitive to.

This study highlights the importance of the synergistic use
of active (ground-based lidars) and passive (satellite) obser-
vations and suggests a promising usage of TROPOMI ALH
for understanding the details of the presence and transport
of aerosol layers. The results presented here encourage the
operational usage of the presented methodology approach in
validation processes for satellite aerosol height products us-
ing lidar data from EARLINET. The increased availability of
advanced and high-quality-assured profiling data from EAR-
LINET lidars will form a scientific background to improve

performance of passive satellite sensors and lead to a better
understanding of the role of the aerosol height regarding air
quality and climate. The inclusion of more stations from con-
tinental Europe will improve the significance of the results
and will allow for the study of the impact of different aerosol
types on the comparisons. In addition, it will make it feasible
to examine possible geographical dependencies. Lidar mea-
surements within the EARLINET network are continuously
performed and can be used in the coming years for the valida-
tion of the new satellite generations, such as the Copernicus
Sentinel-4 and Sentinel-5 satellites.
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