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Abstract. A scientific total ozone column product from
Ozone Mapping and Profiler Suite Nadir Mapper (OMPS-
NM) observations and the retrieval algorithm are presented.
The retrieval employs the weighting function fitting approach
(WFFA), a modification of the weighting function differen-
tial optical absorption spectroscopy (WFDOAS) technique.
The total ozone columns retrieved with WFFA are in very
good agreement with other datasets. A mean difference of
0.3 % with respect to ground-based Brewer and Dobson mea-
surements is observed. Seasonal and latitudinal variations
are well represented and in agreement with other satellite
datasets. The comparison of our product with the operational
product of OMPS-NM indicates a mean bias of around zero.
The comparison with the Tropospheric Monitoring Instru-
ment products (SSP/TROPOMI) OFFL and WFDOAS shows
a persistent negative bias of about —0.6 % for OFFL and
—2.5 % for WFDOAS. Larger differences are only observed
in the polar regions. This data product is intended to be used
for trend analysis and the retrieval of tropospheric ozone
combined with the OMPS limb profiler data.

1 Introduction

The majority of the ozone’s atmospheric load (O3) resides in
the stratosphere. The strong absorption of ultraviolet (UV)
B and C radiation by O3 shields the biosphere from bio-
logically damaging UV radiation. O3 heats the atmosphere
and creates the temperature inversion. This plays a key role
in determining the tropopause height and influences tropo-

spheric weather. Anthropogenic emissions lead to its pro-
duction in the lower atmosphere. Exposure to this secondary
air pollutant causes health problems and vegetation damage
(e.g., Schultz et al., 2015; Mills et al., 2018). As tropospheric
ozone is a potent greenhouse gas and an essential climate
variable, knowledge about the global amount and evolution
of this gas is needed, which can only be provided by satel-
lite measurements. Global ozone distribution can be derived
using nadir satellite observations.

Since the 1970s, satellite instruments have provided a
global picture of total ozone amounts using nadir-viewing
geometry. The Backscatter Ultraviolet Ozone (BUV, 1970-
1976) experiment superseded by the Solar Backscatter Ul-
traViolet (SBUYV, 1978-1990) and the SBUV/2 instrument
series (since 1985), the Total Ozone Mapping Spectrome-
ter (TOMS, 1978-2005), the Ozone Monitoring Instrument
(OMI, 2004—present), and the Ozone Mapping and Profiler
Suite (Suomi NPP OMPS, 201 1-present) provide total ozone
column (TOC) products sharing the same operational re-
trieval approaches, known as TOMS (all instruments) and
SBUYV algorithms (SBUV only) (Labow et al., 2013; Bram-
stedt et al., 2003; McPeters et al., 2015; Flynn et al., 2004;
Bhartia, 2002). The Global Ozone Monitoring Experiment
(GOME, 1995-2011) (Burrows et al., 1999), the SCanning
Imaging Absorption spectroMeter for Atmospheric CHar-
tographY (SCIAMACHY, 2002-2012) (Bovensmann et al.,
1999), and GOME-2 (2006—present) (Munro et al., 2016)
also provide TOC products using the differential optical ab-
sorption spectroscopy (DOAS) approach (Hao et al., 2014;
Van Roozendael et al., 2006).
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Measurements of total ozone have also been used in the
determination of the tropospheric ozone amount. A widely
used approach for that is the residual technique (Fishman and
Larsen, 1987). With this technique, the tropospheric ozone is
determined by subtracting the stratospheric column retrieved
from limb observations from the total ozone column retrieved
from another instrument’s nadir observations. This was in-
deed one motivation behind building the pioneering SCIA-
MACHY instrument, which performed alternating measure-
ments in the nadir- and limb-viewing geometries from 2002
to 2012 (Burrows et al., 1995). Ebojie et al. (2014) combined
nadir and limb observations for the first time from the same
instrument, SCTAMACHY. OMPS features a combination of
limb (LP) and nadir sensors (NM), similar to SCIAMACHY.
To use OMPS data to retrieve tropospheric O3 with the limb—
nadir matching technique and generate a consistent long-
term dataset by combining OMPS data with SCIAMACHY,
we developed a scientific TOC product from OMPS-NM ob-
servations.

The retrieval approach adapts the weighting function—
DOAS technique (WFDOAS), which was successfully ap-
plied for SCTAMACHY (Bracher et al., 2005), GOME (We-
ber et al., 2005), and GOME-2 (Weber et al., 2007), for
use with OMPS-NM measurements and is referred to as
the weighting function fitting approach (WFFA). While the
DOAS technique relies on retrieval from differential absorp-
tion only, the WFFA technique uses both the differential
structure and the broadband spectral signature of the ozone
absorption in the UV spectral range. The latter works bet-
ter for instruments with a coarser spectral resolution than
GOME or SCIAMACHY, such as OMPS.

The WFFA total ozone retrieval has been specifically de-
veloped for combining it with the limb ozone profile retrieval
from OMPS-LP to retrieve tropospheric Oz and continue
with the heritage of SCIAMACHY.

The OMPS-NM instrument and the input data used are
described in Sect. 2. A description of a new a priori ozone
profile climatology used in the retrieval is given in Sect. 3.
The WFFA retrieval algorithm is presented in Sect. 4. Sec-
tion 5 introduces the datasets used for the validation, and the
validation results of the OMPS-WFFA TOC are presented in
Sect. 6.

2 OMPS-NM

The Ozone Mapping and Profiler Suite (OMPS) is one of
the five instruments on board the Suomi National Polar-
orbiting Partnership (Suomi NPP). This satellite is part of
the Joint Polar Satellite System Program (JPSS), a collab-
orative program between the National Oceanic and Atmo-
spheric Administration (NOAA) and the National Aeronau-
tics and Space Administration (NASA) (Goldberg and Zhou,
2017). Suomi NPP was launched on 28 October 2011, has
a sun-synchronous orbit with 13:30 local time (LT) ascend-
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ing node, flies at a mean altitude of 824 km, and performs
14 orbits per day.

OMPS is a three-part instrument, namely a nadir map-
per (OMPS-NM), a nadir profiler (OMPS-NP), and a limb
profiler (OMPS-LP) sensor, collecting data since January
2012. OMPS-NM was designed to accomplish total col-
umn retrieval using a two-dimensional charge-coupled de-
vice (CCD). The spectrometer registers backscatter solar ra-
diation every 0.42 nm between 300 to 380 nm with a spectral
resolution of 1 nm. The footprint of OMPS-NM is approxi-
mately 50 x 2800 km?, with a 0.27° along-track field of view
(FOV) and 110° across-track FOV divided into 36 bins. The
two central FOVs cover 50 km x 20km and 50 km x 30 km,
and the rest cover approximately 50 km x 50 km each (Flynn
et al., 2004, 2014; Seftor et al., 2014).

For the retrieval of OMPS TOC, the Level 1 data, ver-
sion 2.0 (L1b V2.0), of OMPS-NM were used (Jaross,
2017a). So far, the limb ozone profiles are only retrieved
from the central slit of the three vertical slits of OMPS-LP
(Arosio et al., 2018), resulting in a horizontal sampling of
about 150 km along-track and 3 km across-track (Rault et al.,
2021). In order to match our nadir TOC product to OMPS
limb profiles for obtaining tropospheric ozone columns, only
the central OMPS-NM across-track FOV bins, 10 to 22, are
needed and were processed (approximately 50 km x 600 km
wide swath). Only pixels with cloud fractions under 0.1 and
solar zenith angles smaller than 80° were used. The period
over which the ozone data are to be retrieved is intended
to cover the years from 2012 until 2018. Currently, only the
data from 2016 to 2018 have been retrieved. Later data were
not considered because of systematic errors in measured ra-
diances of OMPS-LP (Kramarova et al., 2018) that lead to a
significant drift in OMPS-LP ozone, which would affect the
tropospheric ozone. The cloud fraction and topography infor-
mation from the OMPS-NM Level 2 (L2) version 2.1 product
was used as input in the retrieval.

3 A priori ozone profile climatology

It is well known that good knowledge of the ozone profile
shape helps to increase the quality of TOC retrievals from
nadir measurements in the UV spectral range. As discussed
by Lamsal et al. (2007), differences in the retrieved total
ozone due to the a priori ozone profile might go up to 10 %.
Most of the ozone climatologies available so far were created
from periods before the year 2012 (McPeters et al., 1997;
Paul et al., 1998; Lamsal, 2004; McPeters et al., 2007; Labow
et al., 2015; Yang and Liu, 2019). Therefore, it was decided
to create a new ozone profile database to have a consistent
input for the time frame of this retrieval by using OMPS-LP
(Arosio et al., 2018) and ozonesonde observations between
January 2012 and December 2018.

The ozone profiles are provided as a function of latitude
band, season, and total ozone content as in the ozone clima-
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Figure 1. Map of the ozonesonde launch sites included in the ozone
profile database. Blue stars are the stations from SHADOZ (14 in
total) and pink triangles the stations from WOUDC (29 stations).
The horizontal lines mark the zonal bands used in the classification
of the new ozone climatology.

tology from Lamsal (2004). Therefore, the ozone database
consists of zonally and latitudinally averaged profiles for five
regions: northern polar region (np, 60-90° N), northern mid-
latitudes (nm, 30-60° N), tropics (trop, 30° N=30° S), south-
ern midlatitudes (sm, 30-60° S), and southern polar region
(sp, 60-90° S). Due to the typical annual cycle of the total
ozone column, the profiles have been classified in two groups
considering the season: winter—spring (ws) and summer—fall
(sf), except for the tropics, where no seasonality was consid-
ered. The final profiles were grouped and averaged by their
total ozone column amount in intervals of 30 DU. For each
ozone profile, a temperature profile is provided as well but is
not used in the retrieval.

As the total ozone retrieval is sensitive to changes in the
ozone profiles in both the stratosphere and the troposphere
(Wellemeyer et al., 1997), the database was built by com-
bining stratospheric profiles from OMPS-LP and ozonesonde
measurements for the troposphere. The limb profiles are from
the scientific zonal average Level 3 product from OMPS-
LP provided by Arosio et al. (2018), which contains gridded
monthly means between January 2012 and December 2018.
These profiles are zonal averages every 5° in latitude for 53
altitudes from 8.5 to 60.5 km with a sampling of 1 km. Here,
the profiles from 12.5 km of altitude up to the top of the at-
mosphere were used. The ozonesonde data used are from the
World Ozone and Ultraviolet Data Center (WOUDC) (Fio-
letov et al., 1999) and from the Southern Hemisphere Ad-
ditional Ozonesondes (SHADOZ) (Thompson et al., 2007).
All stations with data between 2012 and 2018 were used: 29
stations from WOUDC and 14 from SHADOZ (Fig. 1). Each
ozonesonde profile was convolved using a Gaussian function
with 3.3 km full width at half-maximum to obtain a resolu-
tion similar to that of the OMPS-LP profiles (Arosio et al.,
2018) and sampled onto a grid of 1 km from 0.5 to 20.5 km.

Every ozone profile in the database was created using the
ozonesonde profile up to 11.5km and the zonal monthly
mean limb profile above 20.5 km. In the transition zone be-
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tween 12.5 and 20.5 km, the merged profile results from a lin-
early weighted average between the ozonesonde and the limb
profile. Each ozonesonde profile was joined with the corre-
sponding zonal monthly mean stratospheric profile, matching
the latitude and the month of the ozonesonde. These merged
profiles were averaged considering their total ozone content,
date, and latitude according to the description above. The
resulting ozone climatology profiles in volume mixing ratio
units are shown in Fig. 2.

4 Retrieval algorithm

The retrieval algorithm used here is a modification of
the weighting function differential optical absorption spec-
troscopy algorithm (WFDOAS), which has been developed
for the retrieval of trace gases in the near-infrared spectrum
range from SCIAMACHY measurements (Buchwitz et al.,
2000). It was adapted and successfully applied for TOC re-
trieval in the UV spectral range from nadir-viewing measure-
ments of GOME (Coldewey-Egbers et al., 2005), GOME-2,
and SCIAMACHY (Weber et al., 2005; Bracher et al., 2005;
Weber et al., 2007).

The algorithm approximates the measured atmospheric
optical depth by a Taylor expansion around a first-guess at-
mospheric state. Also, contributions from interfering species
not included in the forward model and a polynomial are in-
cluded in the fit (Coldewey-Egbers et al., 2005).

9 1n [mod

In 17 (V4. b) ~ In 1 (V. b) + ——lyxav

d1n 7mod
aT
+ SCDring - Oi ring + C (D

|7 x AT + SCDno, - 0i,NO,

For each ground pixel, the natural logarithm of the sun-
normalized measured radiance (//"") is fitted by the natu-
ral logarithm of the modeled reference intensity (Il.m"d), the
weighting functions of ozone (31n Il.mOCl /3V) and tempera-
ture (91n Iim(’d/ aT), the NO; cross section g; No, as in the
standard DOAS approach, the ring spectrum o; ring, and a
low-order polynomial (C). In Eq. (1) the index i references
the wavelengths, V! is the true vertical ozone column, and
b represents the true atmospheric conditions (pressure, tem-
perature, albedo, etc.). V is the reference (i.e., used in the
forward model) ozone column, T is the reference temper-
ature profile, and b is the atmospheric state as used in the
forward model. AV and AT represent the corrections to the
reference values as a result from the fit. The scalar correction
to the temperature profile (AT) is a shift applied to the entire
vertical temperature profile.

When applying the standard WFDOAS approach to
OMPS-NM measurements, the coarse spectral resolution of
the latter was found to result in unstable retrievals. To adapt
the retrieval technique, it was decided to use a lower-order
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Figure 2. Profiles from the ozone a priori database for each latitudinal region, season, and total ozone classification. The labels indicate the
total ozone concentration in DU. The titles indicate the region and season (see main text for details).

polynomial, a wider spectral window, and every second spec-
tral point from the input radiance. In the WFDOAS approach,
a cubic polynomial is usually used to account for all broad-
band contributions; consequently, the total column ozone in-
formation is obtained from the differential absorption struc-
ture only. For OMPS, this resulted in strong variations in
the total ozone retrieved from different ground pixels in the
across-track direction (for details see Appendix Al). There-
fore, a zero-degree polynomial (a constant, C) is used in-
stead of the cubic one, and the broadband spectral signature
of ozone absorption is also fitted. To further reduce the im-
pact of the differential ozone absorption structure in the fit,
the spectral window was chosen to be 316-336 nm, which
is wider than typically used in WFDOAS (325 to 335 nm).
In addition, only the odd-numbered spectral points are used
in the retrieval, counting from the first spectral point of the
selected fitting window (see Appendix A2 for details). Even
with a wider spectral window, the use of either all spectral
points or the even-numbered ones in some cases resulted in
significant discrepancies in the retrieved TOC from ground
pixel to ground pixel and in a negative bias of around 2 %
with respect to the preferred wavelength selection. The re-
trieval using the odd-numbered spectral points shows less
dependence on the temperature in the fit compared to other
wavelength samples (Appendix A2). With these changes, we
now refer to the retrieval method as the weighting function
fitting approach, WFFA. Apart from using a low-order poly-
nomial and the wider spectral fit window, WFFA is similar
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to WFDOAS (Coldewey-Egbers et al., 2005). Some further
modifications have been implemented, as described below.

The fitting procedure follows an iterative scheme. First,
the synthetic radiance and all weighting functions needed in
Eq. (1) are computed with a radiative transfer model (RTM).
To account for a possible wavelength misalignment between
the earthshine spectrum and the solar reference spectrum,
the wavelength grid of the earthshine spectrum is adjusted
through an iterative nonlinear fit of the shift and squeeze pa-
rameters. In the second step, the fit parameters in Eq. (1) v,
f", SCDno,, SCDying) and the constant (C) are estimated us-
ing a linear least-squares minimization. The resulting total
ozone is then passed to the RTM to start the next iteration.
The iterative process is terminated when the retrieved ozone
column differs by less than 1 DU from the result of the pre-
vious iteration.

The reference intensities, as well as the weighting func-
tions, are computed with the RTM SCIATRAN V4.2
(Rozanov et al., 2014) using the ozone profile climatology
described in Sect. 3 for a given total ozone, zonal band, and
season. During the iterative procedure a new ozone profile
is selected according to the retrieved total ozone amount.
For each ground pixel, the pressure and temperature pro-
files are obtained from ECMWEF ERAS (Hersbach et al.,
2020). For solar zenith angles (SZAs) larger than 40° the
pseudo-spherical approximation is employed, whereas for
smaller SZAs the plane-parallel atmosphere is used, which is
faster. The pseudo-spherical approximation solves the radia-
tive transfer equation for a plane-parallel atmosphere; how-
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ever, the single-scattering source function is calculated con-
sidering the spherical shape of the atmosphere. The ground-
level viewing geometry is used in the forward model. Com-
pared with the spherical mode (Rozanov et al., 2000), the
use of this approach yields almost identical results (de Beek
et al., 2004).

The selected initial-guess value of total ozone for the
first pixel processed per FOV is 300 DU. The subsequent
pixels use the retrieved TOC from the previous one as
an initial value. The ozone absorption cross sections from
Serdyuchenko et al. (2014) and the NO, absorption cross
sections from Burrows et al. (1998) are used. An aerosol-
free atmosphere is assumed in the model. As in WFDOAS,
the effective scene albedo is retrieved near 377 nm using the
Lambert equivalent reflectivity (LER) approach (Coldewey-
Egbers et al., 2005) (see Appendix A3 for estimation of the
related uncertainties).

The ring effect is estimated using the difference in the
optical depths calculated by the SCIATRAN model with
and without Raman scattering (Rozanov and Vountas, 2014).
Lookup tables (LUTs) of radiances accounting for the ring
effect, i.e., infilling of Fraunhofer lines and molecular ab-
sorption bands, were simulated using SCIATRAN V4.2 and
implemented in the retrieval scheme. With the pixel’s view-
ing geometry information, total ozone, surface albedo, and
altitude, the LUTs are read and interpolated to obtain the cor-
responding ring spectrum at high spectral resolution. After
convolution of the LUT radiances with and without the ring
effect with the instrument response function, the logarithm
of the ratio of both convolved radiances is used as the ring
spectrum in Eq. (1). A second lookup table provides mod-
eled sun-normalized radiances calculated with and without
polarization. From these, correction factors are determined
to convert the observed (polarized) radiances into scalar ra-
diances. With the LUTs, the time-consuming RTM modeling
of the ring and polarization effects during the retrieval can be
avoided. As the ring effect and polarization depend on ozone,
the inputs from the LUTs are updated in each iteration.

A full analysis of uncertainties and errors was performed
for WFDOAS and presented by Coldewey-Egbers et al.
(2003). In addition, we checked the major sources of errors
that could affect our retrieval differently due to the change in
the fitting window. Table 1 presents the results of the sensi-
tivity tests that include enhanced aerosol loading, choice of
ozone absorption cross section, and tropospheric ozone pro-
file shape. Details on the enhanced aerosol loading and the
tropospheric ozone tests can be found in Appendixes A3 and
A4, respectively.

5 Validation datasets
In order to evaluate our scientific product, a comparison with

other total ozone column measurements was performed. The
NASA product from OMPS-NM, the operational OFFL and
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scientific WFDOAS products from the Tropospheric Mon-
itoring Instrument on board Copernicus Sentinel-5 Precur-
sor (SSP/TROPOMI), and ground-based Brewer and Dobson
measurements were used.

5.1 Ground-based measurements

The comparison with ground-based data was performed us-
ing daily means of total ozone columns from 18 Dobson
(Basher, 1982) and 30 Brewer (Kerr, 2002) stations, obtained
from the WOUDC dataset. Only ozone data derived from di-
rect sun (DS) measurements are included in the analysis as
they are the most accurate (Vanicek et al., 2003).

5.2 Operational OMPS-NM total ozone column

The operational OMPS-NM Level 2 (L2) version 2.1 to-
tal ozone column product (Jaross, 2017b) is generated us-
ing NASA’s V8.5 total column retrieval algorithm. This al-
gorithm uses a pair of wavelengths to retrieve cloud frac-
tion and ozone of 317.5 and 331.2nm for most condi-
tions as well as 331.2 and 360nm for high amounts of
ozone and large SZAs (https://ozoneaq.gsfc.nasa.gov/docs/
NMTO3-L2_Product_Description.pdf, last access: 18 Au-
gust 2021; OMPS Nadir Mapper Level 2 Description). The
weak ozone absorption wavelength (331.2 nm) is used to esti-
mate effective surface reflectivity and effective cloud fraction
through the mixed Lambert equivalent reflectivity model.
The strongly absorbing wavelength (317.5 nm) is used to es-
timate ozone. The measured radiances are compared with a
pre-calculated set of radiances using various ozone and tem-
perature profiles, and the TOC is obtained using piecewise
linear interpolation (Bhartia, 2002).

The validation of the NASA data product was presented
in McPeters et al. (2019). They performed comparisons with
ground-based measurements, Dobson and Brewer stations,
and the merged ozone data (MOD) time series (Frith et al.,
2014), which, for the period of comparison with OMPS-
NM, is a combination of SBUV/2 instruments on three
different satellites: NOAA 16, 18, and 19. The compari-
son with ground-based instruments located in the Northern
Hemisphere showed very good agreement with differences
to within 0.5 % and an average bias of less than 0.2 % from
April 2012 to the end of 2016. Concerning MOD, monthly
mean global average showed a bias of —0.2 %.

5.3 S5P/TROPOMI total ozone column

The Sentinel-5 Precursor (S5P) is the first of the atmo-
spheric composition Sentinel satellites as part of the Coper-
nicus Program. It was launched in October 2017 in a sun-
synchronous orbit with 13:30LT ascending node approxi-
mately 5 min behind Suomi NPP carrying OMPS. The TRO-
POspheric Monitoring Instrument (TROPOMI) aboard SS5P
is a nadir-viewing spectrometer that provides measurements
in the ultraviolet, visible, near-infrared, and shortwave in-
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Table 1. Main uncertainty sources of the WFFA technique.

Error source

Percent error

Enhanced weakly absorbing boundary layer aerosols (large SZAs)

less than 0.5 %

Enhanced strongly absorbing boundary layer aerosols (large SZAs)

better than —1 %

Extreme volcanic aerosol loading in the stratosphere (large SZAs) ~1%
Enhanced boundary layer aerosols (small SZAs) less than 3 %
Extreme volcanic aerosol loading in the stratosphere (small SZAs) ~8%

BDM (Malicet et al., 1995) vs. Serdyuchenko cross section

< 1% below 70° SZA
< 2% beyond 70° SZA

Tropospheric ozone profile shape

less than 0.01 %

frared spectral bands. TROPOMI has a ground pixel resolu-
tion of 3.5km x 7km (3.5 km x 5.5 km since August 2019),
covering 2600 km across-track (Veefkind et al., 2012).

The L2 product of SSP/TROPOMI used in this study is
the offline (OFFL and RPRO) total ozone column product
(Lerot et al., 2021). SSP/TROPOMI OFFL and RPRO total
ozone are very similar and are obtained using the GODFIT
version 4 retrieval (Lerot et al., 2014). The algorithm per-
forms a direct comparison with simulated radiances through
nonlinear least-squares inversion using the sun-normalized
measured radiance from 325 to 335 nm. The modeled radi-
ances and Jacobians are obtained with the RTM LIDORT
(Spurr et al., 2018).

A validation for SSP/TROPOMI OFFL TOC with global
ground-based measurements during the period from April to
November 2018 showed a mean bias of 0% to 1.5 % and
standard deviations between 2.5 % and 4.5 % for monthly
mean co-locations (Garane et al., 2019).

A scientific SSP/TROPOMI product generated with the
WFDOAS v4 algorithm was also used. The WFDOAS setup
is identical to WFFA described above except for the nar-
rower wavelength window (325-335nm) and a third-degree
polynomial used (Eq. 1). Furthermore, WFDOAS uses tem-
perature profiles reported with the ozone profile climatology
rather than reanalysis data as in WFFA. Figure 3 shows a
comparison of SSP/TROPOMI WFDOAS results with daily
ground-based measurements between November 2017 and
September 2019. SSP/TROPOMI-WFDOAS shows a bias of
2.0% with 1o of 1.9 % for Brewer instruments and 2.1 %
bias with 2.3 % standard deviation for Dobson instruments.

To perform the comparison with ground-based data and
between the SSP products, both datasets, OFFL and WF-
DOAS, have been binned into 0.3° x 0.3° boxes and av-
eraged daily. These gridded data were also used for the
comparison with OMPS-WFFA retrieval. Figure 4 shows
the latitude—time comparison between TROPOMI WFDOAS
and OFFL, exhibiting a global mean difference of 1.5 % with
0.7 % standard deviation, with WFDOAS being higher than
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OFFL. Almost no seasonal variability is observed in the dif-
ferences, and larger differences occur in the Southern Hemi-
sphere polar region during winter—spring.

The S5P-WFDOAS product is retrieved using the
Serdyuchenko et al. (2014) ozone absorption cross sections.
For the WFDOAS approach, the use of the Bass—Paur (BP,
shifted by 0.23nm) and BDM (Brion—Daumont—Malicet)
ozone absorption cross sections (Paur and Bass, 1985; Mal-
icet et al., 1995) leads to retrieved total ozone being lower
by 2 %-3 %. We note that the WFFA approach with a wider
spectral window and subtraction of a low-order polynomial
is weakly sensitive to the use of different ozone absorption
cross sections.

6 Validation of WFFA total ozone column

A total of 3 years (2016-2018) of OMPS/WFFA TOC data
were daily averaged and gridded onto a 0.5° x 0.5° grid
to perform the analysis and compare with other products.
For the validation, percentage differences with respect to
comparison datasets were calculated as follows: (WFFA —
comparison_data) /comparison_data - 100.

Figure 5 shows seasonal maps of WFFA TOC for the an-
alyzed period. The total ozone generally shows a minimum
in the tropical region in all seasons. The meridional gradi-
ent of TOC is stronger during winter and spring for both
hemispheres. In the subpolar region of the Northern Hemi-
sphere, increased ozone values are observed during DJF and
MAM. In the Southern Hemisphere, over the subpolar re-
gion, the maximum in TOC during austral spring (SON) is
weaker than its counterpart in the Northern Hemisphere. The
minimum over the Antarctic during austral spring (“ozone
hole”) is observed. Over complex topography areas, like the
Himalayas in Asia and the Andes in South America, lower
ozone amounts are observed.

https://doi.org/10.5194/amt-14-5771-2021



A. Orfanoz-Cheuquelaf et al.: WFFA total ozone retrieval from OMPS-NM

S5P WFDOAS minus Brewer(DS)

20

K

+2.0+1.9(10) %
38 stations (data period > 365 d)

5T

b *ﬁ%@# )

satellite-ground [%)]
o
T

-20 L,

-90 -60 -30 0 30

latitude

60

90

5777

S5P WFDOAS minus Dobson(DS)
(b)

10 b

: %W*} H %*ﬂ%% :

20

I A !

satellite-ground [%)]
o

+21+23(16)%
41 stations (data period > 365 d)

-30 0 30
latitude

-20Lu
-90

60 90

-60

Figure 3. Summary of the daily mean comparison between ground-based measurements and SSP/TROPOMI WFDOAS TOC for Brewer (a)

and Dobson (b) instruments.

S5P total ozone (2018/02-2019/09) 1.5+0.7%
-

90
60|

30f

-30 L

latitude
o
T
P R N Y S

60 -

— T r g »
el - O
2018.5 2019.0 2019.5
T T T T 7T 177 e
<10 -7 -5 5 7 10

3 11 3
(WFDOAS - OFFL)/OFFL [%]
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6.1 Comparison with ground-based measurements

Daily mean ground-based data for 48 stations were compared
with daily satellite data averaged in the grid box that contains
the station. Since only cloud-free satellite ground pixels were
retrieved, the number of co-located days to be compared at
a given station is rather low. Only stations with co-located
data for at least 70 d were selected to have a sufficient sample
for the comparison. With these criteria, 18 Dobson and 30
Brewer stations were available for the validation during the
analyzed period.

Daily relative differences between WFFA TOC and the
ground-based data were calculated. The mean relative differ-
ences vary from —2 % for Rio Gallegos (Brewer; 51.60° S,
69.32°W) to 4.8% for Mauna Loa (Brewer; 19.53°N,
155.57° W). The high bias with respect to Mauna Loa data
might result from the station’s high altitude (3.4 km), while
the grid box’s average surface height is much lower (1.0 km).
The standard deviation varies from 0.8 % for Paramaribo
(Brewer; 5.81°N, 55.21°W) to 6.6 % for Amberd (Dob-
son; 40.38° N, 44.25° E). Figure 6 shows the time series and
the relative differences for two selected stations as an ex-
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ample of the comparison: Santa Cruz (Brewer; 28.42° N,
16.26° W) and Tamanrasset (Dobson; 22.80°N, 5.52°E).
Figure 6 shows that the seasonality of both WFFA and
ground-based data is similar. Very good agreement in the sea-
sonality and the TOC values is observed for all considered
ground stations. From a total of 48 stations, 28 show a bias
of less than 1 %, and 27 stations show standard deviations of
less than 3 %.

Figure 7 presents the summary of the comparisons with
Brewer (left) and Dobson instruments (right) as a function of
latitude. A distinction between the instruments was made be-
cause they might show differences of up to 4 % in their direct
sun measurements (Feister, 1994; Vanicek, 2006). Overall,
the bias between WFFA and ground-based measurements is
positive at 0.2 % for Brewer and 0.5 % for Dobson instru-
ments, with a mean standard deviation of 1.3 %. For sta-
tions with both instruments, which are Athens (37.98° N,
23.73°E) and Tamanrasset (22.80° N, 5.52° E), the differ-
ences between Dobson and Brewer are 1.7 % and 0.5 %, re-
spectively. No particular patterns between hemispheres are
observed. Averaging all stations, WFFA TOC exhibits a
mean bias of 0.3+ 1.3 (1o) %.

6.2 Comparison with OMPS-NM operational product
and SSP/TROPOMI

WFFA results have been compared to the operational total
ozone column product of OMPS-NM L2 v2.1 (OMPS-L2)
and two different retrievals from SSP/TROPOMI (OFFL and
WFDOAS) as introduced in Sect. 5.

A comparison for one orbit on 10 June 2018 is shown in
Fig. 8. The upper panels show the TOC of the central across-
track FOV (18) against latitude and SZA for all datasets. The
lower panels show the percentage differences of WFFA re-
sults with respect to the comparison datasets. The ozone total
column reaches a minimum in the tropics increasing towards
the poles, with local maxima at 40° S and 70° N. The abso-
lute maximum is observed at 50° N. All satellite data show
very good agreement in the variation of TOC with latitude

Atmos. Meas. Tech., 14, 5771-5789, 2021
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and SZA. The mean bias with respect to OMPS-L2 is 0.39 %.
The differences with respect to SSP OFFL and WFDOAS
data are —0.36 % and —2.48 %, respectively. SSP WFDOAS
exhibits more ozone than the other datasets along the entire
orbit. This is expected considering the direct comparisons be-
tween the two S5P datasets shown above (Sect. 5.3). Between
—70 and 40° SZAs (approximately 40° S to 60° N in lati-
tude), differences with respect to OMPS L2 and SSP OFFL
data vary around 1 %. For larger SZAs, WFFA results dif-
fer by less than 2 % with respect to the three comparison
datasets, except for the first pixel of the considered orbit. A
difference between hemispheres is observed; for the North-
ern Hemisphere WFFA shows more ozone than S5P OFFL
and OMPS-L2, while for the Southern Hemisphere WFFA

Atmos. Meas. Tech., 14, 5771-5789, 2021

TOC is lower. The standard deviations of the differences are
similar for all three comparison datasets, varying between
1.1 % for OMPS-L2 and 1.4 % for SSP WFDOAS.

To carry out a more general comparison by looking at
seasonal and global averages, the three comparison datasets
were gridded in the same way as WFFA data. For OMPS-
L2 the same orbits and ground pixels as those for WFFA
were selected (ground pixels with cloud fraction less than
0.1, SZA smaller than 80°, and only across-track FOVs from
10 to 22) from 2016 to 2018. For S5P all available data
(all FOVs and cloudy scenes included) were gridded. The
regular production of the OFFL data started on 30 April
2018. To compare an entire 12-month period, WFFA TOC
was retrieved until May 2019. Thus, the comparison with

https://doi.org/10.5194/amt-14-5771-2021
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for clarity.

S5P/TROPOMI OFFL and WFDOAS comprised data from
June 2018 until May 2019. The comparison was only made
for daily grid boxes with data available for WFFA.

Figure 9 shows maps of seasonal relative deviations of
WFFA results compared to those from OMPS-L2 (left) and
S5P OFFL (right). In general, WFFA has a positive bias with
respect to OMPS L2 and a negative with respect to S5P
OFFL. Larger differences are observed in the polar regions.
During austral autumn and winter (MMA and JJA) WFFA
TOC is lower than the other two satellite datasets in the po-
lar region, while during the austral summer (DJF) is higher.
Over areas with complex topography, like the Himalayas in
Asia, the Great Rift Valley in Africa, and the Andes in South
America, WFFA ozone values are larger than OMPS-L2 by
up to 6 % but are in good agreement with S5P OFFL. As it
was seen in Fig. 5, WFFA shows lower ozone for scenes with
high surface elevation than in the surrounding areas, the same
was observed for OMPS-L2 (not shown) with even lower val-
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ues than WFFA, which explain the larger differences over, for
example, the Andes.

From the differences of WFFA with respect to OMPS-L2,
a positive bias over both poles and a bias of around 4 %
in southern subtropics and at northern midlatitudes are ob-
served during boreal winter. Globally a mean positive bias of
0.6 £ 1.5 (1o) % is observed. During boreal spring, the bias
dissipates in the southern subtropics and becomes less persis-
tent at northern midlatitudes. Combined with larger negative
differences in the southern polar area, this results in a global
mean bias of 0.2 £ 1.3 (10) % for MAM. In boreal summer, a
2 % bias is observed in the northern subtropics, decreasing in
autumn (SON). The higher bias in the summer hemisphere’s
subtropical areas is possibly related to the Intertropical Con-
vergence Zone (ITCZ). Although only cloud-free scenes are
retrieved, some of the ground pixels may still be contami-
nated by clouds, which might result in small systematic bi-
ases. The yearly global mean difference is 0.0 + 1.3 %.

Atmos. Meas. Tech., 14, 5771-5789, 2021
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The comparison between WFFA and SSP/TROPOMI re-
sults is shown in the right panels of Fig. 9. Striping is seen
in the differences to SSP, most likely due to differences in
the grid boxes’ sampling. For S5P, the topography distinc-
tion is seen over the Andes and the Himalayas only during
boreal winter and spring. Patterns similar to those observed
for OMPS L2 are seen over the polar regions, except in the
northern pole during boreal winter when S5P OFFL TOC is
up to 4 % higher than WFFA. The subtropical positive bias
band observed for OMPS-L2 is negative and within 1 % for
S5P OFFL. For areas where WFFA TOC is less than OMPS-
L2 TOC, like over southern subtropics during austral winter,
S5P OFFL shows even higher values. The global mean rel-
ative differences with respect to S5P OFFL are —0.6 £ 1.5
(1o) for DJF, —0.8+1.5 (1o) for MAM, —0.8+£1.2 (o)
for JJA, and —0.8 £ 1.5 (10) for SON.

For a more detailed analysis, TOC time series for five
zonal bands were calculated: high northern latitudes (60—
90° N), northern midlatitudes (30-60° N), tropics (30° N-
30° S), southern midlatitudes (30—60° S), and southern high

Atmos. Meas. Tech., 14, 5771-5789, 2021

latitudes (60-90° S), as shown in Fig. 10. The mean relative
differences in these zonal bands are shown in Fig. 11 and
summarized in Table 2. In general, the four different datasets
follow the same seasonality and short-term variability, gener-
ally showing very good agreement. However, the S5P prod-
ucts OFFL and WFDOAS are typically higher than OMPS-
L2 and WFFA, particularly in the tropics and at southern
midlatitudes. A persistent mean negative bias is observed
with respect to SSP WFDOAS, as seen in the comparison
for one sample orbit in Fig. 8.

Figure 11 shows larger variations at high northern lat-
itudes, particularly during boreal winter. Nevertheless, the
mean differences in the 60—90° N band are 0 % with respect
to S5P-OFFL and less than 1.2 % for the other datasets. At
northern midlatitudes, WFFA shows a bias of 0.2 % with re-
spect to OMPS-L2, —0.5 % with respect to SSP-OFFL, and
—2.0 % with respect to SSP-WFDOAS. In the tropics, the
differences between the datasets are fairly constant with time,
with biases of 0.3 % for OMPS-L2, —0.8 % for S5SP-OFFL,
and —2.4 % for SSP-WFDOAS; the standard deviations are

https://doi.org/10.5194/amt-14-5771-2021



A. Orfanoz-Cheuquelaf et al.: WFFA total ozone retrieval from OMPS-NM 5781

Northern high latitudes 60°-90° N

WFFA
gsoo OMPS L2
2400 S5P OFFL
S S5P WFDOAS
N
©300
500 Northern midlatitudes 30°-60° N
—— WFFA
g —— OMPS L2
> S5P OFFL
S S5P WFDOAS
o
Tropics 30° N-30° S
—— WFFA
2300 OMPS L2
5 k S5P OFFL
c S5P WFDOAS
S M#’
o 250"
Southern midlatitudes 30°-60°S
400 —— WFFA
g —— OMPS L2
5350 —— S5P OFFL
< S5P WFDOAS
&300
250
Southern high latitudes 60°-90° S
400 —— WFFA
g OMPS L2
‘;300 S5P OFFL
< S5P WFDOAS
N
©200

Figure 10. Zonal mean time series of WFFA, OMPS-L2, S5P OFFL, and SSP WFDOAS TOC for five latitudinal bands. The shading

indicates the standard deviations of the time series.

Table 2. Relative differences and standard deviations between WFFA/OMPS-NM and OMPS L2, SSP/TROPOMI OFFL, and SSP/TROPOMI

WEFDOAS in various zonal bands.

Dataset (mm.yyyy) 90-60° N 60-30°N  30°N-30°S 30-60°S 60-90° S
OMPS L2 (2016-2018) 06+09%  02+£04%  03+0.1% —06+09% —0.1+0.6%
S5P OFFL (06.2018-05.2019) 00£1.5% —05+08% —08+03% —14+07% —0.5+0.7%
S5P WEDOAS (06.2018-05.2019) —124+14% —2.0+08% —24+08% —34+08% —22+1.1%

below 0.8 %. At southern midlatitudes, WFFA shows less
ozone than OMPS-L2 during winter by about —3 %. The
relative difference decreases in autumn and spring and be-
comes slightly positive during the summer. The same pattern
is observed when comparing with S5P, with the mean relative
differences ranging from —1.4 for OFFL to —3.4 % for WF-
DOAS. At high southern latitudes, WFFA results show simi-
lar seasonal behavior as in the midlatitudes. Overall there is
a —0.1 % bias with respect to OMPS-L2, and the standard
deviation is 0.6 % (1o). Very good agreement (bias —0.5 %)
of both WFFA and OMPS-L2 with S5P-OFFL is observed at
these latitudes.

https://doi.org/10.5194/amt-14-5771-2021

7 Summary and conclusions

In this study we present a new scientific TOC product from
OMPS-NM observations using the WFFA technique, which
is a modified retrieval approach adapted from the WFDOAS
algorithm. A new ozone profile climatology was generated
for the retrieval using OMPS-LP profiles (Arosio et al., 2018)
and ozonesondes.

OMPS-WFFA data were validated using ground-based
measurements from the WOUDC dataset and three other
TOC satellite datasets: OMPS-NM Level 2, SSP/TROPOMI
OFFL, and SSP/TROPOMI WFDOAS. The comparison with
ground-based measurements shows a mean bias below 1 %

Atmos. Meas. Tech., 14, 5771-5789, 2021
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Figure 11. Differences of the zonal mean time series of WFFA with respect to the results from OMPS-L2, S5P OFFL, and SSP WFDOAS
for five latitudinal bands. The shading indicates the standard deviations of the time series.

for 28 of a total of 48 stations. For 27 stations, the standard
deviations of the mean differences are under 3 %. In total,
a mean bias of +0.3 % and a standard deviation of 1.3 %
were found. These values are similar to those reported by the
operational product of OMPS-NM and by S5SP/TROPOMI
(Sect. 5). All comparisons between WFFA TOC and other
satellite products are consistent concerning seasonality and
variability with latitude. WFFA TOC presents a zero yearly
global mean bias with respect to OMPS-L2, approximately
—0.6 % with respect to SSP OFFL, and —2.5 % with respect
to SSP WFDOAS. The standard deviations of the differences
are around 1.4 % for all satellite validation datasets. Larger
differences were found for polar regions and larger SZAs.

Atmos. Meas. Tech., 14, 5771-5789, 2021

The newly created WFFA OMPS-NM total ozone dataset
is intended to be used for retrieving tropospheric ozone
columns employing the limb—nadir matching technique in
combination with OMPS-LP data.
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Appendix A: Retrieval development and sensitivity tests
Al From WFDOAS to WFFA

The use of the original WFDOAS approach in the typical
spectral window (325 to 335 nm) with OMPS-NM data re-
sults in large variations of the retrieved TOC for different
across-track ground pixels. Figure Al shows ozone anoma-
lies (TOC value minus the mean of all across-track FOVs)
for all the orbits of 1d, averaged over the tropics (10° S—
10° N) as a function of the across-track index. The left panel
shows the results from the original WFDOAS approach using
a cubic polynomial and the spectral window 325 to 335 nm.
There are systematic differences between ground pixels: for
instance, more than 5 DU differences between FOVs 18 and
19. The results using a cubic polynomial and wider win-
dow (316 to 336nm) are shown in the central panel. For
this configuration, the differences between adjacent pixels
are smaller, but a large variation of about 30 DU is observed
from the first to the last across-track FOV. The right panel
shows the results from the WFFA approach using a constant
instead of the cubic polynomial and the fitting window from
316 to 336 nm. The variation between pixels is below 2 DU
for across-track FOVs 10 to 22.

A2 All, even, and odd spectral points

Table A1 shows the wavelengths used in the fit for the cen-
tral across-track FOV (18) for the cases of all, even, and odd
spectral points. Since the nonlinear fit adjusts the earthshine
spectrum’s wavelength grid to the solar reference spectrum,
the final wavelength grid is different for every across-track
FOV.

The selection of the odd-numbered spectral points was
made after investigating the effect of the various wavelength
choices on the retrieval. When using odd-numbered wave-
lengths, the retrieval result does not change much whether
the temperature fit parameter is included in the fit or not. For
the same orbits as used in the previous section (Sect. Al),
the retrieval was applied with and without fitting the tem-
perature parameter for the three wavelength selections. Fig-
ure A2 shows the relative differences of the results with and
without the temperature parameter. The left panel shows the
average difference over the across-track FOVs used in this
study as a function of latitude. The average over the tropics
as a function of the across-track index is shown in the right
panel. It is observed that the dependence on the temperature
of the odd sample is significantly weaker both across- and
along-track. Below 40° N and for the central FOVs, the dif-
ferences for the odd sample are less than 0.5 %, while for
the other two datasets, they are between 0.5 % and 1 %. In
the standard WFFA retrieval using the odd-numbered wave-
length sample, as shown in the main part of the paper, the
temperature is still included in the fit procedure.
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A3 Sensitivity to aerosol scenarios

The Lambertian equivalent reflectivity (LER) effective scene
albedo represents a first-order correction for non-absorbing
aerosols. For the WFDOAS technique, the ozone might be
underestimated by 1 % in the presence of absorbing aerosols
with a visibility of 2km (Coldewey-Egbers et al., 2003).
Since the WFFA approach is slightly different from WF-
DOAS, similar sensitivity tests using different aerosol sce-
narios were performed to confirm the prior results.

We generated synthetic radiances for different aerosol sce-
narios using SCIATRAN V4.2 with the aerosol parameteri-
zation from LOWTRAN (Kneizys et al., 1988; Shettle and
Fenn, 1979). From these radiances, the LER albedo was re-
trieved and used in the WFFA retrieval. The synthetic radi-
ances were calculated with a total ozone of 325 DU, solar
zenith angles of 59.88 and 27.02° (chosen from real values
of OMPS-NM ground pixels), visibility of 2km, and sur-
face albedos of 0.05 and 0.2. The different types of boundary
layer aerosols are maritime, rural, tropospheric, and urban.
One case with extreme volcanic stratospheric aerosol load-
ing was included. The results are summarized in Table A2 for
the boundary layer scenarios and in Table A3 for the strato-
spheric loading.

For large SZAs, the aerosol effect is largely accounted
for with the effective scene albedo, particularly for weakly
absorbing boundary layer aerosols (urban). In the case of
strongly absorbing boundary layer aerosols, uncertainties are
somewhat larger but still within 1 %. For small SZAs, the
retriecved TOC might be overestimated by about 3 % for
weakly absorbing aerosols and by 1% for strongly absorb-
ing aerosols. In the case of an extreme volcanic aerosol load-
ing in the stratosphere, the retrieved TOC might be overes-
timated by about 8 % for small SZAs and by about 1 % for
large SZAs.

A4 Sensitivity to tropospheric ozone

To investigate the sensitivity of the retrieval to the tropo-
spheric ozone amount, we scaled the lower part of the cli-
matological ozone profiles (below 12 km) by factors of 2 and
5 and repeated the retrieval. At each iterative step the ozone
profile to be used in the forward model is extracted from the
climatology in accordance with the total ozone column value
obtained at the previous iteration (300 DU for the first iter-
ation), and its lower part is scaled as described above. No
significant differences in the retrieved total ozone value were
identified.
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Figure A1l. Tropical averaged ozone anomalies for all orbits of 1d (10 January 2018) for different configurations of the retrieval. The grey
shading indicates the FOVs used in this study. (a) Original WFDOAS. (b) WFDOAS with a wider spectral window. (¢) WFFA.
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Figure A2. Mean relative differences between the results from the fits including and excluding the temperature for the orbits of 1 d (10 January
2018) for different wavelength samples used. (a) Average over the across-track FOVs 10 to 22 as a function of latitude. (b) Average over the
tropics as a function of the across-track index. Standard deviations are shown by shadings.

Table A1. Wavelengths processed in the retrieval for the FOV 18 in the cases of all, even-, or odd-numbered spectral points (nm).

All Even Odd | All Even Odd | Al Even 0dd
316.1672 316.1672 | 322.8542 322.8542 | 329.5337 329.5337
316.5854  316.5854 3232719 3232719 329.9509  329.9509
317.0036 317.0036 | 323.6895 323.6895 | 330.3682 330.3682
3174217 317.4217 3241071 324.1071 330.7854  330.7854
317.8398 317.8398 | 324.5247 324.5247 | 331.2026 331.2026
3182579 3182579 324.9423  324.9423 331.6198  331.6198
318.6759 318.6759 | 325.3598 3253598 | 332.0370 332.0370
319.0939  319.0939 3257773 325.7773 3324541  332.4541
319.5118 319.5118 | 326.1948 326.1948 | 332.8712 332.8712
319.9298  319.9298 3266122 326.6122 3332884  333.2884
320.3476 320.3476 | 327.0296 327.0296 | 333.7055 333.7055
320.7655  320.7655 327.4470  327.4470 3341226 334.1226
321.1833 321.1833 | 327.8644 327.8644 | 334.5396 334.5396
321.6011  321.6011 3282817 3282817 3349567 334.9567
322.0188 3220188 | 328.6991 328.6991 | 3353737 335.3737
3224366  322.4366 329.1164  329.1164 3357908  335.7908
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Table A2. Results and errors for different boundary layer aerosol scenarios. The true value of TOC is 325 DU.

Aerosol type  LER albedo TOC  Error % ‘ Aerosol type  LER albedo TOC  Error %
Surface albedo = 0.05 — SZA 27.02° ‘ Surface albedo =0.2 — SZA 27.02°

Maritime 0.164 334.3651 2.88 | Maritime 0.263  334.3529 2.89
Rural 0.196  335.0037 3.08 | Rural 0.263  334.6262 2.96
Tropospheric 0.216  335.5622 3.25 | Tropospheric 0.286  335.0233 3.08
Urban 0.081 329.3202 1.33 | Urban 0.110 328.8105 1.17
Surface albedo =0.05 — SZA 59.88° Surface albedo =0.2 — SZA 59.88°

Maritime 0.286  326.5662 0.48 | Maritime 0.349  326.3276 0.41
Rural 0.295  325.8940 0.28 | Rural 0.323  325.5785 0.18
Tropospheric 0.335  326.0780 0.33 | Tropospheric 0.367 325.7167 0.22
Urban 0.062  322.3880 —0.80 | Urban 0.066  322.3423 —-0.82

Table A3. Results and errors for extreme volcanic stratospheric aerosol loading. The true value of TOC is 325 DU.

LER albedo TOC Error % ‘ LER albedo TOC  Error %

Surface albedo = 0.05 — SZA 27.02° ‘ Surface albedo =0.2 — SZA 27.02°

0.205 348.9609 7.37 \ 0.294 349.5970 7.57
Surface albedo =0.05 — SZA 59.88° ‘ Surface albedo =0.2 — SZA 59.88°
0.325 328.1177 0.96 \ 0.381 328.5581 1.09
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Data availability. The ozone and temperature climatology is
available  at  http://www.iup.uni-bremen.de/UVSAT/datasets/
iup-ozone-profile-climatology (Orfanoz-Cheuquelaf et al., 2021).
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