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Abstract. Here we present a new retrieval algorithm of the
slant column densities (SCDs) of chlorine dioxide (OCIlO)
by differential optical absorption spectroscopy (DOAS) from
measurements performed by TROPOspheric Monitoring In-
strument (TROPOMI) on board of Sentinel-5P satellite. To
achieve a substantially improved accuracy, which is espe-
cially important for OCIO observations, accounting for ab-
sorber and pseudo absorber structures in optical depth even
of the order of 10™# is important. Therefore, in comparison
to existing retrievals, we include several additional fit param-
eters by accounting for spectral effects like the temperature
dependency of the Ring effect and Ring absorption effects, a
higher-order term for the OCIO SCD dependency on wave-
length and accounting for the BrO absorption.

We investigate the performance of different retrieval set-
tings by an error analysis with respect to random variations,
large-scale systematic variations as a function of solar zenith
angle and also more localized systematic variations by a
novel application of an autocorrelation analysis.

The retrieved TROPOMI OCIO SCDs show a very good
agreement with ground-based zenith sky measurements and
are correlated well with preliminary data of the operational
TROPOMI OCIO retrieval algorithm currently being devel-
oped as part of ESA’s Sentinel-5P+ Innovation project.

1 Introduction

It is well known that catalytic halogen chemistry causes large
depletion of ozone in polar regions in spring (WMO, 2018).
In particular, Cl, is released in large amounts by heteroge-
neous reaction of CIONO; and HCI on polar stratospheric
clouds (PSCs). Once the air mass with Cl, becomes irradi-
ated by sunlight, Cl, is subsequently photolysed to atomic
Cl (Solomon et al., 1986). Atomic CI can also result from
other reactions such as between CIONO, and liquid- or solid-
phase H,O and subsequent photolysis of the produced HOCI
or other reactions as very recently pointed out by Naka-
jima et al. (2020). Atomic Cl in turn reacts with ozone (Sto-
larski and Cicerone, 1974). Because the resulting C1O (with
or without involvement of BrO) is returned to atomic Cl
(Molina and Molina, 1987; McElroy et al., 1986) by fur-
ther reactions, a very effective ozone depletion process takes
place. Furthermore, chlorine dioxide (OCIlO) is a possible
outcome of a reaction between CIO and BrO (Sander and
Friedl, 1989):

CIO + BrO — Br+ 0OCIO. R1)

The dominant loss mechanism for atmospheric OCIO is its
very rapid photolysis (Solomon et al., 1990):

OCIO 4+ hv — CIO+O, (R2)
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which results in a null cycle with respect to ozone loss by
recycling odd oxygen. Thus, OCIO can be used as an in-
dicator for halogen chemistry because of the nearly linear
dependence of OCIO formation to CIO and BrO concentra-
tions (Schiller and Wahner, 1996) at high solar zenith angles
(SZAs) where the photolysis is slow enough to provide OC1O
abundances above the detection limit for the passive scattered
light UV-Vis measurements (Solomon et al., 1987). Mea-
surements of OCIO in the context of the passive scattered
light UV-Vis measurements became of special interest when
Solomon et al. (1987) measured it first in Antarctica. OCIO
has well-structured absorption features in the near UV (Wah-
ner et al., 1987) which can be detected by differential optical
absorption spectroscopy (DOAS) (Platt and Stutz, 2008).

First satellite retrievals of OCIO were enabled by mea-
surements by the GOME-1 (Global Ozone Monitoring Ex-
periment) instrument launched in 1995, consequently leading
to many studies investigating the polar stratospheric chlorine
activation (Burrows et al., 1999; Wagner et al., 2001, 2002b;
Kiihl et al., 2004a, b; Richter et al., 2005). Later, also mea-
surements by SCIAMACHY, OSIRIS, OMI or GOME-2
were available for analysis (Kiihl et al., 2006; Krecl et al.,
2006; Kiihl et al., 2008; Pukite et al., 2008; Oetjen et al.,
2011; Hommel et al., 2014).

The TROPOspheric Monitoring Instrument (TROPOMI)
is a UV-Vis—NIR-SWIR nadir-viewing instrument on board
of the Sentinel-5P satellite developed for monitoring the
Earth’s atmosphere (Veefkind et al., 2012). It was launched
on 13 October 2017 in a near-polar orbit. It measures spec-
trally resolved earthshine radiances at an unprecedented spa-
tial resolution of around 3.5 x 7.2 km? (near nadir) at a high
signal-to-noise ratio. The measurements are performed via a
push-broom spectrometer consisting of 450 detector rows. It
has a total swath width of ~ 2600 km on the Earth’s surface,
providing daily global coverage. The spatial resolution has
been further increased to 3.5 x 5.6 km? (near nadir) starting
from 6 August 2019 (Rozemeijer and Kleipool, 2019).

In this paper we present a new retrieval algorithm for slant
column densities (SCDs) of OCIO by applying the DOAS
method to TROPOMI measurements. The article is struc-
tured as follows. In Sect. 2 we present the TROPOMI OCIO
retrieval algorithm, while in Sect. 3 we compare the results
with ground-based zenith sky measurements obtained during
polar Arctic winters in Kiruna, Sweden, and Antarctic win-
ters in Neumayer III, Antarctica. Section 4 correlates the re-
trieved OCIO SCDs with preliminary data of the TROPOMI
OCIO retrieval algorithm currently being developed as part
of ESA’s Sentinel-5P+ Innovation (S5P+I) project. Finally,
Sect. 5 draws some conclusions.

2 Retrieval algorithm

The principle of the DOAS method (Platt and Stutz, 2008)
is based on the application of the Beer—Lambert law by per-
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forming a least squares fit to best scale the contributions of
the fit parameters to the measured optical depth (logarithmic
normalized intensity):

10) o
nm_—Xi:S, oi(\)+ P, (1)

where I and Iy are radiances of the measurement and ref-
erence (or Fraunhofer) spectra, respectively. S; is a scaling
factor of constituent i, and o; (A) is its wavelength-dependent
cross section. P is a broadband spectral contribution due to
light scattering approximated by a polynomial. In the first
place, scaling factor S; describes trace gas slant column
densities (SCDs), habitually interpreted as number densities
of trace gases integrated along their effective light paths.
Besides that, also other parameters, scaling linearly in op-
tical depth space, that as approximations account for ad-
ditional spectral features with corresponding pseudo cross
sections, can and, depending on circumstances, should be
included in the fit. They can include, but are not limited
to, the Ring effect (Wagner et al., 2009), offset correction,
shift and stretch (Rozanov et al., 2011; Beirle et al., 2013),
tilt effect (Rozanov et al., 2011; Lampel et al., 2017), po-
larization corrections (McLinden et al., 2002; Kiihl et al.,
2006), changes in the instantaneous spectral response func-
tion (ISRF) with respect to the ISRF obtained during calibra-
tion (Beirle et al., 2017) or higher-order contributions to ac-
count for non-linearities in absorption, and SCD dependency
on scattering (Pukite et al., 2010; Pukite and Wagner, 2016).
SCDs obtained from measurements in the limb mode (ver-
tical scanning of the atmosphere with the instrument point-
ing above the Earth’s horizon as done by OSIRIS and SCIA-
MACHY) can be converted to vertical OCIO concentration
profiles (Krecl et al., 2006; Kiihl et al., 2008) or even 2D
vertical concentration fields along the orbit by means of a
tomographic approach (Pukite et al., 2008). For nadir mea-
surements, SCDs can be converted to vertical column densi-
ties (VCDs, vertical integrals of number density profiles) by
applying radiative transfer modelling (Solomon et al., 1987;
Wagner et al., 2001; Kiihl et al., 2004a). However, it is often
preferred to omit this step for nadir measurements of OCIO
mainly because of two reasons (Kiihl et al., 2004a). First,
for the radiative transfer simulations, the atmospheric state
must be well known (especially at high SZAs (=85°) which
are of special interest for OClO), including the OCIO profile
which is highly variable due to the large photochemical re-
activity (Solomon et al., 1990). Second, the OCIO VCDs at
these high SZAs cannot be interpreted as a measurement of
chlorine activation level, since they still depend on the pho-
tolysis rate of OCIO, which in turn strongly depends on the
intensity of solar illumination and thereby also on the SZA
(Kiihl et al., 2004a). In other words, the calculation of the
VCD at a given location would necessarily require a priori
constrains about the concentration variability along the light
path. Therefore, this study also limits the retrieval to SCDs.
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Table 1. Retrieval settings for OCIO SCD fit.
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Parameter Description

Input data TROPOMI band 3 spectral radiances (320—405 nm)

Calibration Non-linear least squares fit for wavelength alignment and super-Gaussian ISRF approximation
(Beirle et al., 2017)

Fit window 363-390.5 nm

Reference spectrum

Daily mean earthshine spectrum within SZA range of 60-65°, detector resolved

Polynomial Fifth order

Absorption cross sections

0ClO, 213K (Kromminga et al., 2003)

NO,, 220K (Vandaele et al., 1998)
03, 223K (Serdyuchenko et al., 2014)
0y, 293 K (Thalman and Volkamer, 2013)

Ring effect

Four Ring spectra (2 x 2) at 280 and 210 K, scaled or unscaled with A4

Ring effect on absorption

Ring NOj cross section (see Sect. A3)

Higher-order absorption corrections
(Pukite and Wagner, 2016)

A -00CI10

Additional pseudo absorbers

Intensity offset (terms 1/1y, A/, 22 /1) shift and

stretch (Beirle et al., 2013) ISRF changes (Beirle et al., 2017)

BrO absorption correction

Subtraction of BrO absorption, retrieved in another fit window (Warnach et al., 2019),

from the measurement before the fit (see Sect. A4)

2.1 Retrieval settings

The retrieval of the OCIO SCDs is performed by a universal
fit routine which was originally developed for the TROPOMI
water vapour retrieval (Borger et al., 2020). Retrieval param-
eters for OCIO are provided in Table 1.

Before the application of the DOAS method, a spectral cal-
ibration is performed for each of the TROPOMI rows sepa-
rately to obtain measurement wavelength grids and ISRFs.
The calibration includes a non-linear least-squares fit in in-
tensity space with respect to a high-resolution solar spectrum
(Kurucz et al., 1984) for wavelength alignment and slit func-
tion determination approximated by an asymmetric super-
Gaussian function as described by Beirle et al. (2017). The
calibration is done for the reference spectrum (/y) for which
in our application we take a daily mean of the normalized
earthshine measurements within a solar zenith angle range
of 60-65° as defined in Appendix A1.2. The normalization
is done for each spectrum by its maximum spectral intensity
value within the evaluated spectral range. Cross sections of
ozone and NO, are considered in the calibration fit to ac-
count for absorption in the earthshine reference. The usage
of an earthshine reference is motivated by the need to reduce
detector-related effects (e.g. Wagner et al., 2001; Kiihl et al.,
2006), in particular the detector striping and the amplitude
of the Ring effect, which are both more prominent when di-
rect Sun measurements are used. The use of an earthshine
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reference does not hinder the interpretation of the retrieved
OCIO data, because no OCIO is expected to be found at these
low SZAs. It is hence expected that the mean of the retrieved
OCIO slant column densities in the reference region is zero.
The use of the normalized spectra (Appendix A1.2) for the
calculation of the daily mean (at practically no additional cal-
culation effort) also ensures that spectral features that are not
related to OCIO but correlate with its cross section are not
producing an artificial offset. However, the effect of this the-
oretically better approach for this application is negligible.
The DOAS analysis is performed within a fit window from
363 to 390.5 nm. Absorption cross sections of OCIO at 213 K
(Kromminga et al., 2003), NO, at 220K (Vandaele et al.,
1998), O3 at 223 K (Serdyuchenko et al., 2014) and O4 at
293 K (Thalman and Volkamer, 2013) are included in the fit.
P is approximated by a fifth-order polynomial. For the con-
volution of the cross sections to the instrument spectral res-
olution, an intensity-weighted convolution (to account for I
correction) is applied as described in Appendix A2 (Eq. A9).
In the fit we also account for the intensity offset, shift and
stretch (Beirle et al., 2013), and ISRF parameter changes
(Beirle et al., 2017). The Ring effect is accounted for by
Ring spectra calculated at two temperatures (280 and 210 K)
in order to account for the dependency of the Ring spec-
tra on temperature, which we found is important (see Ap-
pendix B9). The two Ring spectra are calculated from the
earthshine reference spectrum and included in the fit. Also,

Atmos. Meas. Tech., 14, 7595-7625, 2021



7598

each is scaled with A* according to Wagner et al. (2009) (ad-
ditional two spectra included in the fit). The use of an earth-
shine reference spectrum for the calculation of the Ring spec-
trum is in accordance with previous studies (e.g. Kiihl et al.,
2004b, 2006, 2008) and is found to give an improvement with
respect to the calculation of the Ring spectra from measured
Sun irradiance spectra.

Also a A - ooclo term according to the approach by Pukite
et al. (2010) and Pukite and Wagner (2016) (convolved with
intensity-weighted convolution, Eq. A11) is included in the
fit. Besides its physical meaning to account for the broad-
band wavelength dependency of the OCIO SCD due to the
change of light path distribution in the atmosphere, which is
large at high SZAs, this parameter gives more flexibility to
better account for the parameter cross-correlation problem,
because one can calculate the final OCIO SCD at a wave-
length which is less affected by systematic errors caused by
the imperfection of the model.

The retrieved OCIO SCDs are obtained from the fitted
quantities according to the formalism in Pukite and Wagner
(2016) by

Socio(X) = Socio,s + ASocio.x0 » (2

where Socio,s is the fit result corresponding to the OCIO
cross section, and Socio,is is for the A - oocio term. A =
379 nm is selected for the evaluation because this wavelength
provides a good trade-off between precision and accuracy
(see also the sensitivity studies in Appendices B1 and B2).

Additionally, a cross section is added to approximate the
impact due to the Ring effect on the NO;, absorption. This
NO; Ring absorption spectra term accounts for the first-order
NO; absorption contribution of the Raman scattered light.
The definition is provided in Appendix A3. It also turned
out to be advantageous to correct the measured spectra prior
to the OCIO DOAS fit for the BrO absorption, because we
found an interference of the retrieved OCIO SCDs towards
BrO. However, inclusion of BrO cross section as an ad-
ditional fit parameter led to even larger systematic errors.
Therefore, a BrO correction (with the BrO absorption de-
termined in a different spectral range) is applied before the
OCIO retrieval on the measured spectra as described in Ap-
pendix A4.

2.2 Retrieval performance and spatial data binning

Uncertainties in passive scattered light DOAS measurements
depend on retrieval noise, the accuracy of the removal of
Fraunhofer bands, the absorption cross sections, unexplained
spectral structures and effects of the radiative transfer (Platt
and Stutz, 2008). For the OCIO cross section by Wahner
et al. (1987), systematic errors (< 8 %) could be due to the
absolute calibration (Wagner et al., 2001). For the cross sec-
tion used in this study, Kromminga et al. (2003) stated that
their cross sections agree with those by Wahner et al. (1987)
within a similar error range. Thus, we assume a similar er-
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ror (~ 10 %). In the following the retrieval performance is
investigated by means of a statistical analysis. While the im-
pact of the retrieval settings is studied in Appendix B, it is
also summarized in the following (Sect. 2.2.4), motivating
the retrieval setup we introduced in Sect. 2.1.

2.2.1 Systematic and random errors

In order to determine the contribution of systematic errors,
we make use of the fact that OCIO occurs only for limited
time periods and areas. Thus, we investigate the retrieved
OCIO SCDs for scenes where no OCIO absorption is ex-
pected. This allows one to investigate the retrieval perfor-
mance by means of a statistical analysis. The left panel in
Fig. 1 shows daily means of retrieved OCIO SCDs for 3d
in each hemisphere binned on a SZA grid with a bin size
of 0.2°. The days are selected to represent different atmo-
spheric conditions at different time periods. For the Northern
Hemisphere (NH) and Southern Hemisphere (SH), 25 Au-
gust 2018 and 25 December 2018 are summer days in the
respective hemispheres when no enhanced OCIO SCDs are
expected. The dates 25 November 2018 (NH) and 25 April
2019 (SH) are early winter days with temperatures not yet
having dropped below the PSC-forming temperature; thus,
again no enhanced OCIO SCDs are expected. The date
25 December 2018 (NH) is an example of a day with en-
hanced OCIO concentrations present; the level, however, is
low as is the case in this winter. The date 25 August 2018
(SH) shows typical OCIO values for the Antarctic winter at-
mosphere with a very strong chlorine activation. The right
panel in Fig. 1 illustrates the standard deviation of the OCIO
SCDs, a measure we use for the mean random error.

Both the retrieved mean OCIO SCDs and their standard
deviations show a pronounced increase with increasing SZA.
The increase in the standard deviations can be expected due
to a lower signal-to-noise ratio at twilight. Considering the
days for which no enhanced OCIO SCDs are expected, the
daily mean OCIO (or systematic offset with respect to the
expected zero) is largest for SH being around 1 x 103 cm—2
where the offset sign is different between December and
April.

The standard deviation at the same time is very similar be-
tween the hemispheres and the different seasons. Being 4 x
1013 cm~2 at a low SZA of 60°, it reaches ~ 2 x 10" ¢cm™2
at a SZA of 90°. One exception is the smaller value of
2.5x 10" cm™2 at a SZA of 60° for SH on 25 December
2018 where most of the measurements within the 60-85°
SZA region are located over the Antarctic ice, improving the
signal-to-noise ratio.

2.2.2 Autocorrelation
In an ideal case, each measurement at one time and location

is independent from all the others. In practice, there are dif-
ferent effects that cause a correlation between measurements.

https://doi.org/10.5194/amt-14-7595-2021
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Figure 1. (a) OCI0 mean SCDs resolved on 0.2° SZA grid for 3 d indicated in the legend on the right in different seasons for each hemisphere.
Itis also indicated which days are expected to have enhanced OClO. Note that the SCDs as plotted for 25 August 2018 in the SH are multiplied
by the factor of 0.1 for SZAs above 80°. (b) Same but standard deviation of OCIO SCDs.

In the previous section it was already demonstrated that the
systematic errors depend on parameters like SZA and season.
Besides those, there are additional sources of systematic er-
rors that are more localized. From a purely instrumental point
of view, such sources would be caused by the point spread
function partly overlapping sensitivity areas of nearby mea-
surements. A correlation could also be caused by other ef-
fects, e.g. the memory effect or striping effect. While in the
case of a striping effect all measurements made by the same
detector are correlated to some degree, the effects caused by
the point spread function and the memory effect would af-
fect all nearby measurements. Another kind of systematic er-
ror is related to variations within the observed scene which
are caused by the variation of atmospheric conditions (e.g.
cloud) or surface properties. There are two kinds of impacts
of the observed scene on the retrieved OCIO SCDs. First,
it causes localized systematic patterns (patches) in the 2D
distribution, indicating a correlation between individual mea-
surements within a certain proximity. Second, the correlation
between different rows is observed due to systematic patterns
in the observed scene at the region where the earthshine ref-
erence is taken.

The autocorrelation function is a tool in signal as well as
image analysis which quantifies the correlation between data
points at different distances apart from each other (Chatfield,
2003; Jahne, 2005). It has the benefit that the autocorrelation
patterns can be analysed even at large random error levels
(as is the case for the retrieved OCIO SCDs from the indi-
vidual TROPOMI measurements). To our knowledge, so far
there has been no application of an autocorrelation analy-
sis reported in the literature for the systematic error analysis
in satellite trace gas measurements. For our purposes, it pro-
vides a handy tool to quantitatively compare the performance
of different retrieval settings with respect to systematic errors
as done in Appendix B. This subsection only introduces the
concept and applies the calculations to the standard scenario.

https://doi.org/10.5194/amt-14-7595-2021

The autocorrelation coefficient p for OCIO SCDs S for the
lags Ai and Aj in along- and across-track dimensions with
respect to individual pixels i and j is

CA,',A]' . Z,‘J(Si,j _g)(Si+Ai,j+Aj _E)
(I-No? I-J)o?

PAiAj = , 3)
with C being the auto covariance, S being the mean SCD of
the subset, o being the standard deviation of the subset and
I - J being the size of the dataset. For practical reasons, C
is calculated by a fast Fourier transformation invoking the
Wiener—Khinchin theorem:

cai,ap=F (IFSGE). *)

Since the variation of OCIO along the orbit is not a com-
pletely spatially stationary process (given, for example, that
its mean and standard deviation depend on SZA), we inves-
tigate a subset consisting of all across-track measurements
with their across-track mean SZA being between 60 and 75°
for the days for which no enhanced OCIO is expected, intro-
duced in Sect. 2.2.1. Figure 2 presents the obtained correlo-
grams. For all days, the autocorrelation coefficients are quite
similar and show a maximum (except the self-correlation at
0 pixel lags being unity by definition) at lags of 1 pixel in ei-
ther dimension. The distinct single correlation peak at small
lag values decreases quickly towards lags of 1-2 pixels in
both dimensions by a factor of 2 with respect to the values at
lag 1. We could speculate that since this short-scale correla-
tion occurs always, it is mostly caused by instrumental fac-
tors (e.g. by the spatial response function, memory effect).
The maximum value of below 4 % shall be interpreted in a
relative sense, because it depends on the selection of the sub-
set region and the sample standard deviation. The correlation
at intermediate lag distances can be interpreted as caused by
retrieval artefacts with respect to the scene parameters.

While at even larger lags the autocorrelation reaches zero
in the across-track direction, it stays enhanced in the along-
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Figure 2. Left: mean autocorrelation coefficients of orbital slices with across-track scans taken at SZAs between 60 and 75° for days without
enhanced OCIO as indicated in the respective colour plots. On the left and bottom of each colour plot the coefficients are plotted as line plots
for the lag across track of 0 and 1 pixel and lag along track of 0, respectively. The values for both lags being zero are excluded (it is unity
by definition). Note that the axis limits are selected to be in the same range as for the plots for the sensitivity studies with different retrieval

parameters in Appendix B.

track direction and is distinctively larger when the across-
track lag is 0. These distinctively larger values for the lags
along track at the across-track lag of zero are caused by
the detector striping effect. The correlation between nearby
stripes at large lags along track is likely caused by structural
patterns in the observed scene at the region where the earth-
shine reference has been obtained. According to Fig. 2, the
correlation between nearby detectors seems to be smaller for
25 December in the SH, which could be caused by a less
structured impact of the reference spectra across track than
for other days as above ice the cloud effect plays a smaller
role.

In summary, the contribution of local-scale systematic er-
rors that can be detected by the autocorrelation analysis (the
mean relation of one measurement to another in a statistical
sense) is only a few percent; thus, it is not a dominating error

Atmos. Meas. Tech., 14, 7595-7625, 2021

source at the original instrument resolution. The investigation
of autocorrelations, however, is still important, because for
binned measurements (see next subsection), the local-scale
systematic errors become important because of a lower vari-
ance of the gridded mean. Thus, the autocorrelation analy-
sis provides an important contribution when evaluating the
retrieval performance with different retrieval settings in the
sensitivity studies in Appendix B.

2.2.3 Binning

Similarly as for the autocorrelation analysis, the large ran-
dom errors (Fig. 1b), having the same magnitude as the OC1O
SCDs even for strong chlorine activation levels, make mea-
surements hardly interpretable by eye at the TROPOMI reso-
lution. Therefore, we apply a spatial binning. Figure 3 shows
OCIO SCDs for 25 December 2018 in the NH and 25 August

https://doi.org/10.5194/amt-14-7595-2021
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Figure 3. Left plots: OCIO SCDs for 25 December 2018 in the NH (top) and 25 August 2018 in the SH (bottom) binned on a 0.2° x 0.2°
grid in terms of an equidistant in latitude coordinate projection. Areas with cloud fraction (CF) below 5 % are shaded. Second column from
left: same results but with a different colour scale. Second from right: standard deviation of the binned mean. Right: SZA of the plotted data.

2018 in the SH binned on a 0.2° x 0.2° grid in an equidistant
in latitude coordinate projection (corresponding to an area
of roughly 20 x 20km?). Note that in the left columns the
same results are shown but with colour scales either to illus-
trate the OCIO SCD variation in the atmosphere or for the
purpose of illustrating systematic features (compare Fig. 1).
The figure also illustrates the standard deviation of the grid-
ded mean (second column from right) and the SZA (right
column). The gridded data show areas with increased OCIO
SCD values distinct from the very smooth background. This
“real” OCIO signal for the gridded data remains pronounced
even for rather low OCIO levels as for 25 December 2018
in the NH, because the standard deviation of the binned data
is only around 5 x 103 cm=2 at a SZA of 90°. It is worth
mentioning that a value of 5 x 10'3cm™2 is often referred
to as a value for the OCIO detection limit in the literature
for GOME-1 and SCIAMACHY (Wagner et al., 2001; Oet-
jenetal., 2011). At lower SZAs the standard deviation of the
mean decreases quickly by a factor of 10. This allows one to
identify even localized systematic features whose existence
was deduced from the spatial cross-correlation study in the
autocorrelation study (see Sect. 2.2.2). They typically do not
deviate from zero by more than &1 x 10'3 cm~2 except for
areas with very low cloud fraction (CF) where the deviation
can be by a factor of 2 or 3 larger. Unfortunately, the per-
formed sensitivity studies have not provided an explanation
for this dependency. We could speculate that for clear sky
cases the lower signal-to-noise ratio (due to a typically lower
effective albedo), larger effects of the spectral stray light, im-
perfections in the detector linearity or the spectral polariza-
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tion sensitivity of the instrument could play a larger role. To
mark such cases, areas with CF below 5 % for SZAs below
75° are shaded in the figure.

Because OCIO is highly variable, it is not possible to pro-
vide a general value for a typical relative error. Thus, we limit
the error estimation to a few values for possible OCIO SCD
levels. The relative error of OCIO SCD gridded data is about
15% for a SCD of 5 x 10" cm~2 at SZA of 90°. This esti-
mate is obtained by adding the squares of the relevant errors
(cross section error 10 %, random error 5 x 1013 ¢cm~2 and
assuming the systematic error (offset magnitude) of 2 x 103
cm™2). For a SCD of 2 x 10" cm™2, this translates to an er-
ror of 30 %. For lower SZAs where both the expected levels
of the retrieved OCIO and the random error are substantially
smaller, the relative error at a SZA 85° for an OCIO SCD of
5x 10" cm™2 is estimated as 50 %.

The detection limit which we determine as the SCD value
that corresponds to a relative error of 100 % is about 6 x 10'3
and 2.5 x 103 cm~2 at SZAs of 90 and 85°, respectively.

2.2.4 Sensitivity to retrieval settings

To motivate the retrieval setup as introduced in Sect. 2.1, we
investigated the effect of different retrieval settings on the re-
trieved OCIO SCDs by applying modifications with respect
to the standard fit scenario described in Sect. 2, Table 1. In
Table 2 the specific settings for the sensitivity studies (second
column) and corresponding main results (remaining columns
on the right) are provided. We refer to Appendix B for a
more detailed description of the obtained results. Table 2
summarizes the minimum and maximum offsets from zero
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(third column) for the same days introduced in Sect. 2.2.1
for which no OCIO is expected (25 August 2018 for the NH
and 25 December 2018 for the SH, 25 November 2018 (NH)
and 25 April 2019 for SH) at SZAs of 90 and 85° for the
modified settings (second column). The standard deviation
of the binned mean (maximum from the investigated 4 d) is
provided in the fourth column, while the autocorrelation co-
efficient for 25 November 2018 (NH) at lags of 1 and 20 pix-
els across track, both with a lag of 0 along track, are listed
in the last column. Larger absolute values than for the stan-
dard case are marked in bold. Comparing these differences to
the performance of the standard scenario, the case numbers
of the settings (first column) are marked in bold, which are
causing a worsening of the retrieval.

In particular, it is important to consider the OCIO x A term
(compare to sensitivity case 2) and carefully select a wave-
length for the calculation of the OCIO SCD from the fit-
ted OCIO + OCIO x A terms (case 1), ensuring a minimiza-
tion of the systematic error. The accuracy improvement here
is larger than a slight increase in the random error. Also,
special care should be taken when selecting the fit window
(cases 3 and 4) where already small changes (case 3) can
lead to a lower accuracy and increased background struc-
tures as clearly recognized by the autocorrelation analysis.
For the retrieval of OCIO, it is important to consider the
BrO absorption. Adding a BrO cross section to the retrieval
as a free fit parameter, however, leads to large retrieval er-
rors (case 9). Applying a BrO correction (Appendix A4) by
subtracting the BrO signal retrieved in another fit window
suitable for retrieval of BrO is important to account for the
wavelength dependency of the BrO air mass factor (AMF)
(case 8). Interestingly, the exact BrO profile height, although
providing a larger offset at higher SZAs, is not so impor-
tant (case 7). Also the consideration of a NO; Ring spectrum
(Appendix A3) is providing a significant improvement. It is
also necessary to include in Ring spectra calculated at two
temperatures (case 11) as well pseudo absorbers accounting
for changes in the slit function (Beirle et al., 2017).

Not important in the context of the investigated fit settings
is the use of the (theoretically more accurate) mean of the
normalized earthshine spectra (Appendix A1.2) instead of
the mean of the earthshine spectra (case 5). Besides that, the
offset correction A2/ I term can also be neglected. Also the
intensity-weighted convolution (case 14) is considered op-
tional, leading to a correction of only about 3 times below
the current accuracy level.

3 Comparison with ground-based zenith sky
measurements

Although a nadir-viewing satellite instrument like
TROPOMI and a ground-based zenith sky instrument
are viewing in opposite directions (one downwards from
space and another upwards from the Earth’s surface), the
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absorption by OCIO at high SZAs is taking place in the
stratosphere, which, before the light is scattered into the
instrument’s field of view, is crossed by the light under the
same slant angle for both instruments, i.e. is probing nearly
the same air mass. Thus it is expected that also nearly the
same photochemical variations along the light path take
place. We compare OCIO SCDs retrieved from TROPOMI
measurements with those obtained by ground-based zenith
sky DOAS instruments at Kiruna (Gottschalk, 2013; Gu,
2019), Sweden (67.84°N, 20.41°E), and at Neumayer
station (Frief3 et al., 2005) in Antarctica (70.64° S, 8.26° W).
For the comparison, the OCIO SCDs retrieved for all
TROPOMI pixels within 100 km radius around the ground
stations are averaged. To filter for outliers, TROPOMI pixels
with fit errors above 10 x 10'*cm™2 are excluded. Also
cases with less than 100 TROPOMI pixels within that area
are excluded from further processing. For the zenith sky
instruments, SCDs within the SZA range of 40.5° around
TROPOMI SZA are averaged.

3.1 Kiruna

The zenith sky DOAS instrument at Kiruna measures scat-
tered sunlight between 300 and 400 nm with a spectral res-
olution of about 0.6 nm and approximately 10 times finer
wavelength sampling. OCIO SCDs from Kiruna used for this
comparison are retrieved in a fit window of 372-392 nm.
Cross sections for OCIO (Kromminga et al., 2003) at 213 K,
ozone (Bogumil et al., 2003) at 223 K, O4 (Thalman and
Volkamer, 2013) at 273 K and NO, (Vandaele et al., 1998)
at 220K are used. The intensity offset is considered by 1/1j
and A /Iy terms. Also four Ring spectra (at temperatures of
213 and 263 K, scaled and not scaled with A4) and a A-00c10
term (Pukite and Wagner, 2016) are included in the fit. As a
Fraunhofer reference, an OClIO-free spectrum, obtained be-
fore the winter in October at about 80° SZA at a day when
Kiruna was outside the polar vortex, is taken.

The time series comparing both datasets are shown in
Fig. 4 where the collocated TROPOMI measurements are in-
dicated as circles and zenith sky measurements as crosses.
Both are coloured according to the SZA. The circle ra-
dius also scales with the available TROPOMI pixel num-
bers within the collocated area, ranging from 100 to ~ 1500.
Figure 5 shows the difference between both datasets. Gen-
erally very good agreement can be found, not exceeding
+5 % 1013 cm~2 for SZA at and below 90°. Larger discrep-
ancies (mostly within ~ 1 x 10'* cm~2) appear at very high
SZAs, where the scatter can be larger especially for com-
parisons with a low number of averaged TROPOMI pixels.
This can also be seen in Fig. 6 where on the left-hand side
the difference is plotted between the collocated TROPOMI
and zenith sky DOAS measurements as a function of the
SZA (x axis). The time of the measurement is provided by
the colour scale. For SZAs below 90°, a systematic offset of
about 1 x 10'* cm~2 is found with a standard deviation that
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Table 2. Specific settings and results for the sensitivity studies; for details see Appendix B. Larger absolute values than for the standard case

are marked in bold.

No. Implemented modifications Systematic offset SD of the binned Autocorrel. coeff. at lags
with respect to the (x 1013 cm_z) at  mean (X 1013 cm_z) across track of 1 (20) pixels
standard fit settings SZA 90° (85°) at SZA 90° for 25 November 2018

min. . .max (85, 60°) max (NH) (%)

- Standard scenario —1.2...1.4(-0.9...04) 1.80 (0.65, 0.29) 4.2 (0.5)

1 Calculation of the OCIO SCD from —-1.8...1.2(-14...0.2) 1.63 (0.59, 0.27) 4.5(0.9)
fitted OCIO + OCIO x A terms
at 377 nm (instead of 379 nm)

2 Retrieval without the OCIO x A term —2.2...1.2(-18...0.1) 1.57 (0.57, 0.26) 5.2(1.4)

3 Slightly different fit window I (363-391 nm) —-13...1.4(-1.0...0.3) 1.78 (0.65, 0.29) 4.7 (0.8)
(e.g. by Kiihl et al., 2004a)

4 Different fit window II (365-389 nm) —0.7...2.5(—-14...1.0) 2.09 (0.76, 0.34) 4.7 (0.9)
(e.g. by Oetjen et al., 2011)

5 Fraunhofer reference as daily mean of —1.2...1.3(-0.9...0.3) 1.80 (0.65, 0.29) 4.3 (0.6)
the earthshine spectra (Appendix Al.1)
instead of the mean of normalized
earthshine spectra (Appendix Al.2)

6 BrO correction (Appendix A4) taking —0.9...2.0 (—0.8...0.5) 1.80 (0.65, 0.29) 4.2 (0.5)
the wavelength dependency of the BrO SCD
into account assuming (Fig. A1) a profile
peak at 20 km (instead of 17 km)

7 BrO correction (Appendix A4) without —0.4...2.8(-0.7...0.6) 1.80 (0.65, 0.29) 4.2 (0.5)
accounting for the wavelength dependency
of the BrO AMF

8 BrO correction (Appendix A4) not applied —-0.2...44 (-0.4...1.7) 1.80 (0.65, 0.29) 4.5 (0.7)

9 BrO correction not applied, but —-24..21(-33...-0.3) 2.18 (0.80, 0.37) 11.2 (3.9)
the BrO cross section included
as a fit parameter in the OCIO fit

10 NO; Ring spectrum (Appendix A3) —-28...08(-17...-0.2) 1.73 (0.63, 0.28) 5.0 (0.7)
is excluded

11 Only Ring spectra for one temperature (280 K) —0.9...2.4(—0.5...1.2) 1.80 (0.65, 0.29) 4.0 (0.5)

12 Fit without the slit function pseudo —1.1...1.3(-1.3...0.2) 1.77 (0.65, 0.30) 9.2 (1.9)
absorbers (Beirle et al., 2017)

13 Offset correction A2/10 term excluded —1.3...1.4(—0.8...0.3) 1.76 (0.64, 0.28) 3.7(0.5)

14 Standard convolution for the trace —-0.8...1.7 (-=0.7...0.6) 1.82 (0.66, 0.29) 4.4 (0.5)
gas cross sections applied instead of
the intensity-weighted (/)
convolution (Appendix A2)

15 Same as 14 but with the offset —1.0...1.6 (—0.6...0.5) 1.77 (0.65, 0.29) 3.8(0.5)

correction A2 /1 term excluded

does not exceed this offset value. Close to the SZA of 90°,
the mean offset crosses zero and becomes negative at larger
SZAs with standard deviation of about 4 x 10'3 cm~2. Fig-
ure 6b shows a scatter plot between the TROPOMI and zenith
sky data. The data are again coloured with respect to the SZA
and the collocated TROPOMI pixel numbers. The plot in-
cludes two regression lines: a linear regression and an or-
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thogonal regression with the latter being reported to be more
adequate for independent datasets (Cantrell, 2008). Both re-
gression results indicate good agreement. Nevertheless, the
slope for the orthogonal regression (0.94) is much closer to
unity than for the linear regression (0.85). The offset param-
eters are 1.0 x 10'3 and 6.2 x 10'?2 cm~2, respectively. The
correlation coefficient between both datasets is 0.94.

Atmos. Meas. Tech., 14, 7595-7625, 2021
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Figure 4. OCIO SCDs measured at Kiruna (67.84° N, 20.41° E) by the zenith sky DOAS instrument (black line). Their diurnal variation
reflects their dependency in particular on SZA. The zenith sky measurements at the TROPOMI SZAs are marked by “x”. Collocated
TROPOMI measurements are indicated by “o”. The SZAs of these measurements are colour-coded, while the radius of the circles indicates
with the number of TROPOMI pixels within the selected area (in range of 100 to ~ 1500).

It is also worth mentioning that the additional Ring spec-
tra and the A - ogcio term in the retrieval of Kiruna OCIO
SCDs improved the comparison with the satellite measure-
ment dataset considerably. In Appendix C the comparison as
in this subsection is presented but with Ring terms at only
one temperature and without the X - opcjo term. Also other
settings for the retrieval of Kiruna OCIO SCDs like the us-
age of a reference spectrum from a different day can slightly
modify the offset. Nevertheless, the offset is below the accu-
racy of the retrieval and thus can be neglected.

3.2 Neumayer

The UV channel of the MAX-DOAS instrument at Neu-
mayer station in Antarctica (Ferlemann et al., 2000; Frief3
et al., 2001, 2005) measures scattered sunlight between 320
and 420 nm with a spectral resolution of 0.5 nm (full width at
half maximum) by a 1024-element photodiode array. Note
that for the OCIO analysis only the zenith measurements
are used. OCIO SCDs for Neumayer are retrieved in the
wavelength range of 364-391 nm. The fit settings include
a fourth-order polynomial, cross sections for OCIO (Krom-
minga et al., 2003) at 213 K, ozone (Bogumil et al., 2003)
at 223 and 293 K, NO; (Vandaele et al., 1998) at 220 and

Atmos. Meas. Tech., 14, 7595-7625, 2021

298 K, O4 (Hermans, 2021) at 298 K, and BrO (Wilmouth
et al., 1999) at 228 K. Also two Ring spectra (scaled and not
scaled with A*) and intensity offset (1/1j term) are fitted. For
the Fraunhofer reference, spectra in sunlit atmosphere out-
side the polar vortex are recorded.

The time series shown in Fig. 7 are similar to those shown
in Fig. 4 for the Kiruna measurements. Also the differences
are provided in the same way as in Fig. 8. Also for the Neu-
mayer data, good agreement is observed. The differences
in most cases do not exceed £10 x 10'>cm=2 for SZA at
and below 90° with a seasonal drift from local autumn un-
til spring in the range of +5 x 10'3cm™2. The drift varies
from year to year. For the polar winter 2018, the differences
range from being mostly negative in April and May to mostly
positive in September and October. For the winter 2019, the
differences are scattered around zero both at the beginning
and end of the season. However, an opposite trend is found
for the winter 2020: the differences are mostly positive in
April and May and become more negative in October. For all
winters, mostly positive differences are observed at the end
of July and beginning of August. This can also be seen in the
left plot in Fig. 9 where the difference between the collocated
TROPOMI and zenith sky DOAS measurements is plotted as

https://doi.org/10.5194/amt-14-7595-2021
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Figure 5. Difference between the collocated TROPOMI OCIO SCD measurements and the ground-based measurements in Kiruna for three
different winters. Colour coding and radius of the circles is the same as in Fig. 4.
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a function of the SZA (with the time of the measurements
indicated by the colour scale). At low SZAs which appear in
April and also in September and November, the mean differ-
ence is in the range between 0 and 3 x 10'3 cm~2, where the
scatter reflects both the day-to-day variability and the differ-
ences between the different winters. The offset in July and

https://doi.org/10.5194/amt-14-7595-2021

beginning of August causes increased mean differences at a
level of 2 x 10'3 and 4 x 10'3 cm~2 for SZAs above 87°. At
SZAs above 90° the scatter increases and also the differences
between measurements in May and end of July—August show
a different offset. The standard deviation of the differences
is rather constant with SZA being around 4-5 x 10'3 cm—2

Atmos. Meas. Tech., 14, 7595-7625, 2021



7606

01Jun 18 01 Jul 18

J. Pukite et al.: OCIO from TROPOMI

5 -
& 4l °
5" :
a 3 I ! x X
&) P zenith sky
g 2 X zenith sky at TROPOMI SZA
5) ° | O TROPOMI
S 1 ’%1 1
75 85
P =5 ’&W % = |
01 Apr 19, 01 May 19 01Jun19 01 Jul 19 01 Aug 19 01 Sep 19 010ct19 01 Nov 19
x 10
5 -
4
5 o
58
a
o [e]
D o o %
o) o b
S X O
81 B 5o TR X
o X Xx
0% ¥ '% X
B il _ _ _ _
01.lpr 20 01 May 20 01 Jun 20 01 Jul 20 01 Aug 20 01 Sep 20 01 Oct 20 01 Nov 20

Figure 7. Same as Fig. 4 but for zenith sky OCIO SCDs measured at Neumayer (70.64° S, 8.26° W).

3xJO
L
€ 2
L o
34 °
f =
Qo Q°
50 FoRs.
© ) [@.
Q Eg & ?b Qb &9 %
O -1
(7]
o
O -2
O
01_Rpf18 01 May 18 01Jun18 01Jul18 01 Aug 18
3')(‘1014
L
g2 . o
81 °
: &
o o [o)
2 000890 0 RT@RISE
T @0 &~ O o
o (€]
O -1
(7]
o)
o2
o
o1'ipf19 01 May 19 01Jun 19 01Jul19 01 Aug 19
14
410
€ 2
& o
o ® o ° o
81 o ° 08 o2 8
@ QQ o
o o [e]
2 w0 2 BXRRs
?2 0“_@ & o % R U '.p' (%) @O‘D. %‘@8
©
Q o 08
Q-1
(7]
o
o2
o
01'Rpf 20 01 May 20 01 Jun 20 01 Jul 20 01 Aug 20

Figure 8. Same as Fig. 5 but for zenith sky OCIO SCDs measured at Neumayer.

Atmos. Meas. Tech., 14, 7595-7625, 2021

01 Sep 18 010Oct 18 01 Nov 18

o) TROPOM] - zenith sky
65 70 75 80 85 920
SZA (") O o

)

o
A

°«y%000m O A é)O© |

% ) Q}ﬂ LB TR Ko 8

°0 f%@ oA &Q%fg
° °0 )

o ©° o

01 Sep 19 010Oct 19 01 Nov 19

o

o

01 Sep 20 01 Oct 20 01 Nov 20

https://doi.org/10.5194/amt-14-7595-2021



J. Pukite et al.: OCIO from TROPOMI

o
£
o
Y £
[&] c
S g
[0}
o r o ]
4 ° collocations oF
——mean .
1.5 8D _
70 80 90
(a) SZA (%)

7607

14
x10 -
othog. regr.: y=0.98x+1.3e+13
linear regr.: y=1.1x+0 °

8

— 11

2 0 =2 4 6 8
(b)  Zenith sky OCIO SCD (cm?), 4™
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for SZAs around 90° and below. We can speculate that the
scatter for Neumayer in comparison with Kiruna is larger
because of the different latitudes of both sites and the spe-
cific TROPOMI orbital properties along with the different
retrieval settings. Figure 9b shows a scatter plot between the
TROPOMI and zenith sky data. The linear regression pro-
vides slope parameter of 1.1, while for the orthogonal re-
gression it is 0.98; the offsets are 0 and 1.3 x 1013 cm™2, re-
spectively. The correlation coefficient (0.96) between both
datasets is very similar to that for Kiruna (0.94).

4 Comparison with preliminary SS5P+I OCIO product

In the framework of the Sentinel-5P Innovation activity
(S5P+I) an operational OCIO product from TROPOMI is un-
der development. The current state of the algorithm (v0.95)
is described in the Algorithm Theoretical Basis Document
(Meier et al., 2020) in detail. Here just the basic settings are
listed. The retrieval applies a solar irradiance spectrum as
Fraunhofer reference and uses a fit window of 345-389 nm.
Cross sections of OCIO (Kromminga et al., 2003) at 213 K,
NO; (Vandaele et al., 1998) at 220 K, ozone (Serdyuchenko
et al., 2014) at 223 and 243 K, O4 (Thalman and Volkamer,
2013) at 293 K, and Ring (Vountas et al., 1998) and intensity
offset (1/1p) terms. Also two empirical terms derived from
mean residuals are used to account for contributions not ex-
plained by the already considered fit parameters.

We compare the retrieved OCIO from our study with the
preliminary S5P+I OCIO SCD mean data within the 89° <
SZA < 91° range.

Figure 10 plots the time series of the SSP+I OCIO SCDs
together with those from this study for the polar winters
2018/19 and 2019/20 in the NH and 2018, 2019, and 2020
in the SH. While the overall shape agrees very well, an off-
set between both datasets is observed for low OCIlO levels
where the SS5P+I data have higher values. As discussed in
Pukite et al. (2021), OCIO is not expected at the beginning of
November (NH) or April (SH) because of still warm temper-
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atures. Thus, values systematically above zero should likely
be an artefact. At very high OCIO levels the agreement be-
comes better. This behaviour is confirmed in the correlation
plots in Fig. 11. A very high correlation is obtained with the
correlation coefficient being 0.990 in the NH and 0.996 in the
SH. The orthogonal regression has an offset of —5.4 x 10
and —3.6 x 1013 cm~2, and the slopes are 1.10 and 1.07, re-
spectively.

The slope is likely caused by the wavelength dependency
of the OCIO SCDs: for the interpretation we assume the
same Gaussian profile shape as for BrO for the simulations in
Fig. Al. The obtained ratio at the SZA of 90° between SCDs
simulated at 380 and 340 nm is 1.35-1.9 (depending on pro-
file peak altitude). Keeping in mind that the OCIO SCDs for
our study are obtained at 379 nm and assuming that the ef-
fective wavelength for the S5P+I is in the middle of their
fit window (i.e. at 367 nm), we obtain a ratio in the range
of 1.085-1.17 (broadly consistent with the observed slope).
The slope different from unity and the offset of the regression
thus explain the good agreement at high OCIO SCDs and the
offset at low SCD values.

A comparison of S5P+I OCIO SCDs with the ground-
based data (not shown here), performed in the same man-
ner as the comparison in Sect. 3 between this study and the
ground-based data, showed generally a very similar agree-
ment between S5P+I and the ground-based data. Larger dif-
ferences between the SSP+1 OCIO SCDs and the ground-
based data than for our analysis was found for observations
at high SZAs with low OCIO SCDs, thus consistent with the
findings in this section. As a consequence, the application
of the solar irradiance instead of the earthshine spectrum as
Fraunhofer reference cannot likely explain the differences as
it would provide a similar offset for all SZAs. Also the use of
a Ring spectrum as defined in the SSP+I preliminary product
(not shown here) did not provide a better result. Thus we can
speculate that the differences could be related to the usage
of different fit windows, together with still uncompensated
higher-order effects in the current version of the SSP+I OCIO
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Figure 10. Time series of TROPOMI mean OCIO SCDs within 89° < SZA < 91° obtained within this study and the preliminary data from
the operational S5P+I data for polar winters (from top to bottom) 2018/19 and 2019/20 in the NH and 2018, 2019, and 2020 in the SH.
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Figure 11. Correlation plots between the time series shown in Fig. 10; left panel is for the NH winters and right panel is for the SH winters.

fit as the consideration of the wavelength dependency of fit
parameters becomes more challenging in larger fit windows.
The differences might also be related to the implementation
of the empirical terms in the SSP+I retrieval or instrumental
effects, but such investigations are beyond the scope of this
study.
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5 Conclusions

We developed a novel retrieval algorithm of OCIO SCDs
from the TROPOMI instrument on Sentinel-5P. To achieve
the challenging high accuracy (and low detection limit),
which is especially important for OCIO observations, ac-
counting for absorber and pseudo absorber structures in op-
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tical depth even of the order of 10™# is important. Therefore,
in comparison to existing retrievals, we include several addi-
tional fit parameters accounting for spectral effects like the
temperature dependency of the Ring effect and Ring absorp-
tion effects. The analysis also considers higher-order terms
(Pukite and Wagner, 2016) and the BrO absorption contri-
bution. Including these terms improves the accuracy of the
retrieval results especially for low OCIO SCDs. The typical
random error is around 4 x 10'3 cm~2 at low SZA (60°) and
reaches ~ 2x 10'* cm™2 at an SZA of 90°. Thus for the inter-
pretation of the data, averaging of individual measurements
is needed to decrease the random error towards the typical
levels of OCIO SCDs. In this study we average the individ-
ual measurements on a horizontal grid of about 20 x 20 km?
(averaging about 20-25 individual measurements), which is
well suited for measurements in the stratosphere.

For the gridded OCIO SCDs, the random uncertainty is
typically 0.5-1 x 10'3 cm~2 at low SZA and 5 x 10'3 cm—2
at SZAs around 90°. Also, the systematic errors in this range
are mostly not exceeding 1-2 x10'* cm~2. Thus a detection
limit of about 0.5-1 x 10'*cm™2 at a SZA of 90°, similar to
the detection limits of earlier instruments, is achieved but at a
substantially lower spatial resolution. Thus TROPOMI OCIO
measurements provide a clear improvement with respect to
previous instruments.

We investigated the performance of different retrieval set-
tings by an error analysis with respect to random variations,
large-scale systematic variations as a function of SZA and
also more localized systematic variations by a novel applica-
tion of an autocorrelation analysis.

The retrieved dataset agrees very well with zenith sky
measurements in both polar regions (at Kiruna and Neu-
mayer station) with slopes and correlation coefficients near
unity. The larger absolute differences between individual
TROPOMI and Neumayer data points are compensated by
much higher absolute OCIO SCDs at Neumayer. The use of
similar settings for the spectral analysis for the Kiruna zenith
sky measurements as those used for the TROPOMI analysis
with an optimized treatment of the temperature dependency
of the Ring effect and with an OCIO cross section “lambda
term” significantly improved the agreement, practically re-
moving the year-to-year and seasonal variability in the dif-
ference between the TROPOMI and zenith sky datasets.

A nearly perfect correlation (correlation coefficient being
practically unity) is obtained with the comparison to the pre-
liminary data of the operational SSP+I retrieval algorithm. In
the S5P+1 data, however, a systematic positive offset with re-
spect to the presented algorithm is found. Here we can only
speculate that this offset might be caused by higher-order ef-
fects, which are probably more important in the larger fit win-
dow of the SS5P+I retrieval. A slope slightly different from
unity can largely be explained by the differences in the wave-
length regions used for the DOAS fit in both analyses.
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Appendix A: Definition of some retrieval concepts and
settings

Al Calculation of the earthshine reference spectra
Al.1 Mean earthshine reference

When an earthshine reference is used for the DOAS analy-
sis, the measurements in a selected reference region are aver-
aged, obtaining a mean radiance reference spectrum /Iief(A)
as follows:

Lier(h) = % D (e P, (AD)

where I; (A)e~%® indicates the individual measured spectra
with 7; (1) being the signal of absorption features from a sin-
gle pixel i to be contributing to absorption parameters fitted
by the retrieval and the intensity /; (1) being the intensity of
the signal; for example, for pixels above the clouds there will
be a stronger signal than for clear scenes.

In DOAS, the logarithm of Eq. (A1) is used for the normal-
ization of individual measurements. Expanding it in a Taylor
series up to the first order with respect to 7; (1), one obtains
the following:

In(ler(3)) = 1In (1 S e <A>>

2. (WL M (A

The second term on the right-hand side indicates that the
features 7; (A) in the mean earthshine reference spectrum are
weighted with the intensities of the contributing measure-
ments. Thus, such a reference spectrum in the DOAS anal-
ysis generally would lead to an offset for the fitted param-
eters even in the reference region if their SCDs are not ho-
mogeneous in this region. Also if there is no expected ab-
sorption of a particular absorber in the reference region (like
it is the case for OCIO), the potential errors and the incom-
pleteness of the representation of the atmospheric state by the
DOAS model can in theory induce an offset as part of the sig-
nal could interfere with the absorption cross sections of the
considered absorbers. Fortunately the performed sensitivity
studies (Appendix B5) show no additional effect from these
considerations to the retrieved OCIO SCDs. Nevertheless, we
eliminate even a theoretical possibility of such an offset by
considerations in the next subsection.

(A2)
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Figure Al. Scaling factors R accounting for the BrO SCD differ-
ences at different wavelengths as a function of the SZA. For the BrO
correction in the OCIO retrieval, the factors modelled for a BrO pro-
file with a peak at 17 km are used. Plotted also are values for two
additional BrO profile peak altitudes.

Al.2 Weighted mean earthshine reference with inverse
radiance weights

To avoid this problem we normalize the individual measure-
ments in the reference region before averaging:

(e 1%
I;()

1
bB) 7oy,

Intensity I;(A) is selected at a distinct wavelength 2’
within measurement spectrum 7; (1).

Expanding the logarithm of Eq. (A3) in a Taylor series
up to the first order with respect to 7; (1), one obtains the
following:

Tret(2) = (A3)

L;0)e ™ L0 oy i
D T NP DY oy R DA G 15%

In(er(2)) = In : 1 -
i (A)
Z L)) Z L;i(\) Z L;(\)

. (Ad)

Since I/ is nearly proportional to all intensities in the
spectrum I;, there is practically no effective weighting for
7; in the second term on the right-hand side. Thus, using a
weighted spectrum (Eq. A3) as a Fraunhofer reference spec-
trum in the DOAS analysis at practically no additional cal-
culation effort should eliminate even a theoretical possibility
to an offset in the mean values of the fitted parameters in the
reference region.

A2 Intensity-weighted convolution of cross sections

The so-called Iy correction is applied to account for the so-
called absorption filling-in effect when convoluting absorber
cross sections to the instrument resolution in DOAS appli-
cations (Wagner et al., 2002a; Aliwell et al., 2002). An Io-
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corrected cross section opr for the low-resolution (LR) do-

main is calculated as follows:

[ Io(A)e™STHRM K (g — 1)dA
S Io(M)K (o — 2)dA

OLR = —In /S, (AS)
where Ip(A) is the high-resolution (HR) Sun spectrum, K is
the convolution kernel (i.e. ISRF) and S is the SCD. The re-
sult of the equation is twofold: first, it weights the absorp-
tions at the individual wavelengths with the intensities of I,
and second, it considers non-linear effects of absorptions in
the exponent. It follows that the equation, however, is valid
for a single absorber. In such a case the optical depth of
the absorption is solely due to this one absorber and can be
described in the LR domain by the logarithmic ratio of the
convolved spectra with absorption and without absorption:

[ Io(R)e™STHRM K (g — 1)d
[ To()K (Ao — A)dr

TR = SO’LR =—In (A6)

The effective cross section in the LR domain is just the
ratio of 7R and S, the last term is assumed to be constant
and as such can be retrieved by the fit.

The problem is to deal with a situation when the assump-
tion of a single absorber is not fulfilled, in particular if there
is more than one absorber in the scene or the SCD varies with
wavelength. In such a case the absorption optical depth is

[ Io(We=LiSiRouri D K (35 — 2)dA
n .

ar() =—1 TToGK (ko — )do.

(AT)

Now the absorption optical depth cannot be normalized by
a constant SCD of a single absorber. Moreover the absorp-
tions S; (A)onr,; (A) of the individual trace gases i have multi-
plicative effects; thus, in principle they cannot be convoluted
separately, and their LR optical depths cannot be separated as
would be needed for a correct definition of distinct LR cross
sections.

A2.1 Weak absorption formalism

Assuming that the absorption is weak enough, a Taylor series
expansion can be applied (i.e. e* ~ 1+x for x close to 0); we
can, however, state the following:

R ()~ —In L0 =30 Si omr,i () K (o — 1)dA
LR [Ty K (hg — A)da :
(A8)

Now the summands can be integrated separately. Assum-
ing also that the SCDs are constant, the Ip-corrected cross
sections for a weak absorption limit can be defined:

S IoM)our,i (W) K (Ao — A)dA
OLR,i =
S Io(R)K (ko — A)dA

(A9)

In cases where it is necessary to account for the SCD vari-
ation with wavelength, S; can be expanded in a Taylor series
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with respect to the wavelength and the cross section (Pukite
et al., 2010; Pukite and Wagner, 2016):

Si(A) = S0,i + S,ir + SgioHR,i (1). (A10)

Putting this expression into Eq. (A8), one just needs to also
convolve in addition to Eq. (A9) the products of Aour,; (1)
and opR ()»)2 in order to obtain the Ip-corrected cross sec-
tions for these higher-order terms:

(GMLR; = fIO()‘)O'HR()\))»K()LO —2)dxr
e [ Io(M)K (ko — X)dA
(D1p, = L OWTHRAK (Ao — 1)

e [Io)K (ho—r)dr

) (ALD)

(A12)

By this intensity-weighted convolution of the cross sec-
tions, the first aim of the Iy correction (weights the absorp-
tions at individual wavelengths with the intensities of Ip) is
fulfilled. For the application to the OCIO SCD retrieval in
this study, the intensity-weighted convolution (i.e. Eq. A9)
is applied for all trace gas cross sections. The cross section
wavelength term (Eq. A11) is used for the A -oocjo term. Be-
cause of the weak absorption, the cross section square term
(Eq. A12) is not applied.

A2.2 Strong absorption assumption

Although being not relevant for the OCIO SCD retrieval, we
take for the sake of completeness a short excursion to also
show that the second aim of the Iy correction (i.e. accounting
for the non-linear contribution to the absorption filling effect)
can be considered in a similar manner by just the intensity-
weighted convolution of the higher-order terms.

For a case with a strong absorption when the usage of the
Taylor series square term is needed and thus also an absorp-
tion non-linearity effect in the /Iy correction can be expected,
we just need to explore the higher-order Taylor series ex-
pansion terms for the exponent of Eq. (A7). Consequently,
Eq. (A8) can be written in a general form:

ST (1 =32, SgoHR, g (W) K (ko — 1)dA

TToG)K (kg — A)dA . (A13)

T R(A) ~ —In

where S,oyr,, describes the absorption contribution of a
particular term g obtained by the Taylor series expansion (for
the definition of the higher-order DOAS terms please refer to
Pukite and Wagner, 2016, in particular Sect. 3.3 therein).

The Iyp-corrected cross sections are then generally defined
as (compare to Eq. A9)

_ [ Io)orR ¢ (WK (o — 1)d2

TLRE = T 000K (g — Myd (Al

These terms include both the cross section wavelength
term (o A)LRr,; (Eq. All) as well as the cross section square
term (O’Z)LR’I' (Eq. A12). Thus, it can be assumed that the
intensity-weighted convolution of the higher-order terms im-
plicitly also accounts for the non-linearity of the Iy filling in.
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A3 Ring effect on NO; absorption

The Ring effect describes the so-called “filling in” of so-
lar Fraunhofer lines (Grainger and Ring, 1962) for scattered
light measurements caused by the fact that part of the light
undergoes inelastic (Raman) scattering. It results in a highly
structured spectral fingerprint with respect to the direct Sun
spectrum (see Wagner et al., 2009). Although the DOAS re-
trieval with an earthshine spectrum as a Fraunhofer reference
largely reduces the magnitude of the Ring effect, it still needs
correction because of the different filling-in magnitudes be-
tween the measurement and the Fraunhofer reference.

In addition we found that it is necessary to account for
the filling in of the NO, absorption in order to eliminate a
pronounced systematic negative bias in the retrieved OCIO
SCDs at high SZAs; see Appendix B8. The absorption fill-
ing in appears because a part of the absorption occurs be-
fore the Raman scattering event where light is crossing at-
mosphere at a different wavelength than after the scattering.
This effect tends to reduce the differential trace gas absorp-
tion (smoothing effect) and seems to not be substantially re-
duced by the usage of the earthshine reference in our retrieval
algorithm because of significant differences in light paths of
the inelastically scattered light between the measurement and
the Fraunhofer reference.

Fish and Jones (1995) have first demonstrated the impor-
tance of the absorption filling where they estimated the un-
derestimation in the retrieved NO; slant column from studies
on simulated spectra. Van Roozendael et al. (2006) applied
an iterative correction in the ozone SCD retrieval by scal-
ing of the effective slant column. More recently, Lerot et al.
(2014) developed a semiempirical formulation to calculate
filling-in factors for their ozone retrieval, which, once multi-
plied to the elastically scattered radiances, correct them itera-
tively for the structures introduced by the inelastic scattering
processes.

For our correction we just use the Taylor series expansion,
as outlined below, of the Ring spectrum with respect to ab-
sorption up to the first order and include the obtained first-
order Ring absorption term (for NO») as a free fit parameter
directly in the fit, thus having a benefit that neither a radiative
transfer modelling nor an iteration scheme is needed.

The inelastic scattering contribution at the detector wave-
length Ao without absorption is defined as

1

Linelastic (o) = m
aman ’

/ RO)ORaman (b 20)dh,  (A15)

where A is the incident wavelengths of the light entering the
atmosphere and undergoing Raman scattering to the mea-
surement wavelength Ag; ORaman 1S the Raman line spectral
cross section, obtained according to Bussemer (1993).
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While this Raman scattered light travels through the atmo-
sphere, absorption by trace gases also takes place:

1
f ORaman (A, Ag)dA

X/R()\.)e_(Sbcabs()L)+Sagabs()\0))O—Raman()\_7)\‘O)d)\“ (A16)

]inelastic,abs ()"0) =

Sp and S, describe parts of an absorber SCD before and after
a Raman scattering event, respectively. oapg s the cross sec-
tion of the relevant absorber. We consider here that just one
Raman scattering event for individually contributing photon
paths takes place, and we assume that the contribution to the
absorption filling in by light paths with more than a single
Raman scattering event along one light path is negligible.

Elastically scattered contribution with absorption (assum-
ing the same effective light path) is given as

Lelastic.abs (A0) = R (hp)e™ So5a)oubs (o), (A17)

The Ring spectrum (Bussemer, 1993; Wagner et al., 2009)
is defined as the ratio between the inelastic and elastic terms:

Tinelastic,abs (A0)
Ielastic,abs (20)
f R(1) e~ (So0ubs (M) +Sa0ubsRoD gp (3 o)dA
" (f oRaman (k. A0)dA) R (h)e= ot o)

(A18)

After mathematical simplification of the expression, we
obtain
I inelastic,abs (20)
Letastic abs (A0)
B fR()\’)e_sb(Uabs()h)_o'abs()t()))o—Raman()\" Ao)dA
a R(0) [ ORaman (%, 20)dA

Now the equation is linearized by expanding it in a Taylor
series with respect to Sp:

(A19)

Linelastic.abs(A0) [ R(A)ORaman (X, A0)dA

Letasticabs(0)  R(0) [ ORaman (. 20)dA

J R(W)(Oabs (M) — abs (10))ORaman (A, Ao)dA
R()‘«O)fURaman()h Ag)dA .

The first term on the right-hand side is the classical Ring
spectrum. The second term considers the Ring effect due to
filling in of trace gas absorptions. As it can be seen, this fill-
ing in depends on both the absorption cross section and the
intensity structures, the product of whose are convoluted with
the Raman scattering cross section. In this way individual
Ring absorption spectra for any relevant absorber can be cal-
culated and considered in the fit. In our retrieval it appeared
to be relevant to consider a Ring absorption spectrum just
for NO,. Here Sy, is the quantity obtained by the fit, the rest
is the Ring absorption spectrum. It is worth mentioning that
for our application the Ring absorption spectrum is originally

— Sh (A20)
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calculated on a high-resolution grid; during the retrieval it is
just convolved to the instrument resolution by applying Io-
weighted interpolation (Sect. A2). It is of course possible to
also calculate it directly at the instrument resolution; how-
ever, this would mean its whole recalculation for each cali-
bration.

A4 BrO absorption correction

Within the OCIO fit window used in this study, weak BrO ab-
sorption structures also occur (Wahner et al., 1988). For the
retrieval without considering BrO, systematically enhanced
OCIO SCDs are retrieved for periods where the presence of
OCIO is not expected. Since BrO has a strong yearly cycle
with a maximum in winter (Sinnhuber et al., 2002), it is im-
portant to eliminate possible interferences with the retrieved
OCIO SCDs as far as possible in order to not misinterpret the
OCIlO data.

Within the chosen OCIO fit window, the BrO cross sec-
tion shows only very weak spectral features. Thus includ-
ing the BrO cross section directly in the OCIO fit as a free
fit parameter leads to unreliable BrO results and accordingly
in a systematic negative offset in the retrieved OCIO SCDs.
To overcome this problem, we use BrO SCDs, Spro, pro-
vided by Warnach et al. (2019), retrieved in another fit win-
dow (330.6-352.75 nm) which is better suited for the BrO
retrieval to subtract the BrO absorption from the measured
spectra before performing the OCIO DOAS fit.

The correction term

78:0 = — R - SBr00B:0 (A21)

is subtracted from the left-hand term of Eq. (1). oo is the
BrO cross section (Wahner et al., 1988) within the OCIO fit
range convolved with the ISRF. Since at high SZAs radia-
tive transfer differences between different wavelengths can
become important, a scaling factor R is used, defined as

S
R = 380 ’ (A22)
S$340

where S330 and S340 are the BrO SCDs simulated by a ra-
diative transfer model at the wavelengths of 380 and 340 nm,
respectively. For R used in the retrieval, a BrO profile with
peak at 17 km altitude and a Gaussian shape with FWHM
(full width at half maximum) of 6 km is assumed. R of course
is sensitive to these settings but it is better to apply this cor-
rection even with possibly inaccurate settings than not to ap-
ply it (see the sensitivity studies in Appendix B6). Figure Al
shows the dependency of R as a function of SZA for three
different BrO peak heights showing the importance of this
correction at high SZAs (scaling factor is 1.6 at SZA of 90°).
The uncertainty related to the peak altitude by 3 km is up to
0.3.
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Appendix B: Fit sensitivity studies

We investigate the effect of different retrieval settings on the
retrieved OCl1O SCDs by applying modifications with respect
to the standard fit scenario described in Sect. 2, Table 1. The
considered cases with the corresponding changes are given
in Table 2 in Sect. 2.2.4. The retrieval performance for the
same days (25 August 2018 (NH) and 25 December 2018
(SH); 25 November 2018 (NH) and 25 April 2019 (SH); and
25 December 2018 (NH) and 25 August 2019 SH) as intro-
duced in Sect. 2.2, Fig. 1, representative for different atmo-
spheric conditions, is studied.

The obtained daily mean OCIO SCDs for the defined cases
are plotted in Fig. B1 for all 6 d. Since the standard deviations
of the gridded means are very similar for the different months
except 25 December in the SH (where the relative differ-
ences between the cases are still very similar as for the other
days), an example for the standard deviation of the mean for
just one of the days (25 December in the NH) is shown in
Fig. B2. In addition, Fig. B3 displays the autocorrelation co-
efficients calculated as described in Sect. 2.2.2 as a function
of the across-track lag for a zero along-track lag. The figure
allows for a quantitative judgement about the magnitude of
any systematic spatial artefact structures between the differ-
ent retrieval settings. Figures B4 and B6 provide the retrieved
binned OCIO SCDs, and Figs. BS and B7 provide their dif-
ferences with respect to the standard scenario. These plots
are shown for 25 November 2018 (NH) and also for 25 De-
cember 2018 (SH) in order to illustrate the seasonal differ-
ences. It is again found that the autocorrelation coefficients
for 25 December 2018 (SH) are quite different from those of
the other investigated days.

In the following, we discuss the findings for the different
cases.

B1 Case 1: wavelength assumption for the OCIO x A
term

As suggested in Pukite and Wagner (2016), when higher-
order terms are applied in the fit, the wavelength for the
calculation of the trace gas SCD from the fitted coefficients
should be selected empirically from within the fit interval,
because the agreement with the true SCD can vary with
wavelength (as shown, for example, in the sensitivity stud-
ies for BrO in Pukite et al., 2010). To demonstrate the ef-
fect of the wavelength selection for the retrieval of the OCIO
SCDs, we changed the recalculation wavelength to 377 nm
instead of our standard wavelength of 379 nm. The retrieved
OCIO SCDs are reduced by up to 0.5 x 10'3 cm~2 at large
SZAs (blue line in the left plots in Fig. B1) compared to the
standard setting for the summer days. The shape of the SZA
binned mean SCD dependence, however, is very similar to
that of the standard scenario. The standard deviation is even
slightly better (blue line in Fig. B2, left panel), which is ex-
pected, because the wavelength is closer to the centre of the
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fit interval. This case, however, has an increased autocorrela-
tion (see blue lines in left plots in Fig. B3), being especially
strong for 25 December 2018 (SH) with more than 2 times
higher values at the wings of the function. It shows an au-
tocorrelation of 5 %o even at a lag distance across track of
70 pixels, while the value for the standard scenario is close to
zero already for much shorter lags. Also for the 25 November
2018, the autocorrelation is much larger than for the other fit
scenarios and is still above zero at large lags. The increase in
the spatial structures can also be clearly seen in the maps of
the binned OCIO SCDs (Figs. B4-B7, upper row, left centre
plot).

This case shows that for the selection of the wavelength
for the SCD calculation from the retrieved coefficients from
the higher-order terms, a trade-off has to be found between
precision and accuracy.

B2 Case 2: skipping OCIO x A term

In this case only the constant OCIO cross section term is fit-
ted, and the obtained SCDs are compared. In this case the
retrieved SCDs are even (~ 2 times) lower than for case 1,
being again largest at high SZAs (up to 1 x 10'3 cm~2, green
line in the left plots in Fig. B1). The standard deviation (green
line in Fig. B2) agrees quite well with that of case 1, indicat-
ing that adding higher-order terms does not reduce the ran-
dom retrieval error per se. The autocorrelation (green line in
the left plots in Fig. B3) for this scenario, however, is more
than 4 times larger than for the standard scenario, indicating
the appearance of even larger systematic spatial structures
than for case 1. The binned OCIO SCDs (Figs. B4-B7, upper
row, right centre plot) confirm the increase in the systematic
structures.

Thus we can conclude here that it can be beneficial to add
the higher-order lambda term for the trace gas of interest to
improve the performance of the retrieval with respect to sys-
tematic errors.

B3 Case 3: fit window 363-391 nm

The selection of the fit window used in our study (363—
390.5nm) is based on previous studies in our group (e.g.
Kiihl et al., 2004a). While on average the result for this
scenario (red lines in the left plots in Figs. B1 and B2)
agrees well with the result for the standard retrieval, the au-
tocorrelation coefficients for this scenario (red line in left
plots in Fig. B3) are somewhat larger in some cases like
for 25 November 2018 (NH) where it is as large as for the
case 1 for shorter lags. In the maps of binned OCIO SCDs
(Figs. B4-B7, upper row, right plot), small differences can
also be seen.

B4 Case 4: fit window 365-389 nm

We also tested the fit window (365-389 nm) which has been
used by Oetjen et al. (2011). Unfortunately, the use of this fit

Atmos. Meas. Tech., 14, 7595-7625, 2021
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Figure B1. Retrieved daily mean OCIO SCDs as a function of SZA (resolution 0.2°) for the different cases of the sensitivity study described
in Table 2 in comparison to the standard scenario for selected days in both hemispheres.

window gives much worse results which can be seen already
in the plot with the gridded mean OCIO SCDs as a function
of SZA as a systematic “wavy” structure (magenta line in the
left plots in Fig. B1). Interestingly, this structure has its peaks
and depths at the same SZA values for all seasons and both
hemispheres, possibly indicating some instrumental problem
(we see similar structures in the results for different cases
in general; only the amplitude is different). The interannual
variation for this scenario is larger: in the autumn and win-
ter months there is a large positive offset with respect to the
standard scenario, while in summer this offset, still positive,

Atmos. Meas. Tech., 14, 7595-7625, 2021

is smaller. Interestingly, in summer the results of this sce-
nario are closer to the expected value of zero than those of the
standard analysis. This wavelength range selection, however,
increases the random error (magenta line in Fig. B2). The au-
tocorrelation is also increased (magenta line in the left plots
in Fig. B3) compared to the standard scenario. But since the
autocorrelation coefficients are calculated at lower SZAs, the
large OCIO variability at high SZAs does not show up here.
However, the binned OCIO SCD maps (Figs. B4-B7, middle
upper row, left plot) show these wavy structures like rings at
high SZAs.
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B5S Case 5: Fraunhofer reference as daily mean of the

earthshine spectra

In this setting, Fraunhofer reference spectra calculated as
daily mean of the earthshine spectra (Appendix Al.l) in-
stead of the mean of the normalized earthshine spectra (Ap-
pendix A1.2) are used for the retrieval. The dark yellow lines
in the left plots in Figs. B1, B2 and B3 show perfect agree-
ment with the standard scenario. The binned difference (sec-
ond row, middle left plot in Fig. B5) shows only a very small
detector striping.

https://doi.org/10.5194/amt-14-7595-2021

B6 Cases 6-8: BrO correction

Cases 6-8 demonstrate the effect of the application of dif-
ferent aspects of the BrO correction (Appendix A4). In case
6, just the altitude of the profile for which the ratio of the
BrO SCD between 380 and 340 nm (Fig. Al) are calculated
is modified. The peak of the profile is assumed to be at 20 km
instead of 17 km. In case 7, the wavelength dependency is ig-
nored (i.e. the same SCD is assumed in both spectral ranges),
while in case 8 BrO correction is not applied at all; i.e. the
BrO absorption contribution is not subtracted from the mea-
surement spectra.

Atmos. Meas. Tech., 14, 7595-7625, 2021
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Figure B4. OCIO SCDs for 25 November 2018 in the NH binned on a 0.2° x 0.2° grid in an equidistant in latitude coordinate projection.

Areas with cloud fractions (CF) below 5 % are shaded.

The blue, green and red lines, middle column in Fig. B1,
respectively, show the systematic effects of these settings.
For all these cases, a positive offset with respect to the stan-
dard scenario is found, being larger for the days where more
BrO is observed (in autumn and winter). When the BrO cor-
rection is not applied, artificially enhanced OCIO SCDs of
3-4 x 10" cm~2 (25 November in 2018 and 25 April 2019
in SH) at an SZA of 90° are retrieved. When applying the
BrO correction but without considering the SCD dependency
on wavelength, the offset is corrected up to SZAs of ~ 85°,
because the BrO SCDs are almost independent of the pro-
file shape and wavelength at short wavelengths. At a SZA of
90°, the retrieved artificially enhanced OCIO SCDs are, how-
ever, decreased by about a factor of 2 for the 2 autumn days.
Thus, an offset at a level of ~ 2 x 10'3 cm™2 remains. This
is further corrected by considering the BrO SCD wavelength
dependency between the fit window of the BrO retrieval and

Atmos. Meas. Tech., 14, 7595-7625, 2021

the OCIO fit window. Depending on whether the BrO profile
at 17 km (as in the standard settings) or 20 km is chosen, the
result varies by less than 1x 10'3 cm~2. The effect of the BrO
correction for the days in summer where low BrO levels are
expected is much smaller and is even leading (or contribut-
ing) to a negative offset of around 1 x 10'> cm~2. The BrO
correction settings have no effect on the random error (B2,
middle plot, where the respective blue, green and red lines
overlap with the standard case). Also the autocorrelation co-
efficients (blue (overlaid by green), green and red (largely
overlaid by yellow for the 25 November 2018) lines in the
middle plots in Fig. B3) match (except for case 8 in autumn)
the result for the standard case as the implemented settings
have an effect for high SZAs (cases 6 and 7) or for large BrO
SCDs (case 8 in the plot for 25 November 2018 in the NH).
The binned OCIO SCD maps (Figs. B4-B7, middle upper
row, the two plots on the right-hand side for cases 6 and 7,

https://doi.org/10.5194/amt-14-7595-2021
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Figure B5. Differences between the OCIO SCDs shown in Fig. B4 and those of the standard scenario.

and the middle lower row on the left-hand side) also indicate
mostly latitude-driven (i.e. SZA) differences with respect to
the standard scenario. Some additional variation also in east—
west direction for case 8 (middle lower row, left plot in the
same figures) caused by a larger stratospheric dynamics in
BrO probably explains the slightly increased autocorrelation
for the autumn day.

B7 Cases 9: BrO included as a fit parameter

It would be a more straightforward approach to use a BrO
cross section directly in the OCIO retrieval as additional fit
parameter instead of the BrO correction described above.
However, the results of this subsection illustrate that this is
not a good choice: the retrieved OCIO SCDs suffer from
a strong offset exceeding the systematic uncertainties even
at relatively low SZAs (Fig. B1, magenta line in the middle
column), and it also shows the wavy structures as also seen

https://doi.org/10.5194/amt-14-7595-2021

in case 4. Also the random error is significantly larger than
for most other settings (magenta line in middle plot in B2).
The large systematic structures also show strong spatial vari-
ation as indicated by the results of the autocorrelation anal-
ysis (magenta line in the middle plots in Fig. B3) and in the
binned OCIO SCD maps (Figs. B4-B7, plots in the middle
lower row, middle left).

B8 Case 10: skipping NO; Ring absorption spectrum

In this case, the NO; Ring absorption spectrum (Sect. A3) is
excluded from the retrieval. As a consequence, a negative off-
set of up to around 2 x 10'3 cm~2 with respect to the standard
scenario is observed towards larger SZAs (Fig. B1, yellow
line in the middle column). Also in the binned OCIO SCD
maps (Figs. B4-B7, plot right from and below the middle), a
clear latitudinal gradient can be observed with respect to the
standard scenario. As expected, this deviation is larger for

Atmos. Meas. Tech., 14, 7595-7625, 2021
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Figure B6. Same as Fig. B4 but for 25 December 2018 in the SH. Note the different treatment with respect to the descending orbit parts
(with higher SZAs): in the western hemisphere, only data for the ascending parts are shown, while in the eastern hemisphere data of the

descending parts are plotted when available.

the summer months where more stratospheric NO; appears
at higher latitudes than in the winter months. The random
error is slightly smaller than for the standard scenario (dark
yellow line in the middle plot in B2). The autocorrelation co-
efficients (dark yellow line in the middle plots in Fig. B3)
are increased and are also larger in summer, obviously corre-
sponding to the increased impact of the NO; spatial distribu-
tion on the OCIO retrieval.

B9 Case 11: Ring spectra at just one temperature
(280 K)

The consideration of Ring spectra in the retrieval is one of
the parameters we found, to which the retrieval settings are
sensitive. Excluding the second Ring spectra for the tempera-
ture of 210 K from the retrieval (blue lines in the right plots in

Atmos. Meas. Tech., 14, 7595-7625, 2021

Fig. B1) also introduces a seasonally dependent offset (in this
case being positive at larger SZAs) with respect to the stan-
dard scenario. Opposite to the results in case 10 (skipping the
NO; Ring spectrum), in this case the offset is larger for days
in autumn and winter. There is practically no effect of this
change on the random error (B2, right plot, blue line). Inter-
estingly, also the autocorrelation coefficients (Fig. B3, right
plots, blue line) are a bit larger than for the standard case.
A potential explanation is that the spatial structures have a
much coarser structure which is not well covered by the sin-
gle orbit subsets used in the autocorrelation analysis. Also the
binned OCIO SCD maps (Figs. B4—B7, right plot, lower mid-
dle row) show differences in the systematic structures which
besides the latitudinal variation also vary along longitude.

https://doi.org/10.5194/amt-14-7595-2021
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Figure B7. Same as Fig. B5 but for 25 December 2018 in the SH.

B10 Case 12: retrieval without slit function pseudo
absorbers

The parameterization of slit function changes (Beirle et al.,
2017) is also important for our retrieval: already in the SZA-
resolved daily mean plots (green lines in the right plots in
Fig. B1) a more pronounced fluctuation is found if this pa-
rameterization is not considered. The autocorrelation analy-
sis (green lines in the right plots in Fig. B3) shows both much
higher correlations for short as well as for long lags. This in-
crease could be caused by the slit function variability, e.g. by
the inhomogeneous illumination of the slit, the polarization
sensitivity or other factors. The much larger spatial variation
can also be seen in the binned OCIO SCD maps (Figs. B4—
B7, left plots in the bottom row). The setting of this case,
however, has no effect on the random error (B2, right plot,
green line).

https://doi.org/10.5194/amt-14-7595-2021
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B11 Case 13: offset correction A2/ I, term excluded

In our standard retrieval we consider an intensity offset cor-
rection up to the second order (i.e. the 1/1o, A/ Iy and A% /Iy
terms) There is a very small effect when the A%/Iy term is
skipped (red lines in the right plots in Figs. B1-B3, and the
middle left plots in the bottom row of Figs. B4-B7). Hoverer.
it should also be noted that a larger discrepancy between the
results of this case and the standard scenario is found in the
autocorrelation coefficients for 25 December 2018 (SH). The
fact that these orbital subsets are observed over Antarctica
leads to larger measured radiances and thus might lead to a
different stray-light contribution.

B12 Case 14: application of a standard convolution

In this case study, we apply a standard convolution for the
trace gas cross sections instead of the intensity-weighted (/o)

Atmos. Meas. Tech., 14, 7595-7625, 2021
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convolution described in Sect. A2. As observed in Fig. Bl
(magenta lines, right plots) and the binned OCIO SCD maps
(middle right plots at the bottom row of Figs. B4-B7), this
setting introduces a small but still distinguishable positive
offset with respect to the standard scenario. This offset is
larger in summer, indicating that it might mainly be caused
by differences in the NO; absorption cross section treatment
whose absorption is larger in this season.

B13 Case 15: application of a standard convolution
and an offset correction A%/ I term excluded

During the sensitivity studies described above, we found that
in some cases there can be a larger effect with respect to the
offset correction A2/l term if the standard convolution is
performed. Indeed, Fig. B1 (dark yellow lines, right plots)
shows a better agreement of this case (when both standard
convolution for trace gas cross sections are used, and the
A2/Iy is omitted) with the results of the standard scenario
than case 14. The results of case 15, however, have a higher
autocorrelation (Fig. B3, right plots, dark yellow line) than
those of the standard case.

Appendix C: Comparison with Kiruna zenith sky
measurements with Ring spectra at only one
temperature and without the OCIO x A term

In this appendix, we repeat the comparison between the
zenith sky measurements at Kiruna and TROPOMI as in
Sect. 3.1 but with the Kiruna OCIO SCDs retrieved using
just two Ring spectra (scaled and not scaled with A*) at only
one temperature (250 K) and without the OCIOx A term in
the DOAS fit.
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The timelines comparing both datasets and their differ-
ence are shown in Figs. C1 and C2 in the same manner as is
done in Figs. 4 and 5 (Sect. 3.1), respectively. Along some-
how larger absolute discrepancies (up to 8 x 10'3 cm™2 for
SZA at and below 90°) than in Sect. 3.1, also pronounced
inconsistencies are observed in a form of an offset between
the TROPOMI and Kiruna SCDs being different for differ-
ent winters. The difference between the datasets of both in-
struments also varies on a weekly or semi-monthly basis, in-
ducing a wavy pattern in the difference plots. Also an over-
all trend can be recognized with an increasing difference in-
creasing from the beginning of winter towards spring. Fig-
ure C3 illustrates the worsening of the comparison with re-
spect to the agreement found in Sect. 3.1 (Fig. 6) even more
clearly: a larger scatter in the difference between the collo-
cated TROPOMI and zenith sky DOAS measurements as a
function of the SZA (x axis) is visible in the left plot. The
seasonal variability in the offset shows a clear dependency
on SZA being at maximum as high as ~ 3 x 10> cm~2 (i.e.
up to around 3 times larger than for the settings in Sect. 3.1)
for SZAs between 85 and 90°. Also the standard deviation
of the differences is up to ~ 3 times larger (for SZAs be-
low and around 90°). The scatter plot (Fig. C3a) between
the TROPOMI and zenith sky data shows a worse correla-
tion. The slope for the orthogonal regression is now only
0.75 (0.94 in Sect. 3.1), whereas the offset is 9.4 x 10'? cm—2
(1 x 1013 cm™2). The correlation coefficient between both
datasets is 0.86 (0.94).

https://doi.org/10.5194/amt-14-7595-2021



J. Pukite et al.: OCIO from TROPOMI

x10"

oW A oo

%s

OCIO SCD (cm™®)

ol &

L L !
15Illov17 01 Dec 17 15 Dec 17
14

6[)(_10

5

o

4
3 ~
2

OCIO SCD (cm™)

N oW Ao
] I ]

OCIO SCD (cm™®)

0 9 ng
- L
15I;‘lov19 01 Dec 19 15 Dec 19

9

7621

15 Feb 18 01 Mar 18 15 Mar 18
zenith sky
X zenith sky at TROPOMI SZA |
O TROPOMI I
70 75 80 85 0 |
SZA ()

15 Feb 19 01 Mar 19 15 Mar 19

15 Feb 20 01 Mar 20 15 Mar 20

Figure C1. Same as Fig. 4 but comparison with ground-based OCIO SCDs at Kiruna retrieved with Ring spectra at a single temperature and

without the OCIO x A term in the DOAS fit.
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