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Abstract. The TOPAS (Tikhonov regularised Ozone Pro-
file retrievAl with SCIATRAN) algorithm to retrieve verti-
cal profiles of ozone from space-borne observations in nadir-
viewing geometry has been developed at the Institute of
Environmental Physics (IUP) of the University of Bremen
and applied to the TROPOspheric Monitoring Instrument
(TROPOMI) L1B spectral data version 2. Spectral data be-
tween 270 and 329 nm are used for the retrieval. A recali-
bration of the measured radiances is done using ozone pro-
files from MLS/Aura. Studies with synthetic spectra show
that individual profiles in the stratosphere can be retrieved
with an uncertainty of about 10 %. In the troposphere, the
retrieval errors are larger depending on the a priori pro-
file used. The vertical resolution above 18 km is about 6—
10km, and it degrades to 15-25 km below. The vertical res-
olution in the troposphere is strongly dependent on the so-
lar zenith angle (SZA). The ozone profiles retrieved from
TROPOMI with the TOPAS algorithm were validated using
data from ozonesondes and stratospheric ozone lidars. Above
18 km, the comparison with sondes shows excellent agree-
ment within less than +5 % for all latitudes. The standard
deviation of mean differences is about 10 %. Below 18 km,
the relative mean deviation in the tropics and northern lati-
tudes is still quite good, remaining within £20 %. At south-

ern latitudes, larger differences of up to +40 % occur be-
tween 10 and 15km. The standard deviation is about 50 %
between 7-18 km and about 25 % below 7 km. The valida-
tion of stratospheric ozone profiles with ground-based lidar
measurements also shows very good agreement. The relative
mean deviation is below 5 % between 18—45km, with a
standard deviation of 10 %. TOPAS retrieval results for 1d
of TROPOMI observations were compared to ozone profiles
from the Microwave Limb Sounder (MLS) on the Aura satel-
lite and the Ozone Mapping and Profiler Suite Limb Profiler
(OMPS-LP). The relative mean difference was found to be
largely below £5 % between 20-50km, except at very high
latitudes.

1 Introduction

Ozone is one of the most important trace gases in the Earth’s
atmosphere. The stratospheric ozone layer is of particular im-
portance for humans because it protects the biosphere from
biologically damaging ultraviolet radiation (UV). Ozone is a
harmful gas and a strong oxidant. Consequently, in the tro-
posphere it impacts negatively on human health, ecosystem
services, and agriculture. Furthermore, tropospheric ozone is

Published by Copernicus Publications on behalf of the European Geosciences Union.



6058

a potent greenhouse gas. Ozone also plays an important role
in many aspects of atmospheric chemistry, physics, and dy-
namics. In the stratosphere, ozone is mainly determined by
the Chapman cycle (Chapman, 1930) and catalytic loss cy-
cles (Bates and Nicolet, 1950; Salawitch, 2019). The ozone
layer heats the stratosphere and thus leads to a vertical tem-
perature maximum (“inversion layer”). The cooling of the
stratosphere by ozone depletion and due to climate change is
still a subject of research today. Ozone received much pub-
lic attention when in the 1980s its enormous reduction was
observed during Antarctic spring (Farman et al., 1985). This
so-called ozone hole is the result of human-made chloroflu-
orocarbon compounds and is still part of scientific research
today. The recovery of the ozone hole is monitored continu-
ously (World Meteorological Organization, 2018). In order to
separate dynamical and chemical effects on ozone that vary
with altitude, it is not sufficient to limit measurements to total
ozone column amounts. The key to ozone monitoring is the
precise measurement of its vertical distribution at high spatial
and temporal resolution. Two common and accurate methods
to measure ozone profiles are ozonesondes and lidars (light
detection and ranging). However, neither technique can pro-
vide sufficient spatial and temporal coverage. For this reason,
the determination of a global ozone distribution is only pos-
sible from satellite data.

In addition to the nadir-viewing geometry used here, the
atmosphere can also be scanned using limb and solar (lu-
nar/stellar) occultation viewing. This technique has been
used among others by OSIRIS (launched 2001; Llewellyn
et al., 1997), SCIAMACHY (launched 2002; Burrows et al.,
1995), MLS (launched 2004; Waters et al., 2006), SAGE
IIT (launched in 2001 on Meteor-3M and in 2017 on ISS;
Cisewski et al., 2014), and OMPS-LP (launched 2011; Jaross
et al., 2014). Ozone profiles from limb and occultation data
generally have higher accuracy and a higher vertical reso-
lution than nadir-viewing instruments (Hassler et al., 2014).
However, the typical along-track spatial resolution is much
higher for nadir instruments (6 to 200 km). There is currently
the risk of a gap in limb observations in the future, since only
very few new limb missions are being planned, while ob-
servation programmes using nadir-viewing satellites extend
well into the 2040s (EUMETSAT, 2021).

In 1957 a first theoretical retrieval of vertical profiles of
ozone from space using passive remote sounding in the ul-
traviolet (Singer and Wentworth, 1957) was described. UV
radiation has a lower penetration depth into the atmosphere at
shorter wavelengths, thus permitting the retrieval of vertical
ozone profiles using radiation backscattered from the atmo-
sphere and measured by nadir-viewing satellite instruments.
With the launch of NIMBUS 4 in 1970 and the backscat-
ter ultraviolet (BUV) spectrometer instrument on it, the mea-
surement of vertically resolved ozone in the atmosphere from
space became possible. Regular and continued daily observa-
tions started with the solar backscatter ultraviolet instruments
SBUV (1978) and SBUV/2 (since 1985). The SBUV ozone
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profile retrieval uses up to 12 discrete wavelengths (Bhartia
etal., 1996). Beside nadir ozone retrieval using the ultraviolet
spectral region, the infrared range is also convenient. Nadir
sounding in the thermal infrared has a higher sensitivity to O3
in the upper troposphere and lower stratosphere (Turquety et
al., 2002).

The first space-borne measurements of contiguous spectra
in the ultraviolet and visible spectral regions at sufficiently
high spectral resolution were made by the Global Ozone
Monitoring Experiment (GOME) instrument (Burrows et al.,
1999). These data were used to retrieve ozone profiles from
measurements of GOME (Burrows et al., 1999). Munro et
al. (1998) demonstrated that the ozone profiles retrieved us-
ing the optimal estimation technique were particularly sensi-
tive to the lower stratosphere and the troposphere. Hoogen
et al. (1999) highlighted the need for absolute calibration
of the satellite measurements to obtain reliable results from
GOME. Hasekamp and Landgraf (2001) chose a slightly dif-
ferent retrieval approach using a Tikhonov regularisation,
which employs smoothing constraints, instead of the optimal
estimation method, that relies on a priori constraints from an
ozone profile climatology. van der A (2002) recalibrated the
measured spectra from GOME in order to further improve
the GOME ozone profiles. Liu et al. (2005) showed that with
an extensive spectral correction and a correction of the wave-
length scale, information on tropospheric ozone can be fur-
ther improved.

With the subsequent instruments SCIAMACHY (2002),
OMI (2004), and GOME-2 (2006), the spatial resolution of
the measurements was improved. Using the OPERA algo-
rithm, van Peet et al. (2013) were able to determine ozone
profiles using data from multiple instruments (GOME and
GOME-2) with identical settings to obtain for the first time a
merged time series, which required a subsequent correction
of calibration offsets and a correction for degradation. Miles
et al. (2015) developed a retrieval algorithm for GOME-2,
which consists of three steps and aims at an even more accu-
rate determination of tropospheric ozone. In the first step, the
stratospheric profile is determined from shorter wavelengths
of the Hartley ozone absorption band (266-307 nm), in the
second step the surface albedo is retrieved using the radiance
at 336 nm, and in the last step, the tropospheric profile is re-
trieved only from the Huggins ozone band (323-335 nm). For
OM]I, Liu et al. (2010) showed that ozone retrieval with good
accuracy (up to 10 % in the troposphere) is possible after a
spectral recalibration of the Level 1 data.

With the launch of Sentinel 5 Precursor (S5P) in Oc-
tober 2017, the TROPOspheric Monitoring Instrument
(TROPOMI) is another nadir-viewing spectrometer operat-
ing in the UV-Vis and SWIR spectral range. It is a follow-
up of OMI and SCIAMACHY. Using TROPOMI data, it is
possible to continue time series of past and current instru-
ments into the future. The particular advantage of TROPOMI
is its unprecedented spatial resolution of 28.8 x 5.6 km? in the
UV1 band.

https://doi.org/10.5194/amt-14-6057-2021
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The main objective of this study is the first evaluation of
UV radiance data from TROPOMI for the ozone profile re-
trieval with the TOPAS (Tikhonov regularised Ozone Profile
retrievAl with SCIATRAN) approach, which is the successor
of the FURM (Full Retrieval Method) algorithm (Hoogen et
al., 1999). The latest in-flight analyses showed that a recal-
ibration was necessary, especially in the UV range, which
leads to an improved level 1B (L1B) spectral data version
to version 2 (Ludewig et al., 2020). Since the determination
of ozone profiles requires even higher absolute accuracy of
the spectra, additional steps in the calibration correction are
needed and are presented in this paper.

In the future, an operational TROPOMI ozone profile L2
product will also be provided by ESA/KNMI (ESA/KNMI,
2021a). Due to the ongoing recalibration, this is currently
delayed and is expected to be released after summer 2021.
So far, the L1B version 1 TROPOMI data in band 3 (314—
340 nm) have been used by Zhao et al. (2020) to determine
tropospheric ozone and investigate its changing distribution
due to the Covid-19 pandemic. Their profile retrieval was
limited to the UV3 band because of larger systematic radi-
ance differences in band UV1 and larger fitting residuals in
band UV2. The ozone profiles were derived using optimal
estimation, and a soft calibration was applied as well. Due to
the narrow spectral window, the vertical resolution of their
retrieval is very limited (1.5-2 degrees of freedom).

This paper is structured as follows. Section 2 describes the
data used in this paper. The TOPAS retrieval method is de-
scribed in Sect. 3, and in Sect. 4 the retrieval quality based
upon a sensitivity study using synthetic spectra is provided.
Section 5 discuss the additional implemented calibration cor-
rection. In Sect. 6, the TOPAS ozone profile retrieval is vali-
dated with ozonesondes and lidar measurements. First results
and a comparison to MLS and OMPS limb measurements are
shown in Sect. 7. Finally, a summary is given in Sect. 8.

2 Measurement data

Beside TROPOMI measurements, which are used to retrieve
ozone profiles, data sets from other instruments are used in
this study for calibration and validation purposes. In particu-
lar, ozone profiles from collocated MLS measurements are
used to derive calibration corrections for TROPOMI radi-
ances. In addition, these profiles are exploited, together with
OMPS-LP data, for an initial verification of the ozone pro-
files retrieved from TROPOMI. A more extensive validation
is performed using globally distributed ozonesonde and lidar
measurements.

2.1 TROPOMI
TROPOMI (TROPOspheric Monitoring Instrument) is a

nadir-viewing spectrometer and the only instrument on the
Sentinel-5 Precursor (S5P) satellite launched in October

https://doi.org/10.5194/amt-14-6057-2021
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2017. S5P is part of the Copernicus Earth observation pro-
gramme and is designed to prevent a potential gap in global
atmospheric monitoring that could arise between existing
missions such as OMI and GOME-2 and the upcoming
Sentinel-4 and Sentinel-5 (Fletcher and McMullan, 2016).
S5P is in a sun-synchronous orbit with an Equator cross-
ing time of 13:30 local time (LT). TROPOMI consists of
four spectrometers in the UV, UVIS, NIR and SWIR spec-
tral range. For the ozone profile retrieval, UV1 and UV2
bands are used. Both are located on the same CCD detector.
The wavelength range of UV1 extends from 267 to 300 nm
and that of UV2 from 300 to 332 nm. The spectral resolu-
tion of both bands is 0.5 nm, and the sampling is 0.065 nm.
The high spatial resolution of TROPOMI is worth mention-
ing. One measurement pixel in the middle of the swath cov-
ers 28.8 x 5.6 km? (across track x along track) in UV 1 and
3.6 x 5.6km? in UV2. The difference between the two chan-
nels comes from the different binning factors that are already
applied on board. As the intensity of the measured radiation
below 300 nm is much lower, the detector pixels in UV1 have
to be binned to get an adequate signal-to-noise ratio (SNR).
For the ozone profile retrieval, the sampling of UV1 and UV2
has to be matched. To further improve the SNR in both bands,
additional binning is applied before the retrieval.

In the middle of the swath 1 UV1 pixel and 8 UV2 pixels
are binned in the across-track direction, while in the along-
track direction 8 pixels are binned for both UV1 and UV2.
At the far end of the swath, the UV1 pixels have half size in
the across-track direction, and therefore 2 UV 1 pixels have to
be binned here to obtain the same size of the 8 UV2 pixels.
That results in a spatial sampling of about 45 x 45 km? for all
pixels. This additional binning reduces the computation time
per satellite orbit.

In this study, we use the L1B product of an updated pro-
cessor version (version 2.0), which is available from the end
of 2019. Details of the pre-launch calibration and of the V2
update can be found in Ludewig et al. (2020). Only the V2
update is of sufficient quality for the ozone profile retrieval.
At the moment, only a limited data set of version 2.0 is avail-
able. The data have not yet been officially released. Modifi-
cations in V2 data are still possible until the official release.
Between June 2018 and October 2019, data from 2 weeks ev-
ery 3 months are processed (all in all around 12 full weeks).
TROPOMLI, like all instruments of this type, also shows drift
and degradation effects in the UV channels. Since the same
optical path is used for measuring radiance and solar irradi-
ance, these effects cancel to a large degree in the retrieval us-
ing sun-normalised radiances. Remaining uncertainties due
to errors or changes in the absolute radiometric calibration
need to be corrected for. This calibration correction was per-
formed for UV1 and UV2 bands by comparisons with OMPS
solar data. The measured TROPOMI irradiance in the wave-
length range between 270 and 332 nm is between 5 % and
15 % lower and was corrected by these values in version 2 of
the L1B product (Ludewig et al., 2020).

Atmos. Meas. Tech., 14, 6057-6082, 2021
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For the ozone profile retrieval, all ground pixels are used
which do not have an error flag above 15 for “measure-
ment_quality” or a “ground_pixel_quality” flag greater than
32. The meaning of the flag values is described in the SS5P
Level 1B data documentation (Kleipool, 2018). In this study,
pixels with error flags like “sun glint possible” or “South At-
lantic Anomaly” are included. Besides the measured radi-
ance and irradiance, the signal-to-noise ratios contained in
the L1B product are used. Here, only single pixels which
have a mean SNR(UV1) > 20 or SNR(UV2) > 50 are ac-
cepted. These low SNR limits of the single pixels are then
increased by binning (with n pixels) as described above. A
Gaussian approach is used for the increasing binning factor:

SNRypinned = 1/ 1/n- Y i SNR?.

2.2 MLS

MLS is a forward-looking microwave limb sounder aboard
Aura that was launched in July 2004. It measures millimetre
and submillimetre emissions using seven radiometers which
cover a spectral region between 118 GHz and 2.5 THz (Wa-
ters et al., 2006). Aura is moving on a sun-synchronous or-
bit with an equatorial passing time of 13:45LT. MLS has a
spatial sampling of ~ 6 km across track and ~ 200 km along
track. Although TROPOMI and MLS do not operate on the
same satellite, their measurements are quite close. The maxi-
mum distance between the closest MLLS and TROPOMI pix-
els is 1000 km and 1.5 h.

MLS is an extensively characterised and validated in-
strument measuring among others vertical ozone profiles
(Froidevaux et al., 2008; Livesey et al., 2008). The temporal
stability was also shown by comparison with, for example,
lidar measurements (Nair et al., 2012). The approved vertical
range in which the ozone profiles may be used is between 9
and 75 km. The vertical resolution varies from 2.5 to 3.5 km
from the upper troposphere to the middle mesosphere. The
precision is estimated to be 5 %—-100% at 9-20km, 2 %—
4 9% at 20-45 km, and 7 %-30 % at 45-60 km (Livesey et al.,
2020). The accuracy varies from 7 % to 10 % in the tropo-
sphere and is around 5 % in the stratosphere. The level 2
product version 4.23, which we use, differs very little from
the previous versions, especially in the stratosphere.

2.3 OMPS

Another data set suitable for comparison with TOPAS ozone
profiles is provided by the Ozone Mapping and Profiler
Suite (OMPS) that was launched on board of the Soumi Na-
tional Polar-orbiting Partnership (SNPP) at the end of 2011.
SNPP has a sun-synchronous orbit with the ascending node
at 13:30LT. That means TROPOMI and OMPS operate in a
loose formation at a distance of less than 5 min. The measure-
ments used for the ozone profiles retrieval are taken from the
limb profiler (LP) and have been available since 2012 (Flynn
et al., 2014).

Atmos. Meas. Tech., 14, 6057-6082, 2021
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We compare the ozone profiles from TOPAS retrieval with
the OMPS-LP profiles retrieved at IUP Bremen by Arosio
et al. (2018). The vertical resolution of the OMPS-LP ozone
profiles varies from 1.5 to 4.5 km. The retrieval error result-
ing from the measurement noise is 1 %—4 % above 25km
increasing up to 10 %-30 % in the upper troposphere. The
accuracy varies from 5 %—10 % in the whole altitude range,
except in the lower tropical stratosphere where a bias of 10 %
with respect to ozonesondes is observed.

2.4 Ozonesondes

Balloon-borne ozonesondes provide a well-established data
set of in situ measured ozone profiles in the troposphere and
lower stratosphere. Ozonesondes can be operated up to an
altitude of approximately 35km and have a vertical reso-
Iution of 100-150 m depending on the design and environ-
mental conditions. The measurement precision is 3 %—5 %,
and the accuracy is 5 %—10 % (Deshler et al., 2008; John-
son, 2002; Smit et al., 2007). Ozonesondes have been used
in many studies on tropospheric and stratospheric ozone and
especially for the validation of satellite data (e.g. Kroon et
al., 2011; Jia et al., 2015; Huang et al., 2017; Hubert et al.,
2020).

The ozonesondes’ data for the validation come from
the World Ozone and Ultraviolet Radiation Data Cen-
ter (WOUDC) (WOUDC Ozonesonde Monitoring Commu-
nity et al., 2021) and the Southern Hemisphere Additional
Ozonesondes (SHADOZ) (Witte et al., 2017, 2018; Thomp-
son et al., 2017; Sterling et al., 2018). During the validation
period (June 2018 to October 2019) data from 26 WOUDC
and 9 SHADQZ stations were available. The stations are dis-
played in the map in Fig. 1. The collocation criteria for com-
parison with TROPOMI are 100 km maximum distance and
24 h maximum time difference. Within the 100 km radius of
the ozonesonde site, only the closest pixel in time is taken
for the validation. SHADOZ profiles were filtered to exclude
data that displayed “dropoffs” larger than 5 % (Stauffer et
al., 2020). In total, 231 WOUDC and 22 SHADOZ sonde
profiles were compared with TROPOMI ozone profiles.

2.5 Ozone lidar

For the validation of ozone profiles, particularly in the up-
per stratosphere, stratospheric lidar measurements are rec-
ommended. The high-power differential absorption lidars (or
DIALs) are designed for precise measurements of strato-
spheric ozone concentration from 20 to 50 km altitude. They
use two or more laser wavelengths with strong and weak
ozone absorption to measure the backscattered radiation and
determine the ozone concentration in the atmospheric layer
from their difference. In general, the estimated accuracy
of the lidar ozone profiles is 5% in the 15-50km range
(Leblanc et al., 2016). Like the ozonesondes, lidar measure-
ments are regularly used to validate satellite ozone profiles

https://doi.org/10.5194/amt-14-6057-2021
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Figure 1. Global distribution of ozonesondes (WOUDC and SHADOZ) and lidar measurements used for comparison with the TROPOMI
ozone profiles. The exact number and position can be found in Table S1 in the Supplement.

(e.g. Rozanov et al., 2007; Jiang et al., 2007; Hubert et al.,
2016).

For our validation, we used measurements from five li-
dar stations that are part of the NDACC network (de Maz-
iere et al., 2018). They are marked green in Fig. 1: Hohen-
peissenberg (Germany), Lauder (New Zealand), Mauna Loa
(Hawaii), Table Mountain (California), and Observatoire de
Haute Provence (France). For lidar measurements, we used
the same collocation criteria as for ozonesondes and found a
total of 177 collocation matches during the validation period.

3 Retrieval method
3.1 Inversion technique

The TUP Bremen retrieval algorithm, which will be referred
to as TOPAS, is based on the first-order Tikhonov regulari-
sation approach (Tikhonov, 1963), as described in detail by
Rodgers (2002). The relationship between the state vector x
that contains the atmospheric quantities to be retrieved and
the measurement vector y is given by the forward model op-
erator F'(x): y = F(x)+¢€, where € represents all errors. For
the linearisation of the problem, the derivative K of the for-
ward model is needed, that is called the Jacobian or weight-
ing function matrix:
oF (x)

K=——. ey

The linearised expression with the a priori state vector x, is
then

y=F(x,)+K(x—x,) +e. 2)

The inverse problem is ill-posed and can be solved by min-
imising the following norm:

Iy = Fxa) =K —xa) =€) llg-1 + 1 (x = xa)lls, = min.  (3)
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Here S, is the measurement error covariance matrix, and S,
is the regularisation matrix. The latter contains contributions
from both the zeroth- and first-order Tikhonov terms, given
by

Se =S +ySoT (S +vS, 4)

where the zeroth-order Tikhonov term is represented by the
a priori covariance matrix, S 1 (see, for example, Rodgers,
2002), S; is the first-order derivative matrix (see, for exam-
ple, Rozanov et al., 2011a) and y a scaling factor.

Since the problem is not linear, an iterative approach is
necessary. Here, a Gauss—Newton iteration scheme is used as
described in detail by Rodgers (2002). It should be noted that
in the first iteration, xo = x,. In the subsequent iterations, x
is replaced by the solution obtained from the previous iter-
ation, while x, remains fixed. The solution at iteration step
i + 11is given by

¥ip1 = %o+ [K'S;'K+8,]"
[K'S'(y = Fxi) = Sexi — xa)]. (5)

As in the TOPAS algorithm the relative deviations from the
a priori state are retrieved, the appropriate transformation of
the state vectors and Jacobian and regularisation matrix is
done:

~ -1 ~ -1 %
x,~+1=Xa Xi+1, vaXa xa=1, K:KXa

and §r = X,S:Xa, (6)

where 1 is the unity vector, and X, = diag{x,}. Equation (5)
is then written as

Xipi=1+ [IN(TS;11~(+§r]_II~(TSy_l(y — F(x;)
+KG&E - 1). (7)

Atmos. Meas. Tech., 14, 6057-6082, 2021
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We note that this transformation also affects the retrieval er-
ror matrix, Se, and the averaging kernel matrix, A. The matri-
ces for the transformed variables are related to those for the
standard inversion described by Rodgers (2002) as follows:

A=X;'AX, and S.=X;'S.X,. 8)
3.2 Retrieval algorithm

The TOPAS retrieval approach is structured as follows: first,
the a priori information in the first iteration or the results
from the previous iteration serve as input to the forward sim-
ulations with the radiative transfer model (RTM) in the next
iteration. A polarisation correction given by a lookup table
(LUT) is applied to the simulated intensities and will be de-
scribed later in this section. In a subsequent preprocessing
step, the calibration correction spectrum, the rotational Ra-
man scattering, and an offset correction are fitted to the ra-
diance spectrum and a first-order polynomial is subtracted.
Finally, the vertical ozone profile and a Lambertian (scalar)
surface albedo are retrieved using Eq. (7). An overview about
the relevant retrieval parameters is given in Table 1.

The inversion of the ozone profile is an ill posed mathe-
matical problem. Consequently, the retrieval needs to be con-
strained by a priori information. Information on total ozone
is needed because it helps to determine the ozone profile se-
lected from the climatology as a priori.

The a priori profiles for ozone are taken from the ozone
climatology of Lamsal et al. (2004), which contains ozone
profiles averaged from sonde and satellite data depending on
latitude, season, and total ozone. For each processed profile,
the a priori ozone profile is scaled with an initial value for
the total ozone. In order to obtain the best possible starting
point, the total ozone and the effective scene albedo from
the WFDOAS retrieval (Coldewey-Egbers et al., 2005; We-
ber et al., 2018) applied to TROPOMI is used. For the total
ozone amount a positive bias of 2 % in comparison to Brewer
and Dobson instruments was found (Orfanoz-Cheuquelaf et
al., 2021). Pressure and temperature profiles are taken from
the ERAS reanalysis (Hersbach et al., 2020). The effective
scene height accounts for cloud effects and is calculated us-
ing surface height, cloud coverage and cloud-top-height. The
cloud parameters are part of the operational ESA data prod-
uct (Loyola et al., 2018). The cloud fraction and cloud-top-
height are taken from the offline total ozone S5P product,
which contains the OCRA (Optical Cloud Recognition Al-
gorithm) cloud fraction and ROCINN_CRB (Retrieval Of
Cloud Information through Neural Networks, cloud as re-
flecting boundary) cloud altitude matched to the UV3 chan-
nel. The cloud-top-height and surface height are weighted
according to cloud coverage to determine the effective scene
height (Coldewey-Egbers et al., 2005). That enables cloudy
and cloudless pixels to be retrieved without a need to account
for clouds implicitly in the RTM.

The radiative transfer model SCIATRAN V4.1 is used
for the forward simulations (Rozanov et al., 2011a). The
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radiance in the wavelength range from 270 to 329 nm
is simulated with the spectral resolution and sampling of
TROPOMI. Polarisation and rotational Raman scattering are
omitted for reasons of computing time and are accounted for
using a lookup table . Instead of a full-spherical atmosphere,
a pseudo-spherical atmosphere is assumed, which accelerates
the calculation even more. In this approximation, the direct
solar beam is calculated for a fully spherical atmosphere,
while for the scattered light, a plane-parallel atmosphere is
assumed (Rozanov et al., 2000). This might, however, result
in larger errors for larger viewing angles. In this study we
use the fact that these errors are largely mitigated if the for-
ward model is run using the angles (viewing, solar zenith,
and azimuth) at the surface rather than those at the top of the
atmosphere (de Beek et al., 2004).

The radiance spectrum calculated by the RTM is corrected
for polarisation using a wavelength-dependent scaling factor.
To determine this factor, simulated spectra with and without
polarisation are taken from the LUT with appropriate values
for albedo, total ozone, geometric height, and viewing geom-
etry. These spectra are then convolved with the TROPOMI
instrument response function (ISRF) (ESA/KNMI, 2021b).
The ratio of both is then used as a correction factor to ac-
count for the polarisation effects.

To account for atmospheric and instrumental effects which
are not included in the forward modelling, the preprocess-
ing fit procedure includes three pseudo-absorbers and ac-
counts for a possible misalignment of the wavelength grids of
the measured and modelled spectra by performing shift and
squeeze correction (Rozanov et al., 2005). During the pre-
processing step, the original wavelength range is divided into
three spectral windows: 270-300 nm (UV1 for TROPOMI),
300-310nm (lower UV2) and 310-329nm (upper UV2).
For each of these spectral windows, pseudo-absorbers and
shift/squeeze corrections were fitted independently. The first
pseudo-absorber used in the fit, which accounts for the miss-
ing contribution from the rotational Raman scattering in the
forward model, is the Ring spectrum. The Ring spectrum is
obtained from LUT using the same procedure as for the po-
larisation correction spectrum (ratio of convolved radiances
modelled with and without rotational Raman scattering con-
tribution). The second pseudo-absorber represents the cali-
bration correction, which accounts for errors in the stray-
light correction and other systematic errors in the radiometric
calibration parameters. The calibration correction spectrum
is determined using the radiances modelled with ozone in-
formation from collocated MLS/Aura measurements as de-
scribed in details below. This pseudo-absorber, as shown in
Fig. 5, indicates a discontinuity around 300 nm. In the second
spectral window (300-310 nm), the scaling of the recalibra-
tion term is not sufficient to remove the discontinuity near
the channel boundary. Therefore, in this spectral window, a
linear polynomial is fitted by least squares and subtracted for
each fitting term separately. The third pseudo-absorber ac-
counts for a wavelength-independent offset in the radiance
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Table 1. Overview of the ozone profile retrieval settings.
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Parameter

Setting

Radiative transfer model

SCIATRAN V4.1

pseudo-spherical atmosphere
no polarisation and no rotational Raman scattering

Polarisation

not included in RTM, given by LUT

Rotational Raman scattering

not included in RTM, given by LUT

Regularisation

Tikhonov zeroth-order parameter: 11.11

Tikhonov first-order parameter: 0.007

Retrieved quantities

vertical ozone profile

scalar albedo

Wavelength range

270-329 nm for ozone profile

310-329 nm for scalar albedo

Ozone absorption cross-section

Serdyuchenko et al. (2014)

Ozone profile climatology

Lamsal et al. (2004)

Aerosols

no aerosols

Vertical grid

0-60 km, 1 km steps

spectra. To this end, the inverse of the solar spectrum is
scaled to the radiance spectra for each of the three spectral
windows (Rozanov et al., 2011b).

The Tikhonov regularisation was proven to be very ef-
ficient in dealing with non-linear ill-posed problems (e.g.
Hasekamp and Landgraf, 2001). The Tikhonov regularisa-
tion is particularly effective in smoothing oscillations, which
are typical of retrievals at a fine vertical grid.

In the main retrieval step, the first-order Tikhonov reg-
ularisation is employed, which ensures that the ozone pro-
file retrieval remains stable and converges, even if the num-
ber of independent pieces of information is much lower than
the total number of retrieval grid levels. As the zeroth-order
Tikhonov term, the inverse a priori covariance matrix, Sa_l,
is used. The a priori variance, which is intended to keep the
solution within the natural variability from its a priori value
(Rodgers, 2002), is set to 0.3 for both the Lambertian sur-
face albedo and ozone number densities at all altitude levels.
The assumed a priori variance for ozone is in generally good
agreement with the findings of Lamsal et al. (2004), who re-
ported the variability of ozone to be generally less than 30 %
in the upper stratosphere and up to 60 % in the troposphere.
In this study, we preferred to use the altitude-independent
(constant) a priori variance for ozone rather than the values
from the climatology as the latter might introduce vertical
irregularity in the retrieval sensitivity, distorting the shape
of averaging kernels and occasionally resulting in retrieval
artefacts. The strength of the first-order Tikhonov term is
controlled by the altitude-independent scaling factor y (see
Eq. 4), which is set to 0.007. The optimum value for this
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scaling factor is unknown, but through empirical studies we
found that this value has the largest information content in
the retrieval, and the rms between the measurement and for-
ward model is the smallest. The measurement error covari-
ance matrix, Sy, was filled with squared signal-to-noise ratio
(SNR) values, which for the TROPOMI instrument are re-
ported for each spectral measurement in the level 1B product.
The noise is a measure for the 1 standard deviation random
error of the radiance measurement, and it is assumed to be
spectrally uncorrelated; i.e. all off-diagonal elements of the
noise covariance matrix are set to zero.

The state vector comprises the ozone number densities at
the retrieval grid levels and the effective Lambertian surface
albedo. The vertical grid of the retrieval ranges from the ef-
fective scene height to the top of the atmosphere (at 60 km)
in steps of 1 km. Within each iterative step, the ozone profiles
and the effective surface albedo are retrieved independently;
i.e. no crosstalk between these parameters is considered. For
the ozone profile retrieval, the wavelength range from 270 to
329 nm is used, while the albedo retrieval is done using the
310-329 nm spectral range. A wavelength-independent (con-
stant) surface albedo retrieved from the wavelengths above
310nm is used in the next iterative step for the entire spec-
tral range. This is done because the radiation at shorter wave-
lengths barely reaches the ground, and, thus, the surface
albedo for wavelengths below 310nm is much more chal-
lenging to determine. We note that the retrieved effective
Lambertian surface albedo is not merely the surface reflec-
tion but also includes contribution from the backscattering
of the radiation by aerosols and clouds. The combined use
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of the effective scene height and effective albedo eliminates
the need to include the contributions from the tropospheric
aerosols and clouds in the forward modelling. The iterative
process ends when one of the two convergence criteria is ful-
filled: the change of the ozone number density in a selected
height range or the change of the spectral fit rms (the dif-
ference between the measured and modelled radiances) from
the corresponding values at the previous iterative step is be-
low 2 %.

4 Retrieval quality
4.1 Synthetic retrievals of ozone profiles

One of the widely used approaches to check the self-
consistency of the retrieval, investigate its sensitivity, and es-
timate uncertainties and biases in the retrieved parameters is
to undertake sensitivity studies. We call the data sets, used
in these sensitivity studies, synthetic retrievals of ozone pro-
files. To this end, the radiances are simulated using the for-
ward model for a representative set of geophysical scenar-
ios. The retrieval algorithm then runs with the simulated ra-
diances instead of the measured ones. The advantage of this
approach it that the true state of the atmosphere is known,
which is never the case for the real data.

In this study, the radiances are simulated in the spec-
tral range from 270 to 329 nm (TROPOMI UV1 and UV2
bands). The spectral resolution and sampling are set to 0.5
and 0.065 nm, respectively, which is in accordance with the
specifications of the TROPOMI instrument. All spectra are
simulated assuming a fully spherical atmosphere and multi-
ple scattering. The solar irradiance spectrum from Chance
and Kurucz (2010) convolved with the TROPOMI instru-
ment response function is used in the simulations. To investi-
gate the uncertainty associated with the usage of LUTs to ac-
count for the polarisation and the rotational Raman scattering
(see Figs. S1-S4 in the Supplement), the simulated radiances
were calculated with the following settings: (i) without both
the Ring effect and polarisation, (ii) with polarisation only
(no Ring effect), and (iii) including the Ring effect only (no
polarisation). Furthermore, the effect of the viewing and illu-
mination geometry as well as of the surface albedo on the re-
sulting retrieval uncertainties is investigated. The ozone pro-
files used to calculate the simulated radiances are taken from
the CAMELOT study (Levelt and Veefkind, 2009), whose
general objective was to establish the quality requirements
for air quality and climate monitoring by satellites. Three
ozone profile scenarios were selected: European background,
China polluted, and south polar. Furthermore, two variants of
the European ozone profile with enhanced tropospheric pol-
lution were created: one limited to enhancement in the plan-
etary boundary layer and the other enhanced uniformly over
the entire troposphere. The pressure and temperature profiles
were also taken from the CAMELOT scenarios. In Table 2,
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a complete overview of the parameters used in this study is
given. In total, 1500 synthetic spectra were generated.

The settings for the synthetic retrieval are kept as close as
possible to those of the real TROPOMI retrieval. However, a
few settings needed to be adjusted. Instead of a measured
solar spectrum, we use in the synthetic retrieval the solar
spectrum from Chance and Kurucz (2010) convolved with
the measured instrument response functions. The signal-to-
noise ratio is set in accordance with SNR values extracted
from selected TROPOMI measurements. For each scenario,
a TROPOMI measurement at possible closest conditions was
selected to extract the SNR values. Depending on the wave-
lengths and viewing and illumination geometry, typical SNR
values for binned TROPOMI pixels vary between 100 and
600 in the UV1 band and between 200 and 4000 in the UV2
band. The noise sequences are created with a Gaussian ran-
dom noise generator available within the SCIATRAN pack-
age. For each scenario, 50 independent noise spectra are gen-
erated. The synthetic retrievals use the same a priori ozone
profiles as for the real TROPOMI retrievals, while the ini-
tial guess for the surface albedo is set to a fixed value of 0.5.
Since neither calibration errors nor offsets are included in the
simulations, and the same RTM is used in the simulation and
retrieval, the calibration correction pseudo-absorber is turned
off in the synthetic retrievals.

4.2 Sensitivity study

An overview of the ozone profiles resulted from the syn-
thetic retrieval is shown in Fig. 2. The results for the five
CAMELOT profile scenarios for all viewing geometry set-
tings and both albedos are shown there. The three Euro-
pean profiles differ only at altitudes below 20km and are
intended to assess the sensitivity of the retrieval to the tro-
pospheric pollution. In the stratosphere, the ozone profile re-
trieval can reproduce true values very well. For the south
polar (panel d) and Chinese profiles (panel e), the a priori
profiles deviate from the true values by more than —25 % or
up to —1 x 10'® molec m—3. Despite the large differences be-
tween a priori and true profiles, the retrieval results are in a
good agreement with the true profiles. The retrieval in the
stratosphere seems to be nearly independent of the a priori
profile values, as indicated by the measurement response of
about 1 (not shown). Since the vertical resolution is limited,
a dependence on the shape of the a priori ozone profile re-
mains.

Above 50 km, the sensitivity of the retrieval decreases and
the deviations increase. This is explained by the fact that the
maximum of the ozone weighting functions at the shortest
wavelength lies at about 50 km. Below 25 km, the retrieval
results strongly depend on the ozone profile scenario used.
In general, the closer the a priori profile is to the true pro-
file, the smaller the retrieval error is. In scenarios with small
differences between the a priori and true profiles in the tropo-
sphere, the retrieval results seem reasonable. Between 20 and
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Table 2. Input parameters for the generation of synthetic spectra.
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Parameter Setting

RTM setting

No polarisation, no Ring effect

Polarisation, no Ring effect
No polarisation, Ring effect

Vertical ozone profiles

China polluted
South polar

European background
European background with uniformly polluted troposphere
European background with polluted boundary layer

Albedo 0.1, 0.8

Solar zenith angle (at satellite)

30°, 45°, 60°, 75°, 85°

Viewing angle (at satellite)

0°, 20°, 40°, 50°, 54°

Relative azimuth angle (at satellite)

0°, 180°

25 km, all profiles show small negative deviations. Here, the
vertical gradient of the ozone profiles is particularly strong,
and the retrieval is challenging because the averaging ker-
nels have strong contributions from the ozone peak located
above. Below 10km, the deviations are within 25 % for the
European profiles, (panel k) to (panel m), while for the other
two profiles, (panel n) and (panel o), the a priori seems to
be too far from the truth, so that the retrieval results cannot
reach the true values. For the same reason, somewhat larger
disagreement between the retrieved and true profiles is ob-
served in the lowermost stratosphere (18 to 25 km).

When the retrieval results are compared to observations or
data products having a higher vertical resolution, the latter
are usually convolved with the averaging kernels of the for-
mer. This also applies to the CAMELOT profiles used here
as they have a finer vertical structure than can be resolved by
the TOPAS algorithm. The convolution with the averaging
kernels is done as follows:

)e:xa‘f‘XaZX;](x_xa)s )

where x and X represent the original and the convolved
CAMELOT profiles, respectively, x, is the a priori ozone
profile, and A is the averaging kernel matrix corresponding
to the retrieval with the transformed variables (see Eq. 6). In
Fig. 2, x is shown in green. By applying the averaging ker-
nels, the comparison profiles are smoothed with the strongest
changes occurring in the troposphere, where the vertical res-
olution of the retrieval (as shown in Fig. 3) is lower. The
difference between the retrieval results and averaging kernel
smoothed comparison profiles is significantly smaller than
that without applying the averaging kernels. Overall, the de-
viations are below =10 % over the entire altitude range.

As a next step, we analyse essential retrieval diagnostics,
i.e. averaging kernel matrix (AK matrix), vertical resolu-
tion, and precision. They are shown for the European back-
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ground profile (solar zenith angle (SZA) 30°, viewing angle
(VA) 20°, relative azimuth angle (RAZ) 0°, albedo: 0.1) in
Fig. 3. The averaging kernel matrix consists of 61 x 61 en-
tries, the averaging kernels (AKs), one for each altitude level.
For the sake of clarity, AKs at every 5 km layers are shown
in panel (c). At altitudes between 20 and 45 km, the peaks
are clearly pronounced and centred at the nominal altitudes
of AKs. Above and below this region, the AK shapes are
strongly asymmetric. For example, at 15 km there is no clear
maximum. At this altitude, the retrieved profile is affected by
changes of the true profile in a wide range of altitudes with
the strongest contribution from the 12-21 km altitude region
and non-negligible influence from altitudes below 25 km to
the ground. For the layers below 20 km, a double peak shape
of AKs is observed. The averaging kernels for 0 and 5 km do
not differ much, which means that no vertical structure can
be resolved in the lower troposphere.

The vertical resolution of the retrieval calculated as the
inverse of the main diagonal of the AK matrix (Purser and
Huang, 1993) is shown in Fig. 3d. The best vertical reso-
lution of about 6 km is reached in the stratosphere between
30-40km. Above 50 km, the vertical resolution strongly de-
grades. As a consequence, we perform the TROPOMI re-
trieval only up to 60 km. In the upper troposphere at about
9 km, the vertical resolution locally degrades to about 20 km
and then improves again with the decreasing altitude down
to the boundary layer.

Figure 3e illustrates the influence of the measurement
noise on the retrieval results. The noise retrieval error calcu-
lated in the linear approximation using the Rodgers formal-
ism (Rodgers, 2002; Sect. 3.4.2, Eq. 3.30) is plotted in blue
and is around 0.2 %. The error is relatively small because
the SNR values from binned TROPOMI pixels are used. In
green, the standard deviation of the ozone profiles retrieved
from synthetic spectra with different noise sequences added
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Figure 2. Retrieval results for the five CAMELOT scenarios (true); all settings are listed in Table 2. The upper row, (a—e), shows the retrieved
(orange), a priori (black), and true profiles (red), as well as the true profiles convolved with the averaging kernels (green). The middle and
bottom rows present the absolute (f—j) and percentage (k—0) mean differences between the retrieval results and the true profiles (orange), the
mean differences between the retrieval results and true profiles convolved with the averaging kernels (green), and the differences between

the a priori and true profiles.

is plotted. It agrees well with the noise retrieval error. Fol-
lowing von Clarmann et al. (2020), we interpret our results
as an estimate of the smoothed truth and thus do not consider
the smoothing error as an error component.

Figure 4 shows the vertical resolution of the retrieval for
all geometries and albedos for one true profile (polluted Chi-
nese case). Each of the four panels shows the results for 25
combinations of the viewing angle (VA) and solar zenith an-
gle (SZA) used in the sensitivity study. On the left, the re-
trieval results for low surface albedo (0.1) are shown, which
simulates cloud and ice-free pixels. On the right, the high-
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albedo (0.8) scenarios are shown. The top and bottom pan-
els show the vertical resolution of the retrieval for azimuth
angles of 0 and 180°, respectively. Between 18 and 50 km,
the vertical resolution is similar for all geometries and sur-
face albedos and ranges from 5 to 10 km. In the troposphere,
the vertical resolution degrades to about 15km (between 1
and 18 km altitude) but improves again in the 5 km altitude
region. With exception of the uppermost and lowermost alti-
tudes, the worst retrieval resolution of about 20 km is found
at 10km altitude. Differences between the vertical resolu-
tions for the ground scenes with low and high albedo are
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Figure 3. Retrieval diagnostics for the European background profile, SZA of 30°, VA of 0°, RAZ of 0°, and albedo of 0.1. (a, b) Profiles and
relative mean differences for 50 noisy spectra. (¢) Averaging kernels for every 5 km altitude levels. (d) Vertical resolution of the retrieval. (e)
Retrieval noise error (blue) as defined by Rodgers (2002) and the standard deviation of the retrieval results from simulated spectra with 50

noise realisations (green).

most pronounced in the lower troposphere. The best verti-
cal resolution in this altitude range is achieved for high sur-
face albedo and small SZA. It should be noted, however, that
a high albedo in the UV spectral range occurs only above
clouds or snowy/icy surfaces. Ozone hidden below clouds
can of course not be retrieved.

In general, the vertical resolution is determined by the in-
fluence of the ozone absorption in each particular altitude
region on the total strength of the ozone absorption signal
registered by the instrument. Two factors are essential here
and both depend on the observation and illumination geom-
etry. These are the length of the effective light path through
the altitude layers of interest and the amount of light orig-
inating from these layers. While the latter depends on the
amount of the incident light and scattering properties of the
atmosphere, the light paths always increase with the geomet-
rical angles (SZA, VA, and AA). Furthermore, the simula-
tions were done using TROPOMI-specific SNR values for
each viewing geometry, which also influences the sensitiv-
ity of the retrieval. The solar zenith angle (different colours)
strongly affects the vertical resolution below about 17 km as
less light penetrates into the lower atmosphere at large so-
lar zenith angles. The best vertical resolution is obtained at
the smallest SZA (blue), where more light is scattered back
to the instrument. The vertical resolution is also impacted by
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the viewing angles (plotted with different line styles) and the
azimuth angles. Below about 17 km and at large SZA, there
is a degrading vertical resolution with increasing VA for very
high AA, which is most probably related to an increased light
path of the direct solar light through the troposphere, thus de-
creasing the amount of light to be scattered. On the contrary,
for lower AA the vertical resolution is improving with larger
VA. The troposphere becomes invisible for the retrieval at
large SZAs (> 85°). Depending on the viewing angle, this
might be the case already at 75° SZA for large azimuth an-
gles.

A measure for independent pieces of information in the re-
trieved ozone profiles is provided by the number of degrees
of freedom (DOF) determined from the trace of the averag-
ing kernel matrix (DOF = tr(A) = Y_"_,a;;). About 6.5 in-
dependent variables (from 6.3 for the south polar scenario to
6.7 for the polluted China case) can be retrieved in the alti-
tude range between 0 and 60 km. This corresponds to a mean
vertical resolution of about 9 km. Between 0 and 18 km, the
synthetic retrievals show around 1.5 DOF. This means that
somewhat more information than the total ozone content can
be determined in the troposphere. In summary, profile infor-
mation in the troposphere is severely limited and thus depen-
dent on the a priori ozone profile.
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(a) Albedo: 0.1, azimuth angle= 0°
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(b) Albedo: 0.8, azimuth angle= 0°
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Figure 4. Vertical resolution of the retrieval for all simulations with the Chinese polluted ozone profile. The panels show the different
combinations of the surface albedo (0.1 and 0.8) and relative azimuth angles (0 and 180°). Each panel displays the results for 25 combinations

of VA and SZA.

It should be noted here that the number of independent
variables might change in the retrievals using real TROPOMI
data because of additional pseudo-absorbers which cannot be
applied to the synthetic data. These pseudo-absorbers serve
to compensate for inestimable calibration errors in the mea-
sured radiation.

5 Calibration correction for TROPOMI measurements

The UV channels of TROPOMI have been the subject of
intensive analysis and calibration before launch and during
space operation (Ludewig et al., 2020). First tests with our
retrieval applied to the most recent V2 TROPOMI spec-
tral data revealed, however, large deviations in the retrieved
ozone profiles, especially in the altitude range above 40 km.
Therefore we decided to introduce additional spectral cor-
rections as part of the retrieval. This type of correction, often
referred to as vicarious calibration or soft calibration, is de-
scribed, for example, in Liu et al. (2010). The approach is to
simulate TROPOMI radiance for a selected set of measure-
ments using ozone profiles from a comparison instrument,
here MLS/Aura, and use the difference of the simulated to
the TROPOMI-measured radiance as the calibration correc-
tion. To this end, four orbits were selected at intervals of 3
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months: orbit 3704 (1 July 2018), 5005 (1 October 2018),
6225 (26 December 2018), and 7642 (5 April 2019). The
orbits were required to be cloud-free over the largest area
possible. The spread of orbit dates allows us to check the sta-
bility of the calibration correction with time. Forward sim-
ulations were performed with the SCIATRAN model for all
cloud-free pixels (cloud content < 10 %). In contrast to the
retrieval runs, the RTM calculations were performed with ro-
tational Raman scattering and polarisation to make them as
similar as possible to the measurements. The ozone profiles
from the nearest MLS measurements were used to initialise
SCIATRAN. Below the tropopause, the profiles were sup-
plemented by MERRA-2 reanalyses (Gelaro et al., 2017) as
already provided in the MLS data files. Allowing a maxi-
mum 1000 km between MLS and TROPOMI pixels, we as-
sume not to introduce a significant systematic error in the
tropics, as ozone distribution is relatively homogeneous in
this region. At higher latitudes, atmospheric dynamics may
lead to higher variability. Here, TROPOMI measurements
were only simulated if total ozone from MLS/MERRA-2
and TROPOMI (WFDOAS total ozone) agrees to within 5 %.
The surface albedo (retrieved at 378 nm) was taken from the
TROPOMI WFDOAS L2 product.
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tropical pixels (—20 to 20° latitude). (d, e, f) Cloud-free extratropical pixels (—50 to —30° and 30 to 50° latitude). Black curves represent

mean values of four orbits.

The relative difference between the measured and simu-
lated radiances is shown in Fig. 5 exemplarily for ground
pixels (viewing angles) 15, 34, and 52 (across-track ground
pixel numbers of UV2). Since we identified a slight but stable
latitude dependence in all radiance differences, we decided
to use independent calibration corrections for the tropics and
extra-tropics. In Fig. 5, the upper panels show the differences
between the measured and simulated radiances for the trop-
ical pixels (—20 to —20° latitude), while the lower panels
illustrate the results for the extra-tropical pixels (30 to 50°
latitude in both hemispheres). The results from the four or-
bits are displayed in different colours. Overall, the relative
difference in UV is significantly larger than in UV2. How-
ever, the absolute intensities in UV1 are smaller by orders
of magnitude. In the spectral range 270-280 nm the relative
difference is about 418 % to +25 %, reaching +40 % in the
middle of the swath (ground pixel 34) in the extra-tropics
(panel e). Such very large values correlate with the variable
magnesium absorption lines, which is not accounted for in
the retrieval. The overall large differences in the UV1 range
are a result of the top of atmosphere limited to 60 km in the
RTM that leads to an underestimation of the Rayleigh scat-
tering contribution from layers above 60 km in the RTM and
retrieval. The differences between RTM calculations up to

https://doi.org/10.5194/amt-14-6057-2021

60 and 80km are shown in Fig. S5. The recalibration spec-
trum obtained from RTM calculation using layers limited to
60 km can now be interpreted as a combined calibration and
Rayleigh scattering correction. Figure S6 shows that this ap-
proach is very reasonable and has a positive effect on the
retrieved ozone profiles. The variation of the differences be-
tween the individual orbits is very small in UV1. In UV2,
there are larger differences between individual orbits, as the
sensitivity to albedo increases here. The variations between
the orbits are the largest in the lower part of UV2 (shorter
wavelength). This is because the sensitivity of the radiance to
ozone decreases with the wavelength while that to the albedo
increases. As a result the maximum of the combined sensitiv-
ity is reached around 310 nm. Furthermore the surface albedo
retrieved at 378 nm, used as input, may differ from the true
albedo at shorter wavelengths. The difference is positive for
all orbits at 300 nm (0 % to +10 %) and tends to be negative
(0% to —8 %) towards 330 nm. A closer look into the UV1
band shows a slight decrease of the differences with time
in all panels except for ground pixel 52 in the extra-tropics
(panel f). To account for this issue we calculate the calibra-
tion correction for each ground pixel and for the tropics and
extra-tropics independently as the mean relative difference
spectra from all four orbits (black curves). The appropri-
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Figure 6. Comparison of ozone profiles from the TOPAS retrieval
with MLS data for a single TROPOMI pixel (6 April 2019, orbit
no. 7664, 16.15° latitude, —23.53° longitude, SZA: 20.15°, VA:
11.47°, and RAZ 6.60°). Results for the TOPAS retrievals with and
without calibration correction are shown. (a) Ozone concentration
(blue) and volume mixing ratio (red) from TOPAS/TROPOMI and
the collocated MLS measurement. (b) Relative differences between
TOPAS retrieval and MLS. The relative differences are identical for
both ozone concentration (blue) and volume mixing ratio (red). The
grey area marks the £5 % difference.

ate calibration correction is then used as a pseudo-absorber
(one of the three pseudo-absorber mentioned in the previous
section) in the preprocessing fit procedure; i.e. a scaling of
the calibration correction is allowed. The correction spectra
derived from the tropical pixels (—20 to —20° latitude) are
taken for latitudes up to 30°, while the spectra derived from
the extra-tropics (30 to 50° latitude) are applied to all pixels
above 30° latitude in both hemispheres. Between 20 and 30°
latitudes the correction spectra are interpolated.

Figure 6 demonstrates the effect of the calibration correc-
tion in the TOPAS retrieval. For a single TROPOMI pixel
the TOPAS retrieval was carried out with and without our
calibration correction. In this case a collocated MLS profile
was available within 22 min and 28 km of the TROPOMI ob-
servation. Figure 6b illustrates the large difference between
the ozone profile from the TOPAS algorithm without the cal-
ibration correction and the MLS results. The difference in-
creases at high altitudes, which are more sensitive to short
wavelengths (< 300 nm). The ozone profile from TOPAS in-
cluding calibration correction agrees very well with MLS
between 20 and 50km. The relative differences are within
+5 %.
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6 Validation

To assess the accuracy and quality of the TOPAS algorithm,
the retrieved ozone profiles were compared with ozoneson-
des and ozone lidar data. Both reference data sets have very
good quality and a higher vertical resolution than ozone
profiles from nadir satellite measurements (see Sect. 2).
Ozonesondes are mainly used for comparisons in the tropo-
sphere and the lower stratosphere up to a maximum of 35 km.
The middle stratosphere (15-50km) is validated with lidar
measurements.

6.1 Ozonesondes

Figure 7 shows the results of the comparison of TROPOMI
ozone profiles with ozonesonde measurements. Here, the rel-
ative mean difference A and its standard deviation SD(A) are
shown, which are defined by

Z?zl(ri —5i)
Z,r'l:lsi ’

n \/Z:‘l:l(ri — i — 52 (ri — 5i))>
Vn—1 er-lzls,' ’

where r; and s; are the data from the ith collocated pair of
TROPOMI and sonde measurements, respectively. The rel-
ative mean deviation between the TOPAS retrieval results
and high-resolution ozonesonde data from all collocations
(panel a, black curves) is about 5 % down to about 13 km in-
creasing to about 10 % below. The standard deviation varies
between 10 % and 20 % in the lower stratosphere (18-30 km)
and between 25 % and 50 % below 18 km. The comparison of
the retrieved O3 profiles from TROPOMI and ozonesondes
convolved with the TOPAS averaging kernels (panel a, red
curves; see Eq. 9) shows that the relative difference is below
45 % for all altitudes. The difference between the black and
red curves is particularly large in the altitude range, where
the retrieval is less sensitive (8—18 km).

The results for the northern latitudes and tropics (panels d
to f), where the number of available sonde measurements are
the highest, look very similar to one another. Above 18 km
and below 8 km the relative mean differences are below about
+10% with 15 % standard deviation. At high and middle
southern latitudes (panels b and c), the results are somewhat
poorer in the troposphere and lower stratosphere. Between 8
and 18 km differences of 440 % and above can occur.

Also noticeable are the larger differences between the
a priori and sonde profiles. As shown in Fig. 2, the results
in the altitude range between 8 and 18 km are strongly de-
pendent on the a priori ozone profile. A better choice of the
a priori in southern latitudes could possibly improve the re-
trieval results. With increasing latitudes the viewing geome-
tries change, and especially the SZA becomes larger. There
is a connection between SZA and vertical resolution so that
at larger angles the vertical resolution between 8 and 18 km

A =

SD(A) = (10)
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Figure 7. Comparison of the ozone profiles retrieved from TROPOMI and those from ozonesondes for different zonal bands. The relative
mean difference between the retrieval results and the high-resolution sonde data (solid line), as well as the standard deviation of the differences
(dashed line), is shown in black. The comparison with the sonde profiles convolved with the TOPAS averaging kernels is shown in red. In grey
the relative difference between the a priori ozone profiles and high-resolution ozonesonde profiles is displayed, along with the corresponding

standard deviations.

strongly decreases. As a consequence, the retrieval remains
close to the a priori.

In the lower troposphere (around 5 km) an agreement with
the raw ozonesonde profiles within 10 % is observed in all
latitude bands, which coincides with the increased vertical
resolution found in the altitude range around 5 km; see Fig. 4.
As the difference of the a priori to the sonde profiles (grey)
is generally larger than that for the retrieved profiles, we can
say that the retrieval improves the ozone knowledge in this
altitude range for all latitude bands. But we have to note that
the standard deviation, in comparison to the a priori, remains
almost the same.

Figure 8 illustrates the quality of the retrieval at differ-
ent altitudes in a scatter plot. Again, the retrieval is com-
pared with ozonesondes with (red) and without the convo-
lution with the TOPAS averaging kernels (black). The linear
regression is plotted as a solid line (red and black), and the
dashed line marks the ideal 1 : 1 curve. At 1 and 5 km altitude
the scatter is wide, and also the R value is small. At 10 km
the convolution of the sonde profiles with TOPAS AKs im-
proves the comparison because here the information content

https://doi.org/10.5194/amt-14-6057-2021

is the lowest. The best agreement is found at altitudes 15,
20, and 30 km. The R value here is above 0.8 (0.9 after con-
volving with AKs), and the linear regression is close to the
1:1 line. At 25 and 33 km the scatter is a little bit larger,
but with R values larger than 0.7 the agreement is still good.
The slope of the linear regression lines (black and red) im-
proves for each altitude shown in comparison to the a priori
slope (grey). In regions where the information content is very
limited (10 and 15 km), only the comparison to ozonesondes
with applied AKs shows improvement.

6.2 Lidar

Figure 9 shows the relative mean differences (solid line) and
the standard deviations (dashed line) between the retrieved
profiles form TROPOMI and lidar data (black) for five indi-
vidual stations and the all-station average (panel a). In addi-
tion, the difference between the TOPAS results and the collo-
cated MLS ozone profiles (convolved with TOPAS averaging
kernels) is shown in green. When all stations are considered,
the deviations between 15 and 45 km are below £5 % (grey
bar). There is a small positive bias between 25 and 45 km

Atmos. Meas. Tech., 14, 6057-6082, 2021
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that comes mainly from the Table Mountain station data set,
which contains the largest number of comparison profiles.
The standard deviation of the differences is about 10 % in
the range of 20 to 40 km. The comparison with lidar profiles
convolved with TOPAS averaging kernels (red) shows nearly
the same results for the mean relative difference but a smaller
standard deviation above 40 km and below 20km. A closer
look at the individual station reveals generally good agree-
ment but also individual station-dependent deviations. For
OHP, Hohenpeifienberg, and Lauder, no larger differences
are identified. At Table Mountain there is a stronger negative
peak of —9 % around 20 km. Above this altitude a positive
bias of up to +10 % increasing with height is observed. The
comparison to MLS also shows the negative peak at 20 km
but does not show the positive bias at higher altitudes. At
Mauna Loa there is a positive bias of +10 % between 25 and
30km that is also present in the comparison with MLS.
Scatter plots at individual altitude layers are presented in
Fig. 10. The colours and lines are assigned in exactly the
same way as for the ozonesonde validation shown in Fig. 8.
From the scatter plots (Fig. 10), it is evident that in the alti-
tude range between 15 and 40 km the agreement is very good,
with R values above 0.6 both with and without convolving
with TOPAS averaging kernels. An exception is the altitude
of 25 km, where the spread gets larger and the R value lower.
At altitudes above 45km the sensitivity of the TOPAS re-
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trieval decreases, and the agreement after convolving the li-
dar data with TOPAS averaging kernels is much better. It is
notable that above 40 km the TOPAS retrieval shows smaller
variability than lidar data. It is not yet known if this is a
consequence of the lower sensitivity of the TOPAS retrieval
or the lower precision of lidar measurements. Similar to the
ozonesonde results, the slope of the linear regression is im-
proving in comparison to the a priori.

7 First results

As a first application, we show in Fig. 11 an example of a
global distribution of TROPOMI ozone for 1 October 2018.
Here, the vertical structure of ozone is represented by the
subcolumns within the following atmospheric layers: 0-8, 8—
18, and 18-25 km, as well as five layers with 5 km thickness
between 25 and 50 km. The thickness of each layer roughly
represents the vertical resolution of the retrieval in this al-
titude region in accordance with the results of the sensitiv-
ity study and validation. In the 0—-8 km subcolumn (a), large
variations of ozone are observed, which are believed to be the
reason for higher standard deviations seen in the ozonesonde
validation. This also reflects the high natural variability in
the troposphere due to dynamic processes and local pollution
sources. In general the tropical wave one pattern (Sauvage et

https://doi.org/10.5194/amt-14-6057-2021
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(distance < 1000 km and time < 2 h).

al., 2006) is well reproduced (low ozone in the Pacific, higher
ozone in the South Atlantic). Furthermore, it is noticeable
that areas with low ozone levels are related to regions with
high cloud coverage.

In the 8-18 km layer, strong latitude gradients and rather
large variabilities are observed. Most noticeable are large ar-
eas with high ozone density at middle and high latitudes,
which can be identified as ozone streamers in the lower
stratosphere and are related to dynamics in the atmosphere.
In this altitude layer, the TOPAS retrieval has its lowest sen-
sitivity in general, but a distinction must be made between
the lower and higher latitudes (see Fig. 12d). While there
is nearly no information of vertical structure in the tropics,
the ozone retrieval results in the higher latitudes are reliable.
Between 18 and 25 km, the peak of the ozone number den-
sity profile is located, and the range of ozone concentration
variations is the largest. The largest ozone densities occur in
the southern mid-latitudes, while the lowest concentrations
are seen in the polar vortex. This is a typical situation in the
Southern Hemisphere spring time. The ozone hole seen at
polar latitudes is close to its largest extent at this time of
the year. We note that the complete coverage of Antarctica
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is not possible as TROPOMI does not measure during polar
night. From the 25-30 km layer upward, the latitude gradient
of the ozone number density is reversed, with maximum val-
ues occurring now in the tropics. At higher latitudes of both
hemispheres, rather low ozone values are observed. The lay-
ers 30-35 and 35—40 km show similar ozone distributions to
the layer below but appear much smoother. That is to be ex-
pected because the retrieval sensitivity reaches its maximum
at these altitudes. Also, according to the validation results, no
significant systematic errors are to be expected in these lay-
ers. The uppermost columns at 40—45 and 45-50km show
the lowest overall ozone levels with a few small-scale varia-
tions but a pronounced ozone maximum above the southern
Indian Ocean, which extends into the South Atlantic Ocean.

From 25 km upward, the South Atlantic Anomaly (SAA)
impact can be observed that results in larger scattering in the
retrieved ozone values. The lower wavelength range (below
300 nm) is more strongly affected by the SAA, which leads to
the largest uncertainties in high-altitude ozone. If necessary,
the SAA region can be filtered out easily by the given flags
in the TROPOMI L1B data product.

Atmos. Meas. Tech., 14, 6057-6082, 2021
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Figure 10. Same as Fig. 8 but for comparison of TROPOMI ozone profiles with lidar measurements.

Figure 12a shows the zonal mean ozone number density as
a function of the altitude and latitude for 1 October 2018. All
14 orbits were binned at 1° latitude and averaged. The ozone
maxima at about 25 km in the tropics and at about 20 km at
southern mid-latitudes are clearly seen. Furthermore, a slight
curvature of the ozone peak region with decreasing the peak
altitude towards the poles is evident. In the high southern lat-
itudes, the Arctic spring ozone hole is notable. The mean
vertical resolution, shown in Fig. 12d, is determined from
the inverse main diagonal elements of the TOPAS averaging
kernel matrix. Between 20 and 45 km, the vertical resolution
ranges from 6 to 10km. Below 20 km, it strongly depends
on the latitude. Between —50 and 50°, the vertical resolution
between 10 and 20 km is coarser than 20 km, indicating that
there is almost no vertical information from these altitudes.
Below 10km it improves to 6—8 km between —30 and 50°,
indicating that one piece of independent information can be
retrieved. The sensitivity study (Sect. 4.2) showed that the
ozone profile retrieval below 18 km strongly depends on the
used a priori profile. Thus, in this altitude region, retrieved
ozone profiles must always be considered with special cau-
tion. The middle and right panels of Fig. 12 show the zonal
mean ozone number densities from the MLS and OMPS
measurements, respectively, as well as their differences to
the TROPOMI results. The closest MLS and OMPS profiles
were selected for each retrieved TROPOMI pixel (maximum
1.5 h time difference and 1000 km distance). The direct com-
parison with MLS, i.e. without convolving MLS data with
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TOPAS averaging kernels (panel e), shows a good agreement
between 20 and 50 km, with differences being mostly below
410 %. Between 20 and 30 km, there are several spots, with
the differences reaching 20 %. Above 50 km, where the
TOPAS retrieval has a low sensitivity, positive differences of
up to +20 % in the mid-latitudes and tropics are observed. At
high southern latitudes, the positive differences increase to
about 40 %, while for high northern latitudes, negative dif-
ferences are seen. Below 20km, small-scale patterns with
higher differences are evident. Below 15km, the compari-
son results are less reliable as the precision of MLS data sig-
nificantly decreases (Livesey et al., 2020). The comparison
with OMPS data (panel f) shows very similar patterns as for
MLS. Overall the negative differences are somewhat more
prominent. If MLS and OMPS ozone profiles are convolved
with TOPAS averaging kernels to account for differences in
the vertical resolution, the agreement significantly improves.
For MLS data (panel g), differences above £10 % only oc-
cur at high solar zenith angles (highest latitudes). Between 20
and 50 km, agreement below 5 % is reached almost every-
where, except for a narrow range around 30 km in the tropics
and at high northern latitudes, where positive deviations of
up to +10 % occur. Above 50 km, positive differences of up
to 420 % occur, while below 20 km, mainly negative differ-
ences of up to —20 % are observed. Again the comparison
with OMPS data (panel h) is very similar to that with MLS,
but the differences are somewhat larger. In the bottom pan-
els, the comparison between TOPAS a priori ozone profiles
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Figure 11. TROPOMI ozone subcolumns for selected atmospheric layers for 1 October 2018. Each subcolumn has its own colour scale. The
vertical thicknesses of the layers roughly approximate the vertical resolution of the ozone profiles.

and retrieval results from MLS (panel i) and OMPS (panel j)
is shown. From this, it can be seen that the TOPAS retrieval
improves the ozone profiles in all regions.

Finally, the retrieved albedo and the total ozone calcu-
lated from the retrieved vertical profiles are discussed. The
total ozone column and albedo determined from TROPOMI
WFDOAS are used to initialise the TROPOMI profile re-
trieval. The total ozone column information is used to se-
lect the proper a priori climatological ozone profile. Fig-
ure 13 compares the retrieved albedo and the zonal mean to-
tal ozone from all retrieved profiles with the values from the
TROPOMI WFDOAS retrieval as a function of latitude. The
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total ozone (panel a) agrees very well up to about 70° N. Both
low total ozone values at high southern latitudes and high val-
ues at middle latitudes are well represented. The mean differ-
ence is below £2 %, with a standard deviation of about 2 %.
Only at high northern latitudes are larger differences of up
to —9 % evident. As discussed above, at large solar zenith
angles, ozone in the lower atmosphere becomes less visible
and is thus not well retrieved. This then results in the contri-
bution from the a priori profile being larger in the total ozone
column. The albedo (panel b) shows a stronger variation due
to its natural characteristics. Again, very high values at high
southern latitudes (due to ice) and low values in the trop-
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Figure 12. (a—c) The zonal mean ozone number density vertical distribution from TROPOMI (a), MLS (b), and OMPS (c) for 1 October
2018. (d) The mean vertical resolution of the TROPOMI retrieval. (e) The relative mean difference between TROPOMI and MLS results. (f)
The relative mean difference between TROPOMI and OMPS results. (g, h) Same as (e) and (f) but for MLS and OMPS data convolved with
TOPAS averaging kernels. (i, j) Relative mean difference between the TOPAS a priori ozone profiles (climatology) and MLS (i) or OMPS (j)
measurements.
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Figure 13. Comparison of the TROPOMI total ozone (a) and albedo (b) resulting from the TOPAS ozone profile retrieval and the WFDOAS
total ozone product. The data were averaged over all orbits from 1 October 2018. The retrieval results are displayed in blue (TOPAS total
ozone) and green (TROPOMI WFDOAS total ozone). Shaded areas mark the standard deviations of the means. The mean difference and the
associated standard deviation are plotted in red. Both albedo and total column from TROPOMI WFDOAS are used as a priori assumptions
in the TOPAS ozone profile retrieval.
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ics are well captured by both data sets. The mean difference
shows a slightly negative bias of up to —0.025, with a stan-
dard deviation of about 0.025. However, it should be noted
that the albedos in the different retrievals are not derived from
the same wavelength ranges. Furthermore, disturbances in
the ozone profile retrieval can influence or be compensated
by changes in the albedo, since both are derived from the
same wavelength range. Above 70° N (and high solar zenith
angles), the albedo difference increases significantly up to
—0.1.

8 Conclusion and summary

We developed a new TOPAS algorithm based on the first-
order Tikhonov regularisation to retrieve the vertical distribu-
tions of ozone from TROPOMI measurements in the wave-
length range from 270 to 329 nm. In the sensitivity study, we
estimated the retrieval quality using synthetic spectra adapted
to TROPOMI. We found that the quality of the ozone profile
retrieval depends on the viewing geometry, albedo, and the
a priori ozone profile. In optimum cases (small solar zenith
angles and large albedo), deviations of the individually re-
trieved profiles from the truth are within +5 % in the strato-
sphere. In the troposphere, the agreement is strongly depen-
dent on the a priori profile. Compared to the a priori ozone
profile, the retrieval improves the result but can barely com-
pensate differences of more than £25 % between the a priori
and true profiles. If the true profile is convolved with the aver-
aging kernels, differences are generally within £10 % in the
entire altitude range considered (0—60 km). For all simulated
scenarios, the vertical resolution of the retrieval is 6-9 km
in the stratosphere (18-50km), getting worse in the lower-
most stratosphere and the troposphere (up to 15km). In the
troposphere, the vertical resolution degrades with increasing
solar zenith angle. Above 75° SZA, almost no information
from the troposphere is available. The number of indepen-
dent variables (degrees of freedom) which can be retrieved
over the entire altitude range is around 6, which corresponds
to a mean vertical resolution of 10km from 0 to 60 km alti-
tude.

In addition to improvements in the UV radiometric cal-
ibration in version 2 of TROPOMI level 1 data (Ludewig
et al., 2020), a radiometric calibration correction was deter-
mined using radiative transfer simulations and MLS ozone
profiles. For the shortest wavelengths, radiometric adjust-
ments of 420 % and more are needed. The correction drops
below +10 % for longer wavelengths.

The TOPAS ozone profile retrieval was validated by com-
parisons with ozonesonde and stratospheric ozone lidar data.
For the limited TROPOMI data set available so far, we found
very good agreement with both validation data sets. The vali-
dation with ozonesondes shows good agreement in the lower
stratosphere, with deviations of less than £10 % at all lat-
itudes in the altitude range 18-30km. The standard devia-
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tion of the mean differences is about 10 %. Below 18 km,
the mean difference and the standard deviation increases
strongly but decreases when the sondes are convolved with
the TOPAS averaging kernels.

The validation with lidar measurements shows a bias
within 5 % between 15-45km. The standard deviation is
about 10 %. The convolution of the lidar profiles with TOPAS
averaging kernels barely changes the result because of a
high sensitivity and relatively good vertical resolution in the
stratosphere.

By applying the TOPAS retrieval to a full day of
TROPOMI measurements (14 orbits), we demonstrated the
high potential of the ozone profile retrieval, enabling us to
determine highly spatially resolved vertical profiles. Impor-
tant dynamical features in the atmosphere such as stream-
ers and seasonal events such as the ozone hole can be de-
tected. A comparison with ozone profiles from MLS and
OMPS limb measurements shows typically good agreement
to within £5 % between 20 and 50 km. If the averaging ker-
nels are taken into account, the differences above 50 km and
below 20 km also get smaller, reaching about +20 %. Good
agreement in total ozone compared to TROPOMI WFDOAS
(within &2 %) was found.

When a continuous L1B version 2 data set is made avail-
able for TROPOMI, we plan to close the data gaps by pro-
cessing these data. This will enable us to extend the vali-
dation using a larger data set from early 2018 until present
and to investigate time series. The verification of the tem-
poral stability of the ozone profile retrieval is still ongoing.
The assessment of the calibration correction using MLS data
as implemented in this study is also of particular importance
in this context. If the finding of this study, that a temporally
independent but spectrally dependent radiometric correction
factor is sufficient and holds for the full data set, the final
data product can be created which is independent of MLS
apart of the initial correction. That would enable the use of
TROPOMI ozone profiles for trend analysis and monitoring.
Thus, the goal to use TROPOMI measurements to mitigate
consequences of a possible lack of limb instruments may be-
come feasible.

Data availability. All data and source codes are available upon
request from Nora Mettig (mettig@iup.physik.uni-bremen.de)
or Mark Weber (weber@uni-bremen.de). The L1B version of
the S5P data is available upon request to the S5P Vali-
dation Team. MLS ozone profiles can be downloaded from
the NASA Goddard Space Flight Center Earth Sciences Data
and Information Services Center (GES DISC; Schwartz et al.,
2020, https://doi.org/10.5067/Aura/MLS/DATA2516). OMPS limb
ozone profiles are available upon request from Carlo Arosio
(carloarosio @iup.physik.uni-bremen.de), and S5P WFDOAS to-
tal ozone and albedo data are available from Mark Weber.
Ozonesonde data from the WOUDC can be downloaded from
https://doi.org/10.14287/10000008 (WOUDC Ozonesonde Moni-
toring Community et al., 2021). Ozonesonde data from SHADOZ
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(Witte et al., 2017, https://doi.org/10.1002/2016JD026403; Thomp-
son et al., 2017, https://doi.org/10.1002/2017JD027406; Witte et al.,
2018, https://doi.org/10.1002/2017JD027791; Sterling et al., 2018,
https://doi.org/10.5194/amt-11-3661-2018). The stratospheric li-
dar data used in this publication were obtained from Richard
Querel, Thierry Leblanc, Sophie Godin Beekmann, and Wolf-
gang Steinbrecht as part of the Network for the Detection of
Atmospheric Composition Change (NDACC) and are available
through the NDACC website http://www.ndaccdemo.org/ (last ac-
cess: 9 September 2021, Network for Detection of Atmospheric
Composition Change, 2021).

Supplement. The supplement related to this article is available on-
line at: https://doi.org/10.5194/amt-14-6057-2021-supplement.
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