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Abstract. The TROPOspheric Monitoring Instrument
(TROPOMI) level-2 aerosol layer height (ALH) product
has now been released to the general public. This product
is retrieved using TROPOMI’s measurements of the oxy-
gen A-band, radiative transfer model (RTM) calculations
augmented by neural networks and an iterative optimal
estimation technique. The TROPOMI ALH product will
deliver ALH estimates over cloud-free scenes over the ocean
and land that contain aerosols above a certain threshold of
the measured UV aerosol index (UVAI) in the ultraviolet
region. This paper provides background for the ALH product
and explores its quality by comparing ALH estimates to
similar quantities derived from spaceborne lidars observing
the same scene. The spaceborne lidar chosen for this study
is the Cloud-Aerosol Lldar with Orthogonal Polariza-
tion (CALIOP) on the Cloud-Aerosol Lidar and Infrared
Pathfinder Satellite Observation (CALIPSO) mission, which
flies in formation with NASA’s A-train constellation since
2006 and is a proven source of data for studying ALHs. The
influence of the surface and clouds is discussed, and the
aspects of the TROPOMI ALH algorithm that will require
future development efforts are highlighted.

A case-by-case analysis of the data from the four selected
cases (mostly around the Saharan region with approximately
800 co-located TROPOMI pixels and CALIOP profiles in
June and December 2018) shows that ALHs retrieved from
TROPOMI using the operational Sentinel-5 Precursor Level-
2 ALH algorithm is lower than CALIOP aerosol extinction
heights by approximately 0.5km. Looking at data beyond

these cases, it is clear that there is a significant difference
when it comes to retrievals over land, where these differences
can easily go over 1 km on average.

1 Introduction

Aerosols are an important component of the Earth system,
which provide the means for the formation of clouds by act-
ing as cloud condensation nuclei, affecting the Earth’s radia-
tion budget by absorbing or scattering incoming solar radia-
tion (Twomey, 1974), and even nurturing forests from across
oceans (Yu et al., 2015; Barkley et al., 2019). A significant
source of aerosols to the Earth’s atmosphere is natural, fol-
lowed by the anthropogenic contribution. The IPCC (2014)
report has made it clear that the current scientific consen-
sus acknowledges the impact of aerosols on the Earth’s ra-
diation budget via direct, indirect and semi-direct effects.
What makes monitoring aerosols difficult is the high spatial
and temporal variability of aerosol micro- and macrophysical
properties (Li et al., 2009). To that extent, there are several
spaceborne, ground-based and airborne missions extensively
monitoring these aerosol micro- and macrophysical proper-
ties. These missions aim to reduce the gaps in our knowledge
of aerosol radiative effects by accurately measuring aerosol
properties at a high spatial and temporal resolution. This pa-
per specifically discusses retrieving information on the ver-
tical distribution of aerosol layers in the atmosphere, which
has significant relevance in deriving auxiliary aerosol proper-
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ties and subsequently understanding aerosol radiative effects
(ARE), primarily absorption of radiation by aerosols. Torres
et al. (1998) explicitly mention the importance of knowledge
about the aerosol vertical distribution, which can be used
in tandem with the UV aerosol index (UVAI) to compute
aerosol properties such as aerosol optical thickness (AOT)
and effective single scattering albedo over cloud-free and
snow-free scenes. The paper by de Graaf (2005) provides
several sensitivity analyses that detail the importance of the
aerosol height in interpreting the UVAIL Sun et al. (2018)
explicitly mention in their study the requirement of accu-
rate aerosol layer height (ALH) estimates in order to derive
aerosol absorption from the UVAL

The global monitoring of aerosol properties can only
be done using remote sensing techniques from space. The
space-based techniques currently utilised by the scientific
community to retrieve aerosol vertical information are di-
vided into two categories — active and passive techniques;
active remote sensing techniques monitor aerosol properties
by measuring the interaction of energy generated by the in-
strument with aerosols in the atmosphere, whereas passive
techniques do the same by measuring the interaction of natu-
ral light with aerosol particles. There are several differences
in the sensing principles between active and passive remote
sensing of aerosols, specifically in terms of vertical resolu-
tion. Active sensors such as the Cloud-Aerosol Lldar with
Orthogonal Polarization (CALIOP) instrument provide at-
tenuated backscatter profiles resolved vertically at a vertical
resolution as fine as 30 m for different channels over a spa-
tial resolution as fine as 0.33 km (see Table 2 of Winker et al.,
2009). While these measured backscatter profiles provide de-
tailed quantitative information on the scattering components
present in the atmosphere, spaceborne atmospheric profiling
lidars have limited spatial coverage due to their limited beam
width. Owing to this particular feature of active remote sens-
ing, spaceborne lidars currently do not revisit a specific point
on Earth several times a day or even on a daily basis. On
the other hand, passive spaceborne remote sensing has the
ability to measure a specific point on Earth once a day for
polar-orbiting satellite missions and several times a day for
geostationary satellite missions. Currently, however, the re-
trieved information on aerosol vertical distribution from pas-
sive remote sensing techniques is much more limited when
compared to active techniques such as orbiting lidars.

Several passive retrieval strategies that are either currently
in their operational phase or are upcoming remote sens-
ing missions utilise the interaction of incoming solar radia-
tion with the aerosol particles to retrieve height information.
Some notable mentions of missions that retrieve ALH are the
Multi-angle Imaging SpectroRadiometer (MISR) on board
the NASA Terra satellite (Nelson et al., 2013), which mea-
sures aerosol height using geometric optics; the Deep Space
Climate Observatory (DSCOVR) mission with its Earth
Polychromatic Imaging Camera (EPIC) (Xu et al., 2017,
2019); the Ozone Monitoring Instrument (OMI) on board the
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NASA Aura satellite (Chimot et al., 2017, 2018; Choi et al.,
2019); and finally the TROPOspheric Monitoring Instrument
(TROPOMI) instrument on board the Sentinel-5 Precursor
satellite (Veefkind et al., 2012). Xu et al. (2017, 2019) are the
first studies to demonstrate that the diurnal cycle of aerosol
height is retrievable. In the near future, missions like the up-
coming Multi-Angle Imager for Aerosols (MAIA) mission
(Davis et al., 2017), the Geostationary Environment Moni-
toring Spectrometer (GEMS) (Kim et al., 2019), Sentinel-4,
Sentinel-5 (Ingmann et al., 2012) and the Tropospheric Emis-
sions: Monitoring Pollution mission (TEMPO) (Zoogman
et al., 2017) are expected to provide aerosol height retrievals
as well (Kim et al., 2018; Park et al., 2016; Zoogman et al.,
2017). These instruments are examples of missions demon-
strably more (some theoretically, others practically) capable
of retrieving ALH. Except for TROPOMI, however, there are
currently no passive remote sensing missions that provide an
operational stream of retrieved ALHs. In the fourth quarter
of 2019, an operational data stream of retrieved ALHs de-
rived from measured oxygen A-band spectra by TROPOMI
was made available to the general public; the TROPOMI op-
erational UVAI product augmented by the TROPOMI ALH
product has the potential to further the operational monitor-
ing of aerosol properties globally. This paper discusses some
key features of the product and its limitations by compar-
ing it with co-located CALIOP profiles, and it paints a future
outlook of the evolution of the TROPOMI ALH algorithm.
This paper looks into more than 2 million co-locations be-
tween TROPOMI ground pixels and CALIOP profiles over
an extended period of time covering several months from
May 2018 until March 2019 in order to draw conclusions on
the accuracy of the TROPOMI ALH retrievals. Further on,
the paper also discusses four selected cases in and around
West Africa for a deeper analysis of the comparison with
CALIOP data; the choice of using Africa as a study area
arises from the fact that a significant majority of co-locations
between TROPOMI and CALIOP are concentrated around
the West African region.

In Sect. 2 of this paper, we discuss the data and meth-
ods used in this paper; Sect. 2.1 describes the retrieval al-
gorithm and highlights different diagnostic parameters avail-
able for assessing the product’s quality. Following this, the
comparison between CALIOP and TROPOMI estimates of
aerosol heights is presented in Sect. 3. Section 3.1 presents
an overall analysis of a large number of TROPOMI-CALIOP
co-locations, followed by Sect. 3.2 which discusses selected
cases for a deeper dive into the TROPOMI product. The pa-
per concludes with Sect. 4, highlighting important areas of
potential improvement in the current TROPOMI ALH prod-
uct.
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2 Data and methods
2.1 TROPOMI ALH

The TROPOMI ALH product is derived from measurements
of the oxygen A-band in the near-infrared region between
758 and 770 nm. Within this spectral range, TROPOMI mea-
sures top-of-atmosphere radiances and solar irradiances with
a spectral resolution between 0.34 and 0.35 nm and a spectral
sampling of 0.126 nm. The retrieval algorithm exploits the
absorption characteristics of molecular oxygen, which varies
with the photon path length — the photon path length for an
aerosol layer closer to the surface is longer, which appears
as deeper oxygen absorption lines in the measured spectrum
(see Fig. 1 of Nanda et al., 2018a).

The reported ALH is the height of a single aerosol layer
for the entire atmospheric column within the scene mea-
sured by TROPOMI; in reality, however, there can be sev-
eral cases where distinctly separated elevated and boundary
layer aerosols are present in the same scene. In such cases,
the retrieval algorithm is expected to retrieve an optical cen-
troid pressure or height of the two (or more) aerosol layers,
depending on the atmospheric level of the aerosol layer from
which most of the photons are scattered back. For instance, if
the elevated aerosol layer contributes significantly more than
the boundary layer aerosols to the top-of-atmosphere mea-
sured spectra, the ALH retrieval algorithm is expected to re-
trieve values closer to the elevated layer.

The technique for retrieving ALH is based on optimal es-
timation (Rodgers, 2000), where a radiative transfer model
(RTM) that calculates the top-of-atmosphere oxygen A-band
spectra is fitted to TROPOMI measured oxygen A-band
spectra. The cost function that is minimised in this estima-
tion step, Xz, is defined as

x> =1y —F,0)I"S [y — Fx, b))+ (x —x,)7
S, (x —x), ey

where y is the reflectance spectra calculated from measured
radiances and irradiances for the oxygen A-band; F(x, b) is
the modelled reflectance for input parameters b, of which the
state vector x containing ALH z,er and AOT 7 is a part; x,
is the a priori state vector; and S7! and S;! are the mea-
surement error covariance and the a priori error covariance
matrices. Optimal estimation is an iterative process, requir-
ing several iterations to minimise the cost function described
in Eq. (1). The approach is Gauss—Newton, with a maximum
number of iterations set at 10. If the optimal estimation does
not converge within these iterations, the ALH field in the fi-
nal level-2 product is filled with a fill value. For a given mea-
surement, optimal estimation is said to have converged to a
final solution if the update to the state vector for the next it-
eration is less than the expected precision.

The x2 is a measure of how close the modelled sun-
normalised radiances are to the observations, with smaller

https://doi.org/10.5194/amt-13-3043-2020

3045

values representing a better fit. The consequence of the many
assumptions in the model (described in Sect. 2.2 of Nanda
et al., 2019) result in a large x2 (of the order of 1 x 10*
to 1 x 107), with larger x> representing a larger departure
between the model and the observation. There are several
reasons for these departures, the more important ones be-
ing the presence of undetected clouds in the scene, incor-
rect surface reflectance information and multiple aerosol lay-
ers. These attributes are not parameterised into the RTM, and
they can be a source of discrepancies between the measured
and the modelled reflectances. The RTM in this case is a
neural network model that has learnt parts of a full physics
RTM derived from de Haan et al. (1987) called Determin-
ing Instrument Specifications and Analyzing Methods for
Atmospheric Retrieval (DISAMAR; described in Sect. 3 of
Nanda et al., 2019), which is 3 orders of magnitude faster
than DISAMAR. In short, the atmosphere is simplified by
DISAMAR in order to reduce computational burden, and
the neural network forward model is implemented for a fur-
ther performance boost in an operational environment; for in-
stance, DISAMAR ignores rotational Raman scattering even
though the literature has shown that the oxygen A-band ring
effects are sensitive to ALH (Vasilkov et al., 2013; Wagner
et al., 2010). These decisions have been made in order to
speed up line-by-line calculations of DISAMAR, which are
the basis of the training data for its neural network coun-
terpart. This decision is motivated by preliminary sensitivity
analyses conducted by Sanders and de Haan (2016) which
conclude that the effect of ignoring rotational Raman scatter-
ing (RRS) is not significant enough to venture into its imple-
mentation in the forward model.

The surface reflectance model used in the algorithm is de-
rived from Tilstra et al. (2017), which is a Lambertian equiv-
alent reflectance (LER) database with a spatial resolution
of 0.25° x 0.25°. In contrast to TROPOMI’s ALH product,
which is reported at 7.2km x 3.6km until 6 August 2019
and 5.6km x 3.6km thereafter, the LER database is much
coarser spatially. This can lead to several artefacts in the fi-
nal product, discussed further on in this paper in Sect. 3.2.
Another issue to note is in the influence of bright surfaces on
the retrieval. The oxygen A-band lies beyond the red edge, a
wavelength region in which vegetation has high reflectance
values. This poses several challenges; a significant portion of
the measured signal over land might be contributions from
the surface reflectance (see Fig. 3 from Nanda et al., 2018a).
If the AOT of the measured scene is low, the contribution
of the surface to the top-of-atmosphere radiance dominates
over the contribution from scattering by aerosols — there are
more photons that get scattered back from the surface than
the aerosol layer. In such cases, the retrieval algorithm will
tend to retrieve an aerosol layer closer to the surface. Gener-
ally we find that if the contribution to the top-of-atmosphere
reflectance from aerosols is significantly larger than the same
from the surface (i.e. the aerosol layer appears brighter than
the surface), the retrieval algorithm will tend to retrieve a
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height closer to the aerosol layer. (Sect. 5.2 and Fig. 10 from
Nanda et al., 2018b, discusses this observation explicitly.)
The forward model parameterises aerosols with a Henyey—
Greenstein scattering phase function (Henyey and Green-
stein, 1941) with an asymmetry factor of 0.7, a single scat-
tering albedo of 0.95 and a fixed AOT for an aerosol layer
parameterised by a single atmospheric layer with a 50 hPa
thickness. These assumptions have to be made since very lit-
tle a priori information about aerosols in a scene is known.
While more complex scattering models exist, the Henyey—
Greenstein model has been used for retrieving ALH when
the forward model was of a line-by-line nature as the number
of calculations it requires is far less than a scattering model
such as the Mie model (de Rooij and van der Stap, 1984).
Sensitivity analyses have shown that this assumption has few
ramifications (Sanders et al., 2015). Fixing the single scat-
tering albedo is a much bigger concern; while retrievals over
the ocean do not suffer from a priori errors in the single scat-
tering albedo, retrievals over land do have large errors and
non-convergences which reduce as the viewing zenith angle
increases (Nanda et al., 2018a). The choice of using 0.95 as
a fixed value arises from average values derived by Dubovik
et al. (2002) from long-term observations using the AErosol
RObotic NETwork (AERONET; Holben et al., 1998). The
algorithm assumes a single aerosol layer for the entire atmo-
sphere, within which aerosols are uniformly distributed and
the aerosol volume extinction coefficient is constant. This
is an important simplification to note when comparing with
CALIOP profiles, since these lidar profiles have the capa-
bility to detect multiple aerosol layers. The simplicity in the
aerosol profile parameterisation arises from the fact that it is
impossible to know, without prior information, whether the
scene consists of a single layer or multiple aerosol layers.
While fitting of the aerosol layer pressure thickness along
with the aerosol layer mid pressure does not result in large
errors in the retrieved ALH, the precision of the retrieved
aerosol layer mid pressure significantly deteriorates with in-
creasing errors in the surface albedo (Sanders et al., 2015).
More research has to be done before more information on the
aerosol profile is retrieved from the oxygen A-band alone.
Finally, the ALH retrieval algorithm implements a pixel
selection scheme before committing to retrieving ALH
estimates. This pixel selection scheme involves auxiliary
data products from TROPOMI such as the UVAI (http:
/Iwww.tropomi.eu/document/atbd-uv-aerosol-index, last ac-
cess: 8 June 2020) and cloud fraction estimates from the
TROPOMI Fast Retrieval Scheme for Clouds from Oxygen
absorption bands (FRESCO) algorithm (Wang et al., 2008)
and the cirrus reflectances derived from the Visible Infrared
Imaging Radiometer Suite (VIIRS) on the Suomi National
Polar-orbiting Partnership (Suomi NPP) satellite.

1. The maximum solar zenith angle allowed is 75°. If the

pixel does not meet this criterion, it is removed from the
processing and a flag is raised.
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2. If the pixel over water lies in the sun-glint region (a
maximum sun-glint angle of 18°), it is processed but a
sun-glint warning flag is recorded in the level-2 product.

3. If the standard deviation of the surface elevation within
the pixel is beyond 1000 m, the pixel is not processed
and a flag is raised. If it is beyond 300 m, a warning flag
is raised and the pixel is processed.

4. If the surface covered by the pixel comprises both land
and water, a warning indicating mixed surface type is
raised and the pixel is processed regardless.

5. If the pixel contains snow or ice, the pixel is not pro-
cessed and a flag is raised.

6. If the TROPOMI level-2 UV aerosol index product re-
ports a value below 0.0, the pixel is not processed and a
flag is raised. If the value is less than 1.0, a low UVAI
flag is raised.

7. If the reported cloud fraction values from the
TROPOMI FRESCO product for the pixel is beyond
0.6, the pixel is not processed and a flag is raised.

8. If the VIIRS average cirrus reflectance for the pixel
is beyond 0.4, the pixel is not processed and a flag is
raised. If it is beyond 0.01, a warning for possible cirrus
clouds is indicated.

9. If the difference between the scene albedo (calculated
using a look-up table) from the level-2 UVAI product
and the surface albedo from the Tilstra et al. (2017)
database at 380 nm is beyond 0.4, the pixel is removed
from the processing pool and a flag is raised for possi-
ble cloud contamination. If this value is beyond 0.2, a
warning flag is raised.

10. The nominal TROPOMI pixels also contain radiances
at a subpixel level, which are called small pixel radi-
ances. If the standard deviation of the small pixel radi-
ances is larger than 1 x 107, the scene is deemed to be
non-homogeneous (possibly containing clouds), and it
is removed from the processing pool.

These relevant flags are reported in Table 1 and are avail-
able in the level-2 data products; the values for each of these
flags can be accessed with bitwise operations for each pixel
with the value of each processing quality flag. For cloud fil-
tering, the “cloud_warning” flag is the preferred flag for re-
moving possibly cloudy pixels. This flag is a combination of
FRESCO cloud fraction retrievals, VIIRS cirrus reflectance
retrievals, and the difference between the surface albedo and
the scene albedo at 380 nm. An example of applying the
cloud_warning flags to filter out possibly cloudy pixels is
provided in Fig. 1.
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Figure 1. (a) A VIIRS corrected reflectance image over the West African coast on 8 June 2018. (b) All successful TROPOMI retrievals are
within a certain bounding box. (¢) Same as (b) but with all pixels that possibly fall within the sun-glint region or are cloud contaminated
removed (using the cloud_warning flag and sun_glint_warning flag from Table 1).

Table 1. Processing quality flags relevant for diagnosing Sentinel-5 Precursor (S5P) ALH product quality. The descriptions are derived from
the SSP IODD (Input Output Data Definition).

Name Value Description

Converged pixels

success 0 successful retrieval; warnings still possible
sun_glint_warning 2048  pixel is in sun-glint region

cloud_warning 32768 combination of different cloud detection methods
UVAI_warning 65536 UVAlis lower than 1.0

snow_ice_warning 16384  scene contains snow/ice

Non-converged or missing pixels

convergence_error 19  optimal estimation did not converge
Sza_range_error 7  solar zenith > 75°
max_iteration_convergence_error 21  no convergence; retrieval exceeds maximum iterations
aot_lower_boundary_error 22 no convergence; AOT < 0.0 twice in succession
other_boundary_convergence_error 23 no convergence; state vector element crosses boundary conditions twice
solar_eclipse_filter 64 pixel not processed because of solar eclipse
cloud_filter 65  pixel skipped; FRESCO cloud fraction greater than 0.6
altitude_roughness_filter 67  pixel skipped; standard deviation of digital elevation model in pixel > 1000.0 m
snow_ice_filter 70  pixel skipped; pixel contains snow/ice
UVAL filter 71  pixel skipped; UVAI < 0.0
cloud_fraction_fresco_filter 72 pixel skipped; cloud fraction > 0.6
cirrus_reflectance_viirs_filter 76  pixel skipped; VIIRS cirrus reflectance > 0.4

2.2 CALIOP weighted extinction height for validating retrieved ALHs from TROPOMI because of

their ability to map the vertical structure of the atmosphere.
The data from the CALIOP instrument relevant for validat-
ing TROPOMI ALH are the level-1 backscatter profiles and
the level-2 aerosol extinction profiles, which are used at the
same time.

In this paper, the level-1 total backscatter profiles from the
532 nm channel are used as curtain plots to visualise the ver-
tical structure of the atmosphere. Level-2 aerosol extinction
profiles from the 532 nm channel are then used to compute
an aerosol weighted extinction height, ALH¢y, following the

The Cloud-Aerosol lidar with Orthogonal Polarisation
(CALIOP) instrument is a part of the payload for the Cloud-
Aerosol Lidar and Infrared Pathfinder Satellite Observation
(CALIPSO) mission (Winker et al., 2009), which orbits the
Earth in a sun-synchronous orbit. The CALIOP instrument
has three backscatter receiver channels: two channels for
the orthogonal measurement of received backscatter signal
at 532 nm and one channel for backscatter at 1064 nm. Lidar
profiles from the CALIPSO mission are a good source of data
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3048

()
N land = 731347 ‘

AR N ocean = 1742695
17500 7 Mean = -2.25 km | i

Mean = -0.41 km

SD= 3.83 km SD = 6.86 km
Median = -1.62 km Median = -0.29 km
Skew = -0.70 Skew = -424.52

15000 -| Abs. 25th perc. = 0.97 km
Abs. 50th perc. = 1.81 km
Abs. T5th perc. = 3.17 km

Abs. 25th perc. = 0.43 km
Abs. 50th perc. = 1.01 km
Abs. 75th perc. = 2.27 km

12500 -

10000 -

7500 ~

5000 -

2500 -

B Ocean
e Land

%00 -75 —5.0 —25 0.0 2.5 5.0 7.5 10.0
Difference in aerosol height (TROPOMI - CALIOP) [km)]

S. Nanda et al.: A first comparison of TROPOMI aerosol layer height to CALIOP data

(b

N land = 546445
Mean = -2.41 km

N ocean = 1036550
Mean = -1.03 km

SD = 3.56 km SD = 1.97 km
12000 | Median = -1.75 km Median = -0.76 km
Skew = 0.13 Skew = -3.17

Abs. 25th perc. = 1.03 km
Abs. 50th perc. = 1.81 km
Abs. 75th perc. = 3.03 km

Abs. 25th perc. = 0.42 km
Abs. 50th perc. = 0.91 km
Abs. 75th perc. = 1.72 km

10000 -

8000 -

6000 ~

4000 -

2000 ~

Ry am— -5.0 -25 0.0 2.5 50 75 10.0
Difference in aerosol height (TROPOMI - CALIOP) [km]

Figure 2. Histogram of differences between CALIOP ALHex; (Eq. 2) and TROPOMI ALH from co-located data between 1 May 2018 and
28 February 2019. Blue histogram represents TROPOMI pixels over the ocean, whereas the red histogram is for TROPOMI pixels over land.
The blue line represents the mean difference between TROPOMI ALH and CALIOP ALHext for TROPOMI pixels over the ocean, whereas
the red line represents the same for TROPOMI pixels over land. The black line at 0.0 km difference on the x axis is plotted to aid the reader in
their interpretation of this figure. (a) All co-locations except TROPOMI pixels falling in the sun-glint region. TROPOMI pixels with retrieved
AOT greater than 5.0 are discarded. For pixels over land, if the Global Ozone Monitoring Experiment-2 (GOME-2) surface albedo values are
less than 0.1 or greater than 0.4, they are discarded. Similarly, over the ocean all TROPOMI pixels that have GOME-2 surface albedo values
greater than 0.05 are discarded. (b) Same, except only TROPOMI ALH retrievals that are cloud screened using the cloud_warning flag from

Table 1 are included.
definition provided by Eq. (1) in Koffi et al. (2012),

n
Y BextiZi
i=1

ALHgy = =——, @
Z IBext,i
i=1

where Z; is the height from sea level in the ith lidar vertical
level i (in km), and Bex:,; is the aerosol extinction coefficient
(in km~!) at the same level. The level-2 aerosol extinction
profile product from CALIOP only includes atmospheric lev-
els where aerosols are detected. In the case when aerosols are
present over clouds, ALHey; will be situated to the centre of
the aerosol layer, with any possibly undetected aerosol lay-
ers below the cloud layer not included in the calculations due
to attenuation of the signal beyond the cloud layer. This is
an important detail as the TROPOMI ALH algorithm cannot
separate cloud and aerosol signals from the measured radi-
ances, and cloud contamination will affect the retrieved prod-
uct. In this paper, the CALIOP 532 nm channel observations
are chosen for analysis as the conclusions from the analy-
sis of the results do not change when the 1064 nm channel

Atmos. Meas. Tech., 13, 3043-3059, 2020

observations are used instead. Appendix A explains the co-
location technique used in this paper. The CALIOP aerosol
product might be cloud contaminated as well, but this is diffi-
cult to ascertain. Plotting ALHx¢ over curtain plots of level-1
total backscatter profiles can be used to visually discern pos-
sibly cloud-contaminated CALIOP level-2 aerosol data.

3 Results

3.1 Comparison of TROPOMI ALH and CALIOP
ALHext

TROPOMI-CALIOP co-locations between 1 May 2018 to
the 28 February 2019 are selected. Two sets of overall com-
parisons are done between CALIOP ALH.y; and TROPOMI
ALH, one with all co-locations (Fig. 2a) regardless of cloud
filtering and the other with a smaller subset of the dataset
constrained by the cloud_warning flag from Table 1 (Fig. 2b).
The contrast between retrievals over land and ocean is appar-
ent in Fig. 3 (clouds flagged) — a majority of the negative
differences with values lower than —2 km occur over land.

https://doi.org/10.5194/amt-13-3043-2020
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Figure 3. A map of cloud-filtered and sun-glint-filtered differences
between co-located TROPOMI ALH and CALIOP ALHegx consid-
ered for Fig. 2b.

From Fig. 2a, what is immediately clear is that the
CALIOP ALHgy; values are higher than the TROPOMI ALH.
With an average difference of —2.25 km, median difference
of —1.62km and a standard deviation of 3.83 km, the re-
trieved ALH from TROPOMI over land is reported to be
systematically closer to the surface than CALIOP ALHcy,
than in comparison with retrievals over the ocean, which
has a mean difference of —0.41 km, a median difference of
—0.29km and a very high standard deviation of 6.86 km.
There are several cases over the ocean where TROPOMI
ALH is significantly higher than the CALIOP ALHcx, which
could be due to cloud contamination. The comparison of
the cloud-screened retrievals (Fig. 2b) reveals that the re-
trieved ALH from TROPOMI over the ocean differs from
CALIOP ALHg by —1.03 km on average, a median differ-
ence of —0.76 km and a standard deviation of 1.97 km. More
than 50 % of the TROPOMI ALH retrievals over the ocean
have an absolute difference with ALH¢x less than 1.0km.
Retrievals over land have a larger difference, with —2.41 km
on average and a median of —1.75km. The results are very
skewed over land, with very large negative values dictating
the average — this is indicated by the very large standard de-
viation of 3.56km. Thus, 50 % of the selected co-locations
over land have an absolute difference with ALHey; less than
approximately 1.8 km.

The distribution of the differences between TROPOMI
ALH and CALIOP ALHgy as a function of the retrieved
UVAI (Fig. 4a) shows that for most cases the UVAI is be-
low 2.0. The spread of the differences in this UVAI regime is
large, which reduces as the UVAI increases. The differences
seem to be less often positive as the UVAI increases; if com-
pared with the behaviour observed between Fig. 2a and b,
where a majority of the positive differences vanish once the
data are cloud screened, such a behaviour could be related
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to clouds. The distribution of the differences as a function
of retrieved AOT in Fig. 4b shows that a majority of the co-
locations have AOT values between 0 and 2. Finally, the dis-
tribution of these differences as a function of the GOME-2
LER values used for the retrievals for cases over land shows
that the retrievals tend to have a lower difference as the LER
value increases — this could be a consequence of the fact that
so few retrievals converge in high LER regimes that, unless
the aerosol layer has a significant contribution to the mea-
sured top-of-atmosphere radiance in comparison to the sur-
face, the retrievals tend to fail.

Retrieved ALH over land (if successful) can be closer
to the surface than where the aerosol layer actually is sit-
uated vertically. The TROPOMI ALH product, unlike the
CALIOP ALHg, which only considers aerosol signatures
in the recorded backscatter profile, is also influenced by the
presence of undetected clouds. These are some of the sev-
eral possible sources of departures between the observations
of CALIOP and TROPOMI over the same scene. In the
next section, the comparison between TROPOMI ALH and
CALIOP ALH.y; is extended for a few selected scenes.

3.2 Analysis of selected cases
3.2.1 Selected cases

The analysis presented in the previous section alone is
insufficient to fully quantify the quality of the retrieved
TROPOMI ALHs, due to the manner in which clouds are
handled by both aerosol heights; TROPOMI pixels are
affected by the presence of undetected clouds, whereas
CALIOP aerosol extinction profiles do not consider clouds.
Another significant source of departure between TROPOMI
and CALIOP is their different sensing principles. Making
conclusions on the quality of the current TROPOMI ALH
product requires case-by-case studies of selected scenes. In
line with this, four cases are selected to represent a very
good mix of scenes containing elevated aerosol layers as
well as aerosol layers close to the surface, high and low
UV aerosol index, clear and cloudy scenes, clouds over and
below aerosol layers, multiple aerosol layers, and retrievals
over land and the ocean.

The cases selected are Saharan desert dust and biomass
burning events: three off the west coast of Sahara (desert
dust) in June 2018 and one off the southern Saharan coast
(biomass burning) in December 2018. All four cases have
very good co-locations between TROPOMI and CALIOP,
with the CALIOP ground track over the aerosol plumes (plot-
ted with a yellow line over the VIIRS images in Fig. 5, first
column). The operational ALH level-2 algorithm operates on
pixels falling within the sun-glint regime; however, they are
excluded from the analyses presented in this paper. The re-
trieved UV aerosol index (UVAI) from the operational level-
2 UVAI product gives an idea about the shape of the aerosol
plumes in all these cases (Fig. 5, second column). The UVAI
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Figure 4. Scatter density plots of the difference between TROPOMI ALH and CALIOP ALHeyx as a function of (a) TROPOMI UVAI,
(b) TROPOMI AOT and (¢c) GOME-2 LER for the oxygen A-band used for the TROPOMI retrievals for cases over land (with a minimum
surface albedo of 0.1). The colours represent density of plots. The y axis is optimised for each plot. The data are filtered in the same fashion
as in Fig. 2, with data over the ocean and land combined for plots (a) and (b) and data only over land for plot (c).

is influenced by many factors including the ALH, with lower
UVALI values for aerosol layers closer to the surface (dis-
cussed further in Appendix B). Cases a and b contain several
pixels with UVAI values greater than 3.0, whereas a major-
ity of the TROPOMI pixels in cases ¢ and d have TROPOMI
UVALI values between 0.0 and 2.0. A significant majority of
successful retrievals in these selected scenes are over a dark
surface, owing to the bright surface albedo of the Sahara. The
reader is referred to Griffin et al. (2020) for comparison of
the TROPOMI ALH retrievals over land for biomass burning
aerosol plumes with the same from several other instruments
including CALIOP.

It is important to note that spaceborne lidars, while having
the advantage of being able to map more than one vertical
layer in the atmosphere, suffer from attenuation of the signal
in the presence of strongly backscattering components such
as clouds or aerosols with a large optical depth. In the pres-
ence of a primary strongly backscattering aerosol layer, the
attenuation of the signal may lead to undetected secondary
aerosol layers beneath the primary layer. These layers, not
apparent in the CALIOP curtain plots of the measured at-
tenuated backscatter profiles, may be detected by the level-2
aerosol extinction profile product from the CALIOP mission,
using the formula described in Eq. (2). Some of these dis-
cussed situations are observed in the CALIOP curtain plots
of the selected cases in Fig. 6, especially for cases a and b
where the attenuated signal does not detect possibly lower
aerosol or cloud layers and in case d where the attenuation
of the signal due to a thick aerosol plume can hide the sur-
face from the received backscatter signal. TROPOMI, on the
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other hand, will tend to report an ALH between these two
layers as it will be influenced by photons scattered back from
both layers.

3.2.2 Analysis

The retrieved TROPOMI ALH in Fig. 5 (fourth column) rep-
resent successful retrievals for each of the selected cases. Be-
yond the sun-glint warning, the cloud_warning flag in Ta-
ble 1 is applied to remove possibly cloud-contaminated data.
The retrieved aerosol optical thickness (AOT), which is a part
of the state vector, for each of the scenes are plotted over the
VIIRS image of the scene in Fig. 5 (third column). The re-
trieved AOT (t,¢r) can act as a diagnostic tool to indicate the
influence of the surface (over bright surfaces) or the presence
of undetected clouds (both over bright and dark surfaces) —
in these cases, the retrieved AOT of the scene can be un-
characteristically high with values much greater than 3.0. All
retriecved TROPOMI AOT values beyond 5.0 are discarded
as the neural network forward models are trained with AOT
values less than or equal to 5.0.

A visual inspection of Fig. 5 shows that the retrieved
UVAIL AOT and ALH values need not be spatially corre-
lated, as they are separate properties of the observed aerosol
plumes — for instance, if the retrieved UVAI and AOT are
low (case c), the retrieved ALH need not necessarily be low.
An inspection of the retrieved AOT values for cases ¢ (be-
tween latitudes 10 and 15° and longitude —20°) and d re-
veals square structures, both over the ocean and land. These
square-shaped spatial artefacts are the surface albedo grids
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Figure 5. First column: corrected reflectance for the four selected cases as measured by the Suomi NPP/VIIRS imager. The yellow line
represents the CALIOP ground track. Second column: the TROPOMI level-2 UV aerosol index product. The black line passing through the
TROPOMI level-2 retrievals on this plot represents the ground track of the CALIPSO mission. Third column: retrieved AOT from TROPOMI.
Fourth column: operational TROPOMI ALH.

derived from the database provided by Tilstra et al. (2017), This is within expectation, as measurements of the top-of-
which is the current source for surface reflectance in the atmosphere radiances over a cloud-free desert scene tend to
ALH retrieval algorithm. In case c, the retrieved AOT con- contain more photons scattered back from the surface than
tains surface information influenced by the assumed albedo the aerosol layer. As a result, retrievals over bright scenes
in the database. These spatial features are not as apparent in are sensitive to the assumed errors in the surface albedo,
cases a and b (Fig. 5, first and second rows) as a majority of thereby reducing sensitivity to the assumed ALH (Sanders
the signal in the measured top-of-atmosphere radiances come etal., 2015, Sect. 2, Fig. 2).

from aerosols and the minority from the surface. Another While scenes not contaminated with clouds show a smooth
major observation is the lack of retrievals over the desert. spatial distribution of the retrieved ALH, the presence of
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Figure 6. CALIOP level-1 backscatter curtain plots for measurements in the 532 nm channel for the four selected cases in Fig. 5. The blue
markers (crosses over a white box) represent co-located TROPOMI ALH retrievals within 100 km of each CALIOP profile present in this
plot. The black markers (crosses over a white box) represent the CALIOP weighted aerosol heights as computed using Eq. (2). TROPOMI
data that are either in the sun-glint region or cloud contaminated are removed (cloud detection is done using the cloud_warning flag from

Table 1).

clouds may or may not add spatial variability in the ALH
product. For instance, the presence of low clouds is clear
in case b (Fig. 5b) beyond latitude 21.0°, but the retrieved
ALH is spatially homogeneous with values less than 1.0 km.
For each of the selected cases, co-located CALIOP profiles
in Fig. 6 give additional information about the scene. These
TROPOMI-CALIOP co-locations are done via the method
discussed in Appendix A. The CALIOP curtain plot for case

Atmos. Meas. Tech., 13, 3043-3059, 2020

b reveals the influence of low clouds as well as high clouds on
the cloud-screened ALH. An example of cloud-contaminated
heterogeneous vertical distribution of TROPOMI ALH in
Fig. 6a can be observed between latitudes 9.5 and 11.0°. The
cloud filtering following the cloud_warning flag in Table 1
does not detect these low clouds (for instance above latitude
21.5°; see Fig. 6a, b). These are manually removed for com-
parison further on.
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Figure 7. Comparison between the CALIOP weighted extinction
heights (y axis) calculated using Eq. (2) and plotted in Fig. 6
against averaged TROPOMI ALH (x axis). The blue lines repre-
sent the standard deviation of the TROPOMI heights in the averag-
ing pool, and the markers represent the mean TROPOMI ALH for
each CALIOP ALHgy;. The dashed black line marks the fit between
CALIOP ALHext and TROPOMI ALH. The solid black line is a
neutral line between the x and the y axes. The legend in the bottom
right corner describes the different markers used for the different
cases. The colours represent the cases — blue for case a, yellow for
case b, green for case ¢ and red for case d.

From Fig. 2b, TROPOMI retrievals of ALH over bright
surfaces are expected to differ from CALIOP ALHey,
wherein the TROPOMI ALH product may report ALH es-
timates closer to the surface than CALIOP will. This is ob-
served in case d (Fig. 5, bottom row), wherein the CALIOP
curtain plot for Fig. 6d indicates that the plume is close to the
surface, with a maximum height less than 3 km; TROPOMI
ALH for biomass burning aerosol plume that extends from
land to the ocean is slightly closer to the surface in the case of
land when compared to CALIOP ALH.y, whereas over the
ocean both height estimates are more or less in agreement.

For cases a and b, retrieved TROPOMI ALH does not
seem to coincide with large values of the received backscat-
ter signal in the level-1 data, whereas it does for case ¢ and to
a certain extent for case d (over land it tends to be closer to
the surface). Parts of the CALIOP curtain plots for cases a,
b and c suggest the existence of a possible second layer be-
neath the layer that is visually obvious or that the desert dust
layer extends deeper to the surface and the CALIOP signal is
simply too attenuated to detect it.

A direct comparison of the CALIOP ALHg and
TROPOMI ALH for these four selected cases is presented
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in Fig. 7. For this comparison, every cloud-filtered and sun-
glint-filtered TROPOMI pixel with ALH information co-
located to a specific CALIOP level-2 aerosol extinction pro-
file in Fig. 6 is averaged and a standard deviation is also com-
puted. These averaged TROPOMI ALH values are then com-
pared to the CALIOP ALH and show that TROPOMI ALH
differ from CALIOP ALHc by 0.53km, with a Pearson
correlation coefficient of 0.64 and a slope of 1.0; CALIOP
ALHgy; are systematically higher than TROPOMI ALH (in-
dicated by a y intercept of the fit at 0.53 km). The CALIOP
ALHgy, is also higher than TROPOMI ALH almost consis-
tently in most cases. This could possibly be due to CALIOP
possibly underestimating the aerosol layer thickness due to
strong attenuation of the lidar signal at the top of the aerosol
layer (Rajapakshe et al., 2017), whereas TROPOMI ALH
product does not suffer from such attenuation.

4 Discussion and conclusion

This paper discusses the quality of the soon to be released
TROPOMI ALH product by comparing it with CALIOP data
of co-located measurements of scenes containing aerosols
between the two instruments. In order to do so, CALIOP
weighted extinction heights from the 532 nm channel were
calculated following Eq. (2) and then directly compared to
TROPOMI ALH. Further on, four individual cases of Saha-
ran desert dust and biomass burning aerosol events in 2018
were selected for a deeper analysis of the product’s quality.
From the analysis presented in this paper, TROPOMI’s
neural network ALH retrieval algorithm retrieves ALH val-
ues that compare well with CALIOP weighted extinction
heights in cloud-screened cases following the cloud screen-
ing strategy using the TROPOMI ALH level-2 processing
quality flags discussed in Table 1. For more than 1 million co-
locations between CALIOP and TROPOMI over the ocean,
the TROPOMI ALH differs from CALIOP ALH¢ by ap-
proximately —1km on average and —0.76 km median, with
the TROPOMI ALH values being lower than the CALIOP
ALHgy. Over land, the same values are —2.41 km on aver-
age and —1.75 km as the median. To get a better understand-
ing of the differences between TROPOMI and CALIOP re-
trieved aerosol heights, this paper compared the ALH for se-
lected cases among the more than 1 million co-locations that
were better understood. The four selected scenes were cho-
sen around the western part of the Sahara, where a majority
of the TROPOMI-CALIOP co-locations were found. For the
selected cases, largely over the ocean within a portion of the
data over land, the averaged retrieved ALH from TROPOMI
differed from CALIOP ALHgy by 0.53 km, with CALIOP
ALHgy; being higher than TROPOMI ALH. These numbers
are indicative that TROPOMI ALH performs well, especially
considering the many simplifications made by the retrieval
algorithm in order to optimise the computational speed; fu-
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ture improvements to the forward model may only improve
the product further.

There is a clear distinction between TROPOMI ALH re-
trievals over land and the ocean as photons scattering back
from bright surfaces tend to influence ALH estimates closer
towards the surface than an elevated aerosol layer. Retrieved
ALH over land, if successful, can be closer to the surface
if measured signal in the top of atmosphere contains more
photons scattered back from the deepest atmospheric layer,
which is the surface, in comparison to elevated aerosol lay-
ers which are higher up in the atmosphere. This, however,
can change depending on the amount of aerosol information
available in the spectrum compared to the same from the sur-
face. Any attempt at retrieving ALH over the desert generally
fails, with very few exceptions. There are several challenges
that will need further development.

The TROPOMI level-2 UVAI product is currently an in-
gredient in selecting pixels containing aerosols for retrieving
ALH. While this choice works quite well for cloud-free sce-
narios, it does not do a great job when a scene that contains
both aerosols and clouds. These cloudy scenes do not seem
to be detected by the current cloud-filtering schematic in the
level-2 algorithm, and they will require a significant update in
deciding whether a pixel is cloudy or not. For cases of scenes
with a low aerosol load, square-shaped artefacts resulting
from a surface albedo database with a resolution significantly
lower than TROPOMI exist. Currently, the GOME-2 surface
LER product derived from Tilstra et al. (2017) is used opera-
tionally and will eventually need to be updated with a higher-
resolution version possibly derived from TROPOMI itself.
To that extent, owing to the boost in the computational speed
of the radiative transfer calculations, the algorithm can now
incorporate more complex aerosol property and profile pa-
rameterisations. Such a step will benefit the TROPOMI ALH
retrieval accuracy significantly.

Atmos. Meas. Tech., 13, 3043-3059, 2020

Finally, space-based lidar (such as the CALIOP instrument
on the CALIPSO mission) is a very good tool to retrieve
aerosol vertical information to validate the TROPOMI ALH
product. While the CALIOP level-1 backscatter profiles may
be attenuated in cases of very strong signals from the top of
the aerosol layer, the weighted extinction heights in conjunc-
tion with the backscatter profiles are sufficient for validation
activities. These CALIOP profiles will be very important in
assessing the impact of future development activities of the
TROPOMI ALH product.
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Appendix A: Co-location

The co-location between TROPOMI and CALIOP ground
pixels is done in the following manner. First, the geo-
graphic coordinates of CALIOP level-1 backscatter profiles
and level-2 aerosol extinction profiles are converted into
the Cartesian coordinate system. These CALIOP coordi-
nates are fed into a k-dimensional tree, which is a fast algo-
rithm developed by Maneewongvatana and Mount (1999) to
quickly locate the nearest neighbour of a point a (TROPOMI
ground pixel) to a k-dimensional tree of points (CALIOP
ground pixels). The scipy.spatial. KDtree module (Manee-
wongvatana and Mount, 1999) in Python 3 is used to create
the k-dimensional tree of the ground coordinates of CALIOP
profiles (separate for level-1 and level-2 data). Second, all
TROPOMI ground pixel coordinates are converted to Carte-
sian coordinates. For each of these TROPOMI pixels, the
distance to the nearest CALIOP profile is queried using the
scipy.spatial. KDtree.query function. This creates a list of
TROPOMI pixels, their nearest CALIOP profile and a dis-
tance in metres. Finally, only co-locations with a maximum
distance of 100km and a maximum time difference of 5h
are selected. A map of all 2474 042 co-locations (in Fig. A1)
shows that most of the co-locations are close to the con-
tinent of Africa. After filtering out all co-locations in the
TROPOMI sun-glint region, all retrieved AOTs greater than
5.0 (as the neural network is trained for all AOT less than
5.0), and ocean pixels with a surface albedo greater than
0.05 and land pixels with a surface albedo less than 0.1 and
greater than 0.4, there are in total 731 347 TROPOMI pixels
entirely over land and 1742695 pixels entirely over water
(see Fig. 2a). After cloud screening using the cloud_warning
flag in Table 1, a total of 546445 pixels over land and
1036 550 pixels over the ocean remain (see Fig. 2b).

Appendix B: UVAI sensitivity to ALH

It is well documented that the UVAI depends on ALH
(Herman et al., 1997; Torres et al., 1998; de Graaf, 2005;
Sun et al., 2018). Absorbing aerosols mainly interact with
molecular scattered radiation beneath the aerosol layer. The
higher the layer, the more Rayleigh scattering underneath
is shielded, leading to a high UVAI value (Fig. A2a). This
altitude dependence increases with aerosol single scatter-
ing albedo and aerosol loading (i.e. AOT), whereas it be-
comes weaker over brighter surfaces where the importance
of molecular scattering reduces significantly (Fig. A2b).
On the other hand, little altitude dependence is found for
non-absorbing aerosols (i.e. SSA =0.99, single scattering
albedo). The conclusions from this synthetic experiment are
reproduced with real TROPOMI data in a separate article,
where for retrieved ALH for pixels with a UVAI greater than
1 for measurements from TROPOMI showed an increase in
the correlation as well as the slope between ALH and UVAI
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N = 2474042

Figure A1. A map of all TROPOMI-CALIOP co-locations consid-
ered for Fig. 2 (data filtering discussed in Appendix A).

for an increase in MODIS AOT values for the same scenes.
That article has been submitted to Atmospheric Chemistry
and Physics and awaits review (Sun et al., 2020).
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Figure A2. Sensitivity analysis of UV aerosol index to show the influence of different aerosol properties on the UVAI The aerosols in these
analyses have a Henyey—Greenstein scattering phase function with an asymmetry factor of 0.7; an Angstrém exponent of 1.0; viewing zenith
angle of 0°; and the solar azimuth angle and the viewing azimuth angle of 0 and 60°, respectively; the surface pressure is 1013 hPa and,
for this specific case, the solar zenith angle 6 is 30°. The y axis is the UVAI for 340 and 380 nm, whereas the x axis is the height of the
geometric centroid of the aerosol layer (in hPa, Haer). The legends in each of the plots describe the different configurations chosen for these
sensitivity analyses. Panel (a) looks into the sensitivity of UVAI with a fixed surface albedo of 0.05, and panel (b) does the same for a fixed

AOT of 0.5.
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