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Abstract: This study aims to compare the ground-based Brewer spectrophotometer total ozone
column measurements with the Dobson spectrophotometer and various satellite overpass data
available at Marambio Base during the period 2011-2013. This station provides a unique opportunity
to study ozone variability near the edge of the southern polar vortex; therefore, many institutions,
such as the National Meteorological Service of Argentina, the Finnish Meteorological Institute
and the Czech Hydrometeorological Institute, have been carrying out various scientific activities
there. The intercomparison was performed using total ozone column data sets retrieved from the
ground-based instruments and from Ozone Monitoring Instrument (OMI)—Total Ozone Mapping
Spectrometer (TOMS), OMI-Differential Optical Absorption Spectroscopy (DOAS), Global Ozone
Monitoring Experiment 2 (GOME2), and Scanning Imaging Absorption Spectrophotometer for
Atmospheric Cartography (SCIAMACHY) satellite observations. To assess the quality of the selected
data products, comparisons with reference to the Brewer spectrophotometer single observations were
made. The performance of the satellite observational techniques was assessed against the solar zenith
angle and effective temperature, as well as against the actual shape of the vertical ozone profiles,
which represent an important input parameter for the satellite ozone retrievals. The ground-based
Dobson observations showed the best agreement with the Brewer data set (R?> = 1.00, RMSE = 1.5%);
however, significant solar zenith angle (SZA) dependency was found. The satellite overpass data
confirmed good agreement with the Brewer observations but were, however, overestimated in all
cases except for the OMI(TOMS), when the mean bias differed from —0.7 DU in the case of the
OMI(TOMS) to 6.4 DU for the SCTAMACHY. The differences in satellite observational techniques
were further evaluated using statistical analyses adapted for depleted and non-depleted conditions
over the ozone hole period.
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1. Introduction

Stratospheric ozone is an important gas, which attenuates harmful ultraviolet (UV)-B radiation
and therefore protects life on earth from the damage of DNA structures and related negative health
effects, e.g., [1,2]. However, within the area of the southern polar vortex, severe stratospheric ozone
losses have been observed since the late 1970s, especially in September and October (e.g., [3-5]).
The enhanced depletion has been explained by the chemical reaction between the ozone molecules
and man-made chemicals, such as chlorofluorocarbons (CFCs), e.g., [6,7]. The use and manufacture of
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ozone-depleting substances have been dramatically limited to the effect of the 1987 Montreal Protocol
and its amendments; therefore, the first signs of ozone layer recovery have recently been observed,
e.g., [8]. In the southern polar regions, [9] found positive trends reaching up to 10% per decade in
September, but smaller trends in October. Depending on the concentration of atmospheric greenhouse
gases, the ozone layer is expected to reach pre-depletion levels in the 2040s to the 2050s, with the
possibility of exceeding them further in ozone super recovery [10].

Although the ozone layer is recovering, the complex system of feedback between this gas, CFCs
and other man-made chemicals—as well as greenhouse and volcanic gases—result in large ozone
variations that may affect life on earth, e.g., [11,12]. Therefore, ozone monitoring continues to be an
important task. Ozone amounts are traditionally measured by ground-based instruments, which
provide highly accurate, long-term observations suitable for both meteorological and climatological
use. However, the ground-based network is spatially inhomogeneous, being especially limited in
remote areas, such as Antarctica. This limitation can be overcome by the use of satellite measurements,
which, since the late 1970s, provide spatially and even temporally continuous ozone data records,
available even over areas with no ground-based measurements (e.g., [13]). The quality of satellite data
products depends on various factors, such as uncertainties in the input parameters of the retrieval
algorithms, the a priori knowledge of vertical ozone and temperature profiles, the solar zenith angle
(SZA), the amount of ozone in the atmosphere, air mass, or the estimation of actual cloud cover,
e.g., [14-17]. In order to maintain global ozone data quality and consistency, the validation of satellite
data is essential, because it allows for understanding possible errors and improving retrieval algorithms.
According to [18], data validation is a continuous, ongoing process. The most reliable form of satellite
data validation is the comparison with ground-based instruments, which is described, in detail,
for example, in [19]. Ground-based ozone observing instruments include Dobson spectrophotometers,
which are the oldest globally used ground-based ozone measuring instruments, or the improved, fully
automated Brewer spectrophotometers, which are currently considered to be among the most accurate
instruments used for ozone monitoring, e.g., [20-22].

Various global and site-based studies comparing ground-based and satellite total ozone column
(TOC) data products have been carried out; however, only a few have covered Antarctica, e.g.,
references [14,15,17,18,23,24].

Ozone measurements involving a Brewer spectrophotometer in high southern latitudes are
scarce, because, currently, there are only a few stations around the coast of Antarctica equipped
with this instrument which are sending data to the publicly available database of the World Ozone
and Ultraviolet Radiation Data Centre (WOUDC). Therefore, most of the above-mentioned studies
implemented Dobson ozone observations or assimilated Brewer—Dobson time series as the reference
data sets for Antarctic stations. For example, Balis et al. [15] revealed a great deal of similarity between
satellite data intercomparisons with Dobson and Brewers, as well as some differences in general
agreement; SZA dependencies were also found. In [25], the differences between Brewer and Dobson
spectrophotometer total ozone measurements are explained using the ozone slant path. The study
showed that the longer the ozone slant path, the higher the difference between the ozone column
measurements using the studied instruments. It is therefore important to differentiate between the
various ground-based reference instruments. This is especially true in Antarctica, where—due to a
high SZA—the ozone slant path can be especially long, even around noon.
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Along with the above-mentioned global validations, there are much fewer detailed, site-based
studies covering the Antarctic continent. For example, Evtushevsky et al. [26] and Bian et al. [27]
assessed the performance of a selected satellite product against a Dobson spectrophotometer at the
Vernadsky Station used ground-based Dobson and Brewer data from the Syowa and Zhongshan
Stations, respectively, and compared different satellite products with the Brewer spectrophotometer
installed at the Zhongshan Station [28]. A long-term comparison of two selected satellite data products
with various ground-based instruments located in Antarctica was provided in [29]. Although these
studies only cover one point, they can be highly useful to explain the behavior of satellite instruments
under the extreme ozone and climatic conditions of Antarctica.

Ozone depletion can be well studied not only on Continental Antarctica, but also on its coast,
for example, on the Antarctic Peninsula. Climatologically, the Antarctic Peninsula Region is a unique
environment, because its complex topography and frequent alteration of ozone-rich subpolar and
0zone-poor air masses originating within the polar vortex lead to considerable variation not only in the
TOC, but also in mean sea-level pressure and other variables. This great variability is especially difficult
to represent using current chemistry-climate models, e.g., [30-32]; therefore, and also because ozone
depletion and current climate changes are complex, interlinked processes, e.g., [33], both ground-based
and satellite ozone observations, are very important in this area. On the Antarctic Peninsula, only three
stations have been equipped with a Brewer spectrophotometer: San Martin (data publicly available
from 2002 to 2011), King Sejong (since 1999), and Marambio (since 2010).

This study aimed to compare the ground-based Brewer spectrophotometer ozone data with
Dobson spectrophotometer measurements and various satellite data products in the highly specific
Antarctic Peninsula Region, and to assess the performance of the selected data products with reference
to the Brewer spectrophotometer TOC observations. The evaluation of various data products including
the ground-based Dobson spectrophotometer is important with respect to other validation studies
which use either Dobson or Brewer spectrophotometers as reference instruments. The intercomparison
presented in this study was performed using the ozone data from the Marambio Base, Antarctic
Peninsula Region, over the period 2011-2013. The performance of the satellite instruments was assessed
not only against the SZA, effective temperature (Tqf) and the TOC, but also against the actual shape
of the vertical ozone profiles, which represent an important input parameter for the satellite TOC
retrievals. This study offers a complex assessment of the different TOC monitoring methods, using all
ground-based data sources available at the given location, including the highly precise measurements
from a double-monochromator Brewer spectrophotometer.

2. Study Site

The Marambio Base (64.233° S, 56.623° W) is a permanent Argentinean research station founded
in 1969 on Seymour Island, an approximately 100 km? island situated in the northeastern part of the
Antarctic Peninsula Region at the edge of the Weddel Sea (Figure 1). The Marambio Base, located
on a plateau at an altitude of 196 m a.s.l., provides an exceptional opportunity to study ozone
variability near the edge of the southern polar vortex. Therefore, many institutions—such as the
National Meteorological Service of Argentina, the Finnish Meteorological Institute, and the Czech
Hydrometeorological Institute—have been carrying out various scientific activities there. These include
monitoring of the TOC, vertical ozone distribution, and ultraviolet radiation by both ground-based
instruments and ozone soundings [21,34].
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Figure 1. The localization of the Marambio Base on Seymour Island, Eastern Antarctic Peninsula.

3. Data and Instrumentation

The B199 double-monochromator Mk-III Brewer spectrophotometer (Kipp & Zonen,
the Netherlands) was installed at the Marambio Base in February 2010 by the Czech
Hydrometeorological Institute (CHMI). The instrument is regularly maintained by the CHMI and
calibrated against the world traveling standard B017. TOC observations are available each year from
mid-August to mid-April, because, in May to July (Antarctic winter), the SZA is too high to perform
spectrophotometric measurements [21]. The fully automated double-monochromator Mk-III Brewer
spectrophotometer currently provides some of the most accurate TOC measurements, which are widely
accepted as the reference observations in intercomparison studies, e.g., [20,35]. Therefore, for this
study, the B199 spectrophotometer was chosen as the reference instrument. In order to maintain the
quality of the time series, only the most precise direct sun observations were considered for further
analysis [36].

The second ground-based instrument used in this study was the D099 Dobson spectrophotometer,
operated by the National Meteorological Service of Argentina. It has been providing TOC measurements
at the Marambio Base since 1987. The instrument has been regularly calibrated against the Dobson
standards in Boulder and Buenos Aires [34]. Due to the high SZA during the Antarctic winter, the D099
TOC measurements are only available from April to August. The precision of the direct sun Dobson
observations is comparable to Brewer within +1% [37], but the instrument is manually controlled and
might suffer from temperature dependency [15]. So, in order to validate satellite measurements, using
only post-processed Dobson data is strongly recommend [38]. Therefore, the D099 ozone data were
corrected for Teg based on B199 measurements. The suitability of T calculation method and other
relevant information can be found in [39]. In this study, the comparison of TOC measured by the B199
and the D099 spectrophotometers is used as a reference for the satellite TOC performance assessed
against the B199 Brewer spectrophotometer observations.

The studied satellite instruments include the Ozone Monitoring Instrument (OMI), the Global
Ozone Monitoring Experiment 2 (GOME2), and the Scanning Imaging Absorption Spectrophotometer
for Atmospheric Cartography (SCIAMACHY).

The OMI flies aboard the NASA Earth Observing System Aura satellite, which was launched
in 2004. It is a visible and ultraviolet spectrometer which measures trace gases including nitrogen
dioxide (NO,), sulfur dioxide (SO;), ozone-depleting substances, and ozone (O3). The nadir ground
pixel size is 13 x 24 km? and 13 x 128 km? at 57°, which is the most outer swath angle [40]. The TOC
can be derived from the OMI radiation measurements using several different algorithms, two of which
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are covered in this study. The OMI Total Ozone Mapping Spectrophotometer, or the OMI(TOMS),
is based on the TOMS algorithm [41]. Its principle is similar to ground-based spectrophotometers,
when the TOC is retrieved using a wavelength pair [28,42]. The OMI(TOMS) data were retrieved
using the TOMS v.8 algorithm, which is an extension of the TOMS v8 algorithm with the improved
treatment of the effective cloud height. We have used the overpass data that have been filtered using
a quality parameter to eliminate row anomaly problems occurring in the original data set [41,42].
A detailed description of the used data product (OMTO3) can be found on the following website:
https://avdc.gsfc.nasa.gov/index.php?site=830165109. The second considered retrieval algorithm, OMI
Differential Optical Absorption Spectroscopy (OMI(DOAS)) was developed by the Royal Netherlands
Meteorological Institute and is described in detail by [43]. This retrieval algorithm is different from
both the Brewer and the Dobson spectrophotometer principles, as it is based on the entire absorption
spectra. Using DOAS fitting, the amount of ozone along an average photon path is determined,
which is then converted to a vertical ozone column via the air mass factor [28]. It should be noted
that OMI(DOAS) retrieval algorithm has strong dependencies between Teg or SZA and the ozone
cross sections [38]. Another difference between TOMS and DOAS algorithms is the treatment of
aerosol and clouds, where the former use empirical correction and DOAS algorithms apply spectral
fitting. A detailed comparison of the OMI(TOMS) and the OMI(DOAS) ozone algorithms is described
in [42]. The overpass data product used in this study (OMDOAO3) is described in detail on the
following website: https://avdc.gsfc.nasa.gov/index.php?site=962428764. All OMI data are corrected
for temperature, while records affected by row anomaly have been screened out with a time-dependent
screen and quality parameter [42,43]. The TOC from the OMI, for the Marambio Base, is available for
the 2011-2013 study period from the beginning of August to the end of April (TOMS), or over the
entire year with a limited number of daily TOC observations during the Antarctic winter (DOAS).

The GOME?2 is an ultraviolet and visual spectrometer aboard the Meteorological Operational
satellite program (MetOp-A) series of satellites, as launched in 2006. A GOME2 instrument is also
installed aboard the MetOp-B satellite launched in September 2012, but, given the chosen study
period, only data from the MetOp-A satellite were included in this study. The GOME2 provides
information not only about ozone, but also about other gases such as water vapor, NO,, SO,, or
ozone-depleting substances. The instrument’s typical nadir spatial resolution is 80 x 40 km? [44]. TOC
data from the GOME?2 instrument were retrieved by the GDP 4.4 algorithm, which uses two-step
DOAS methodology [23,45]. In this study, the GOME2 overpass data from the following website were
used: http://www.temis.nl/protocols/O3total.html. At the Marambio Base, TOC data measured by the
GOME?2 data are available for the entire 2011-2013 study period from mid-August to the end of April.

The SCIAMACHY is an ultraviolet, visible, and near-infrared spectrometer designed to measure
trace gases in the troposphere and the stratosphere, such as ozone, ozone-depleting substances, O,,
and CHy. Based on the intensity of earthshine radiance, the pixel size varies between 26 x 30 km? and
32 x 930 km?, being much larger in the case of high latitudes, especially in the winter months [46].
The instrument was installed aboard the ESA ENVISAT satellite and operational from its launch
in March 2002 until April 2012. In the Antarctic Peninsula Region, the measurements are available
from the beginning of August to mid-May. As the instrument’s measurements were discontinued in
2012, data are not available for the entire study period. TOC data from the SCTAMACHY instrument
have been retrieved using the TOSOMI algorithm, which is based on the DOAS technique and is
described in detail in [14]. The SCTAMACHY overpass data from the following website were used:
http://www.temis.nl/protocols/O3total.html.
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4. Methods of Data Analysis

TOC data for the 2011-2013 period, obtained by various instruments (see Section 3), were analyzed
and intercompared. B199 single ozone observations were paired with the closest D099 and OMI
measurements. In the case of the GOME2 and the SCTAMACHY, six-hour aggregated overpass data
were used and coupled with the closest B199 ozone observation. The maximum lag between the
B199 and other TOC observations was set to 30 min, because, within this threshold, no significant
dependency in terms of TOC difference and lag time was found.

According to [47], the most commonly used distance limit between the ground-based instrument
and the satellite overpass can reach up to 150 km; however, Kuttippurath et al. [29] stresses the
high variability of ozone in polar regions, so a shorter distance threshold was chosen. Therefore,
only the satellite overpass data within a distance of up to 100 km from the Marambio Base were
further processed. No significant dependencies were found between the performance of the various
instruments and the distance within the given threshold, which also applies to the ozone hole period
(see Appendix A). The number of pairs available for the intercomparison with the B199 instrument
differed according to the data source, ranging from 195 observations for the SCTAMACHY to 499 pairs
for the GOME2 (Table 1).

Table 1. Monthly numbers of TOC measurements coupled between the B199 and the studied data
products at the Marambio Base for the period 2011-2013

Month Total  August September October November December January February March  April
D099 394 0 100 80 29 11 15 78 72 9
OMI(TOMS) 444 3 59 76 68 45 46 79 58 10
OMI(DOAS) 456 3 59 82 68 45 46 83 60 10
GOME2 499 5 82 95 67 51 57 65 66 11
SCIAMACHY 195 3 16 30 15 13 35 41 36 6

The TOC observations obtained by the five different sources were compared with the B199, which
was chosen as the reference instrument. Since the individual data products were not compared with
each other, but only with the B199 Brewer spectrophotometer, all the available pairs of TOC values
(Table 1) were used for this comparison. Various different aspects of the TOC measurement performance
have been studied, such as the general agreement of the studied TOC data sets, the relationship between
this agreement and the variables that may affect it, the differences between ozone hole and non-ozone
hole conditions, including the shape of the vertical ozone profiles, and the extreme cases of TOC
variability between the selected data sets. For all statistical testing, o = 0.05 was chosen as the level
of significance.

The overall and monthly agreement of the TOC measured by the B199 and the selected TOC data
sets was first studied using Student’s t-test (o« = 0.05), and by the determination coefficient R?, which
gives the amount of variability in common among the studied variables. Bias, the mean absolute error
(MAE) and the root mean square error (RMSE) for each of the data sets were also calculated for every
month (Equations (1)-(3), respectively) and their changes throughout the year were analyzed.

. 1y
Bias = - Zizl(dataseti - B199;) M
1 n
MAE = - Zi:1|dataseti —B199;] 2
dataset B199;
RMSE = \/ Zl 1 B199; ) 1100 ©

Next, the ratios between the TOC from the available data sources and the TOC measured by the
B199 were calculated for each available pair of values. These ratios and their variability over the year
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were assessed using basic statistical characteristics, and their mean value was tested against 1 (the
ideal ratio) using the t-test.

Further, the relationship between the TOC data sets and different variables, which can affect the
performance of the satellite instruments, was studied. The dependencies of the TOC ratios on the SZA,
the TOC measured by the B199, and Te¢ were considered using linear regression, Pearson correlation,
and the determination coefficient R2. In order to analyze the individual roles of explanatory variables,
partial correlation with the exclusion of other variables’ effects was computed.

According to the TOC measured by the B199, the available observations were divided into
non-ozone hole (TOC measured by the B199 > 220 Dobson Units (DU)) and ozone hole conditions
(TOC measured by the B199 < 220 DU), and the TOC ratio differences were analyzed. Nevertheless,
this division was arbitrary and provided no information about the actual shape of the ozone profile,
which is an important parameter that can, via the assumed a priori profiles, affect the performance of
satellite instruments, e.g., [16].

In order to address the limitations of the standard ozone hole definition, all measurements within
the ozone hole period (the three-month period between September and November) were classified
as having either a standard ozone profile (non-depleted) or a depleted profile shape. A depleted
ozone profile was defined as having less ozone in the 15-20 km layer than in the underlying 10-15 km
layer. As stated in [48], depleted profiles do not necessarily occur only on ozone hole days with a
TOC below 220 DU. For example, no case of depleted-shape ozone profiles was found in the early
Antarctic spring (August), but they were fairly common towards the end of the ozone hole period.
At this point, the ozone in the upper parts of the profile starts to recover, but its amount remains
low in the underlying layers, giving the entire profile its non-standard, depleted shape. Therefore,
within the ozone hole period, profiles with a depleted shape can sometimes present higher TOC values
than profiles with a standard shape which are depleted in their entire range. As seen in Appendix B,
throughout the ozone hole period, depleted ozone profiles tend to occur at a higher SZA and Teg
than non-depleted ones, meaning they are most likely to occur during the later ozone hole phases.
In order to distinguish between depleted and non-depleted ozone conditions, methodology based on
the artificial neural network classification of potential vorticity [48] was applied.

The last part of the data analysis focused on the extreme TOC ratios, which were defined as the
10% of the ratios that most differed from 1 on the logarithmic scale. Therefore, in the cases of D099,
OMI(TOMS), OMI(DOAS), GOME2, and SCIAMACHY, there were 39, 44, 46, 50, and 20 extreme ratios
defined, respectively. The distribution of the extreme TOC ratios over the year and their values were
examined with respect to the shape of the vertical ozone profile.

5. Results and Discussion

5.1. Basic TOC Characteristics

The mean daily TOC for the period 20112013, as measured by the B199 Brewer spectrophotometer,
was 264 + 54 DU, with the absolute recorded minimum of 117 DU on 3 October, 2011 (20:13 UTC), and
the absolute recorded maximum of 402 DU on November 6, 2013 (18:18 UTC). As seen from Figure 2,
ozone hole conditions with a TOC below 220 DU occurred at the Marambio Base at least once a year,
usually during September, October, and November. However, on several days, the TOC also dropped
close to the ozone hole values in August and December. In the three studied years, the ozone hole of
2011 was the deepest and the longest-lasting (the last ozone hole day was recorded on 25 November
2011), but its onset was slow. On the other hand, the ozone holes of 2012 and 2013 had an earlier onset
but were not as long-lasting (Table 2).



Atmosphere 2019, 10, 721 8 of 26

HOHP (dep.) 451 (e) HOHP (dep.)
%OHP (non-dep.) 40 @OHP (non-dep.)

@Non-OHP L3 aNon-OHP

Yz

) 3 2GRS0, SRR 2t BRRR
&, B O B G 9, G G889 D, Ty O O G B, Oy e T G 9, 95 8595 G O, Py G O G S
Dogy Oy Ony, Gopy, Scy, 70 %0 % %0 % %0 U B P % e Lo U o % ho e B P e 7 8 0 %00 %0 %0 U0 %o % 20 B0 B Bo B 70 0 0 5 0
Ongy 10045, 2 Mcy,, OMITOMSYB199 GOME2/B199
50 50
®OHP (dep.) 45 (d) mOHP (dep.) 5] () HOHP (dep.)
@OHP (non-dep ) 40 BOHP (non-dep.) 40 2@ OHP (non-dep.)

@Non-OHP £a5 aNon-OHP £35 oNon-OHP

SCIAMACHY/B199

Figure 2. (a) Count and (b—f) distribution of the ratios under non-depleted and depleted ozone hole
period (OHP) conditions, and in non-ozone hole months, and of the ratios in relation to the B199
ozone column for (b) the D099, (c) the OMI(TOMS), (d) the OMI(DOAS), (e) the GOME?2, and (f) the
SCIAMACHY for the period 2011-2013 at the Marambio Base.

Table 2. Number of days with at least one TOC record below 220 DU based on the B199 Brewer
spectrophotometer observations at the Marambio Base for the period 2011-2013.

August  September October November  December January February March  April

2011 8 22 24 23 1 0 0 0 0
2012 8 21 19 0 0 0 0 4 3
2013 17 29 19 0 0 0 0 0 2

5.2. Comparison of the B199 TOC and the Selected Data Products

In this section, the agreement between the B199 and the selected data products is analyzed for
each of the data products separately. Basic statistical characteristics were considered, and relationships
observed between the studied ratios and the SZA, the TOC measured by the B199, and T¢. Ozone hole
(TOC recorded by the B199 < 220 DU) and non-ozone hole conditions were compared, and the shape
of the ozone profiles (non-depleted and depleted) considered. Depleted ozone profiles, which can
also occur under non-ozone hole conditions with a TOC > 220 DU, were defined as those having less
ozone in the layer between 15 and 20 km above the surface than in the underlying layer of 10-15 km
above the surface. In the last part of this analysis, the extreme ratios that are most different from 1 on
the logarithmic scale (see Section 4) and their relation to depleted or non-depleted conditions were
assessed. The statistical distribution of the studied ratios is shown in Figure 2. The basic statistical
characteristics of the individual comparisons are included in Appendices B and C. All statistical tests
were performed at a significance level of o« = 0.05.

5.2.1. D099 Dobson Spectrophotometer Observations

TOC measurements from both the B199 and the D099 spectrophotometers were available for the
period 2011-2013 in 394 cases. The agreement was very good (Figure 3), the TOC difference did not
exceed 7%, overall bias was 0.5 DU, the MAE was 2.9 DU, the RMSE was 1.5%, and the data sets shared
over 99% variability. Although the 0.5 DU bias was rather small, it was statistically significant but
the mean D099/B199 ratio did not differ from 1. A significant mean TOC overestimation was found
in February, March, November, and December, while an underestimation was observed in January.
However, the ratio between the studied data sets was different from 1 in all months except for April
and September (Figure 4b). The monthly error statistics and the TOC correlation (Figure 5a—d) do not
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point to any clear pattern with a good agreement between the B199 and D099 data sets in the Antarctic

spring, summer, and autumn.
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Figure 3. Mean weekly (a) total ozone column (TOC) as recorded by the B199 Brewer and D099 Dobson
spectrophotometers, and various satellite instruments, i.e., OMI(TOMS), OMI(DOAS), GOME2, and
SCIAMACHY; and (b) the relative differences between the TOC measurements with reference to the
B199 Brewer spectrophotometer at the Marambio Base for the period 2011-2013. OHP stands for the

ozone hole period.
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Figure 5. Monthly (a) bias, (b) MAE, (c) RMSE, and (d) determination coefficient R? of the D099 and
the satellite TOC observations relative to the B199 TOC at the Marambio Base for the period 2011-2013.

Throughout the ozone hole period, the mean D099/B199 ratio differed significantly under ozone
hole and non-ozone hole conditions, being significantly lower than 1 under ozone hole conditions
(TOC <220 DU) and higher than 1 when the TOC measured by the B199 was higher than 220 DU. There
was no significant difference in the mean D099/B199 ratio between the depleted and non-depleted
ozone profiles; in both cases, the mean ratio was not different from 1 (Figure 6a). The D099/B199
ratio showed a significant negative relationship with the SZA and a positive correlation with the TOC
measured by the B199 (Figure 7a-b), which explained 8% and 12% of the ratio variability, respectively.
No relationship between the ratio and Te¢ was found (Figure 7c), which can be explained by the use of
D099 data corrected for Te using the B199 measurements. However, when the individual role of these
variables was assessed, a significant correlation was found between the ratio and all three studied
variables, while the role of the SZA was greatest, followed by Tef. Therefore, the D099 data correction
for Tf probably obscured the dependency, which again appeared when excluding the effect of the
TOC and the SZA. Nevertheless, in the non-ozone hole period, with the exclusion of other variables’
effect, the ratio was only significantly correlated with the SZA.

Of the 39 most extreme D099/B199 ratios, 59% were lower than 1 (a large underestimation of the
TOC measured by the B199), and 41% of them were greater than 1. Most of the D099/B199 extreme
ratios were recorded during the Antarctic spring, especially in September and October, but mostly
when the ozone layer was not depleted. Some extreme ratios were also found in the Antarctic summer
and autumn (Figure 8). This is likely linked to the relationship between the D099/B199 ratio, the SZA,
and the TOC, with the agreement being worse in those days with a high SZA and a low TOC.

The worse agreement between the Brewer and Dobson spectrophotometers in the case of a high
SZA was already described in the 1980s and 1990s, e.g., [49,50]. The increased bias in high SZA
observations, partly due to increased radiation scattering in the atmosphere and partly due to the
contamination of measured spectra caused by the diffuse radiation within the instrument, whose
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relative proportion increases as the sun approaches the horizon, was explained in [51]. This then leads
to ozone underestimation, because, when the SZA is high, ozone affects diffuse radiation less than
direct radiation. Moreover, simplifications within the standard retrieval algorithm lead to a systematic
error, causing TOC underestimation to be most pronounced when the SZA is high and under low-ozone
conditions, which are specific to the Antarctic region. Moeini et al. [25] also stressed the effect of a long
ozone slant path in the case of high SZA direct sun measurements. The temperature dependency of the
Brewer and Dobson spectrophotometers has also been described, e.g., [49,52], who observed a relatively
higher underestimation of the TOC at lower Te¢ when using the Dobson spectrophotometer compared
to the Brewer instrument. In this study, this phenomenon, which was well visible when using raw
D099 measurements, was tackled by the T correction. However, even the Brewer spectrophotometer
bias during the TOC observations increased by up to 1.5% at low effective temperatures [52], which
could be a possible reason for the negative relationship found between the D099/B199 ratio and Teg
when excluding the effect of other variables. The differences found between the B199 and the D099
TOC observations reinforce the choice of the reference instrument for satellite data intercomparison.
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Figure 6. Basic statistical characteristic of the ratios in relation to the B199 ozone column for (a) the
D099, (b) the OMI(TOMS), (c) the OMI(DOAS), (d) the GOME2, and (e) the SCTAMACHY under
non-depleted and depleted ozone conditions in the ozone hole periods at the Marambio Base for the
period 2011-2013.

5.2.2. OMI(TOMS) Total Ozone Satellite Retrievals

Throughout the period 2011-2013, there were 444 cases with a daily TOC available from both the B199
and the OMI(TOMS). The general agreement was slightly worse than in the case of the D099 (Figure 3),
together with an overall bias lower than 1 DU. The TOC difference reached up to 10%, bias was —0.7 DU,
the MAE was 4.3 DU, the overall RMSE was 2.4%, and the data sets shared 99% variability. The mean TOC
measured by the OMI(TOMS) was significantly lower than the TOC recorded by the B199, the mean ratio
differed from 1. However, systematic underestimation was only significant in February and September,
while, in other months, the difference was not significant (Figure 4c). A period of increased ratio variability
can be observed in October and November, which, at the Marambio Base, are the months with the highest
variation in TOC records. In the ozone hole period, the MAE and the RMSE were also higher than in the
Antarctic summer, but the error statistics increased again in April (Figure 5; Appendix C). The variability
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shared between the two data sets only dropped below 95% in April (Figure 5d), but, in this month, there
were only 10 available pairs of OMI(TOMS) and B199 measurements.
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Figure 7. Relationships between the total column ozone measured by the B199 (left), the observation
SZA (middle), and Tt measured by the B199 (right), and the ratios in relation to the B199 ozone column
for (a—c) D099, (d—f) OMI(TOMS), (g—i) OMI(DOAS), (j-1) GOME2, and (m-o0) SCIAMACHY under
non-depleted and depleted ozone conditions at the Marambio Base for the period 2011-2013. OHP
stands for the ozone hole period.
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Figure 8. Extreme ratios of the different data products to the B199 TOC, (a) the number of extreme
ratios, and the temporal distribution of the extreme ratios in relation to the B199 ozone column for
(b) D099, (c) OMI(TOMS), (d) OMI(DOAS), (e) GOME2, and (f) SCTAMACHY under non-depleted and
depleted ozone conditions at the Marambio Base for the period 2011-2013.

No significant difference was found between the ratios under ozone hole and non-ozone hole
conditions, but it could be observed between depleted and non-depleted profiles (Figure 6). The ratio
did not differ from 1 when the ozone profile was depleted, but it was significantly lower under
non-depleted conditions. There was a negative correlation of the OMI(TOMS)/B199 ratio with the
SZA (Figure 7); and, since the mean SZA was higher under non-depleted conditions (Appendix B),
SZA dependency is a likely explanation of the difference between the ratios under depleted and
non-depleted conditions. The correlation between the ratio and the TOC measured by the B199
was significant but weak; the same applies for the correlation with Tef. Considering the individual
role of the explanatory variables (Table 3), only the effect of the SZA was statistically significant.
The relationship between the ratio and Te¢ was especially weak, even when excluding the effect of
other variables. This can be explained by the nature of TOMS-like algorithms which are designed so as
to be not particularly sensitive to T [43].

Of the 44 studied OMI(TOMS)/B199 extreme ratios, 73% were lower and only 27% were higher
than 1. Most of the extreme values were recorded during the ozone hole period, documenting the
increased variability in the instruments” agreement during these three months. Due to the SZA
dependency, more extreme ratios were observed during non-depleted conditions (Figure 8).

The other studies [15,18,28] also found that in southern mid-latitudes, OMI(TOMS) agreement with
ground-based instruments was in the range of 0 to —2%, with a large variability of £6%. On the other
hand, the OMI(TOMS) results reported by [29] revealed much spatial variation, with an overestimation
of the ground-based measurements at the Marambio Base. However, in [29], the D099 Dobson
spectrophotometer was used as the reference instrument, so the overestimation might have been
caused not only by OMI(TOMS) long-term instability, but also by the D099 spectrophotometer SZA
and Teg dependencies (see Section 5.2.1). When raw D099 data, which were not corrected for Teg, were
used for comparison purposes for the period 2011-2013, overestimation by the OMI(TOMS) of ozone
by about 2% on average was found. Correction for T significantly reduced the differences between
the TOC measured by the B199 and the D099; therefore, when using D099 ozone data corrected for Teg,
as measured by the B199, the OMI(TOMS) did not present a significant overestimation of the TOC.

Similar to this study, McPeters et al. [18] and Zhang et al. [28] find no dependency between the
ground-based TOC and the performance of the OMI(TOMS), especially under low-ozone conditions.
However, since the vertical ozone profile shape is not fully determined by the ozone amount [48],
differences between the agreement under depleted and non-depleted conditions have been found in
this study. As no correlation was found between the OMI(TOMS) data and T, the reason for the
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differences in agreement under depleted and non-depleted conditions was more likely due to the SZA’s
dependency on ozone in the case of the OMI(TOMS), as also described in [15,53].

Table 3. Partial correlation between the explanatory variables and the ratio between the B199 and the
studied data sources at the Marambio Base for the period 2011-2013. Asterisks indicate statistically
significant partial correlations.

All Data Non-OHP
TOC SZA Tetf TOC SZA Tetf
D099 0.2760* -0.3416* -0.3356* D099 -0.1293 -0.3409*  -0.1880
OMI(TOMS) 0.0382 -0.2002 * 0.0065 OMI(TOMS) 0.0326 -0.2283*  -0.1175
OMI(DOAS)  -0.3375* -0.2011* —0.0567 OMI(DOAS) -0.2280* -0.1767*  —0.0780
GOME2 -0.3591*  —0.0083 0.0700 GOME2 -0.2713 * 0.0727 0.0477
SCIAMACHY -0.7576*  —0.0352 0.1004 SCIAMACHY  -0.3921* 0.0407 0.1385
OHP, Non-Depleted OHP, Depleted
TOC SZA Tetf TOC SZA Tets
D099 0.3381* -0.3933*  —-0.4726* D099 0.1407 -0.3270* —-0.3068 *
OMI(TOMS) 0.1014 —-0.0231 0.1169 OMI(TOMS) —-0.1823 -0.3842*  —0.0625
OMI(DOAS)  -0.3368*  —0.1532 0.0429 OMI(DOAS) -0.4790*  -0.3735* —0.2567 *
GOME2 -0.3718*  -0.1142 0.1328 GOME2 -0.3007 * -0.1151 0.0818
SCIAMACHY -0.7496*  0.0705 —-0.1731 SCIAMACHY  -0.6101* -0.5640*  0.0111

5.2.3. OMI(DOAS) Total Ozone Satellite Retrievals

Although the OMI(DOAS) data were obtained using the same instrument as the OMI(TOMS)
time series, there are many differences between these two data sets, as described, e.g., by [15], which
also lead to agreement with the B199 observations. In the case of the OMI(DOAS), there were 456 pairs
available for TOC comparison with the B199 data. The general agreement between these two data sets
was characterized by TOC differences reaching up to 18%, a bias of 3.1 DU, an MAE of 6.3 DU, an
overall RMSE of 3.5%, and 98% variability in common. Compared to the B199 ozone retrievals, the
mean OMI(DOAS) observations were significantly overestimated over the entire period, as well as in
all individual months except for February and December (Figure 4d). The error statistics (Figure 5a—)
were rather consistent, except for increased errors in April. The correlation between the B199 and the
OMI(DOAS) data sets was very high in the Antarctic spring, but declined in summer (especially in
December and January), probably due to the rather low total variability of the measured TOC.

The OMI(DOAS)/B199 ratio differed significantly between both the ozone hole and non-ozone
hole conditions, and also the depleted and non-depleted profiles (Figure 6). In both cases, the ratio was
higher than 1 (1.014 + 0.033 for non-depleted conditions, and 1.025 + 0.035 for depleted conditions),
and the ratio difference was even higher for a TOC under or over 220 DU. The OMI(DOAS)/B199
ratio was only correlated with the TOC measured by the B199, not with the SZA or T (Figure 7g—-i).
The negative relationship between the ratio and the TOC explains the ratio difference between
depleted and non-depleted conditions, because, throughout the ozone hole period, the mean TOC was
significantly lower when the ozone profiles were depleted (Appendix B). When the individual roles of
explanatory variables were assessed, the correlation between the ratio and the TOC measured by the
B199 remained the strongest. However, a weaker, but still significantly negative, correlation emerged
between the ratio and the SZA, which was likely caused by the negative correlation between the SZA
and the TOC measured by the B199.

The 46 analyzed extreme values of the OMI(DOAS)/B199 ratios were spread across a rather large
range (between 0.87 and 1.18), but the extreme values were higher than 1 in 87% of cases (Figure 8).
This underlines the significant OMI(DOAS) overestimation of the TOC values obtained by the B199,
even within the range of extreme values. Most OMI(DOAS)/B199 extremes were recorded over the
ozone hole period, especially in October. Moreover, in October and November, more than 50% of the
recorded extreme ratios occurred under depleted conditions.
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An intercomparison of the TOC measured by ground-based instruments and the OMI(DOAS),
including a site in high southern latitudes, was also performed by [15,27], who came to comparable
conclusions, stating that the TOC obtained by the OMI(DOAS) was overestimated by 2—4% in relation to
the ground-based instruments. The overestimations tend to be higher at an SZA of approximately 60°
and larger, and, similar to the findings of this study, at an extremely low TOC. The dependency of the
OMI(DOAS) algorithm on the TOC and Teff was also described by [52], who provided a possible explanation
by the SZA relationship, but also by the sensitivity of the algorithm to differences between real and
assumed ozone profiles. Zhang et al. [28] also refer to the importance of the a priori ozone and temperature
selection. In this study, this was confirmed by the significant differences in agreement under non-depleted
and depleted ozone layer conditions. Another possible reason for the differences between the TOC
measured by ground-based and satellite instruments could be the different ozone cross sections for satellite
and ground-based retrievals, or the precision of the used absorption cross sections and their dependency
on temperature [16]. However, the satellite retrievals take temperature dependency into account [16] and
the ground-based data have been corrected for T, SO 0zone cross-sectional temperature dependency
was likely not the primary reason for the data set differences. Moreover, Damiani et al. [16] suggests
another potential source of disagreement between OMI(DOAS) and ground-based measurements—i.e.,
the problems with accurately computing the air mass factor—which is used to calculate the vertical
column ozone from the slant observation (see Section 3).

5.2.4. GOME2 Total Ozone Satellite Retrievals

The TOC measured by both the GOME2 and the B199 was available in 499 cases for the period
2011-2013. The relative TOC differences reached up to 21%, while the bias and the MAE were,
respectively, 4.2 and 6.2 DU. The overall RMSE was 3.6%, and the data sets shared 99% variability.
The mean TOC, as retrieved from GOME?2 observations, was higher than the TOC measured by the
B199, and the overestimation was significant for all months except April and August. The TOC
difference was most pronounced during high SZA months and the ozone hole period, with the fit being
much better in the Antarctic summer (Figure 4e). The error statistics were also largest in October and
April, i.e., months with a high SZA or with large ozone variability due to ozone depletion and recovery.
The shared variability between the TOC measured by the B199 and the GOME2 never dropped below
93%, with the exception of January and April, when it was lower (Figure 5).

There was a significant difference between the mean ratios under ozone hole and non-ozone hole
conditions, while the ratio was higher when the TOC dropped below 220 DU. However, there was no
significant difference between the mean ratio under depleted and non-depleted conditions (Figure 6);
in both cases, the ratio was about 1.026. Similar to the case of the OMI(DOAS), the GOME2/B199
ratio was only correlated with the TOC measured by the B199, not with the SZA and Teg. A high
SZA and a low Teg only resulted in the greater variability of the studied ratio. As seen from Figure 7,
the GOME2/B199 ratio was often very high under low-ozone conditions, in the case of both depleted and
non-depleted ozone profile shapes. When assessing the roles of the explanatory variables separately
(Table 3), only TOC proved to be correlated with the GOME2/B199 ratio. By contrast, the effect of T
or the SZA was weak and insignificant.

The 50 studied GOME2/B199 extreme ratios showed a similar pattern to the OMI(DOAS)/B199
extreme ratios, albeit more pronounced. It was found that 94% of the extreme ratios were larger than 1,
with most of them recorded during the ozone hole period, especially in October. However, in the case
of the GOME2, the majority of extreme ratios were recorded under non-depleted conditions, which can
be explained by the fact that depleted profiles occur about 50% less frequently than non-depleted ones.

These results are in agreement with [24], who also showed that, around 60-65° S, the GOME2
overestimates the ground-based TOC observations in the Antarctic spring and autumn. However, they
found up to 3% underestimation in the Antarctic summer, which was not detected at the Marambio
Base in 2011-2013. In our study (e.g., Figure 4e), a lower mean ratio was reported in summer, but it
was still higher than 1. In [24], a D099 was used as the reference instrument, but, even when using both
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raw and Teg-corrected data, no underestimation of the summertime TOC in the case of the GOME2
was seen. Therefore, a different study period or a different approach for correcting the raw D099 data
was the most likely reason for this disagreement. Loyola et al. [23] also noticed the overestimation of
ground-based TOC data, which was significant at an SZA > 60°. Similar to our results, Loyola et al. [23]
also observed increased variability under low-ozone conditions, while [28] found an overestimation of
the TOC on days with a low TOC. The reason for the GOME2’s systematic inconsistencies with the
B199 data is likely similar to the case of the OMI(DOAS), because the GOME2 retrieval algorithm is
also based on the DOAS principle [23,45].

5.2.5. SCIAMACHY Total Ozone Satellite Retrievals

The last studied TOC data source was the SCIAMACHY, which was available in 195 cases,
overlapping with the B199 measurements in 2011-2012 (Figures 2 and 3). The year 2013 was not
included because the SCTAMACHY data set was discontinued in the first half of 2012, when contact
with the ENVISAT satellite was lost. The mean difference between the SCTAMACHY and the B199
ozone data sets reached up to 21%, while the bias was 6.4 DU, the MAE was 8.6 DU, the overall RMSE
was 5.6% and the data sets shared 98% variability.

Similar to the OMI(DOAS) and the GOME2, the mean TOC measured by the SCTAMACHY was
significantly higher than in the case of B199 observations, the SCTAMACHY/B199 ratio was significantly
higher than 1 for all months except February, April, and August (Figure 4f). Out of all the studied
data sources, the error statistics for the SCTAMACHY (Figure 5) showed the clearest annual cycle,
with a better fit in the Antarctic summer and a worse agreement among the studied data sets in high
SZA months and over the ozone hole period (i.e., September, October, and April). The determination
coefficient, however, was very similar to other DOAS-type algorithm data products assessed within
this study, being high in the Antarctic spring and decreasing over the summer, especially in January.

The mean SCIAMACHY/B199 ratios were higher than 1 and significantly different to each other
under ozone hole and non-ozone hole conditions, but also when the ozone profile had a depleted
or non-depleted shape. When the TOC dropped below 220 DU, the mean SCIAMACHY/B199 ratio
increased to approximately 1.08; however, when the TOC was higher, the mean SCTAMACHY/B199 ratio
was about 1.03. However, the SCTAMACHY/B199 ratio was significantly higher under non-depleted
rather than depleted conditions (Figure 6). This is most likely due to the fact that only one ozone hole
season was captured by both the SCTAMACHY and the B199, and, in this season, the difference between
the mean TOC for depleted and non-depleted profile shapes was not statistically significant. These
ratio differences can be explained by the rather strong negative dependency of the SCIAMACHY/B199
ratio on the TOC measured by the B199 (Figure 7, R? = 57%). Under depleted conditions, a significant
relationship was found between the ratio and the SZA; otherwise, no significant correlation with
the explanatory variables was found. The same pattern emerged when assessing the effects of each
variable separately (Table 3); in most cases (except under depleted conditions over the ozone hole
period), only the TOC measured by the B199 affected the SCTAMACHY/B199 ratio.

All of the 20 assessed SCIAMACHY/B199 extreme ratios over the studied period were higher than
1 (Figure 8), indicating that the SCTAMACHY overestimated the TOC measured by the B199, even
in extreme cases. Most of the SCTAMACHY/B199 extreme ratios were recorded over the ozone hole
period, only one was observed in April. Regarding the shape of the vertical ozone profile, the extreme
ratios mostly occurred under non-depleted conditions, albeit in November.

Eskes et al. [14] also assessed the SCTAMACHY performance at several Antarctic stations, with
the RMSE ranging from 5.3% to 7.1%, similar to the results presented in this study. A significant
overestimation of SCTAMACHY retrievals from across Antarctica, especially under low-ozone conditions
in the Antarctic spring, was also found [14,28]. Similarly, Koukoli et al. [24,54] documented a 0.5-2.0%
overestimation of the ground-based TOC in the Antarctic spring by the SCTAMACHY. The inconsistency
with the B199 TOC was likely caused by similar reasons as in the case of the OMI(DOAS), because
SCIAMACHY TOC retrieval employs the DOAS method [14]. However, the differences in the consistency
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between the B199 and the SCTAMACHY, and other satellite instruments (e.g., a very pronounced annual
cycle of error statistics) presumably also originated during the different study period applied for this
data source. However, the general characteristics of SCIAMACHY and B199 agreement, with a better
fit in the Antarctic summer and large variability across the ozone hole period, are in accordance with
previous studies and also with the other studied satellite DOAS-based data products.

6. Summary and Conclusions

This study aimed to compare TOC data sets from different platforms available at the Marambio
Base: the ground-based Brewer B199 spectrophotometer, the Dobson D099 spectrophotometer, and
OMI(TOMS), OMI(DOAS), GOME2, and SCIAMACHY satellite overpass data. Based on the B199
observations, a full, comprehensive comparison of all available data products at the Marambio Base
was performed for the first time. In this study, overall consistency with the B199 measurements for the
2011-2013 period—as well as the relationship between the instruments’ performance and the SZA,
B199 ozone data, effective temperature (Te), and the shape of vertical ozone profiles—was considered.

The agreement between the B199 ozone observations and the selected data products was very
good, with mean differences up to +2-3%. The ground-based D099 spectrophotometer showed
the best agreement with the B199 data, likely caused not only by the similarity between the
measurement principles, but also by the temperature correction that used T data retrieved by
the B099 spectrophotometer. However, a significant dependency was found between the agreement of
D099 data with B199, the ozone amount and the SZA. When the effect of other variables was excluded,
a relationship between the agreement and T, emerged.

Among the available satellite data products, the OMI(TOMS) was in the best agreement with
the B199 Brewer spectrophotometer measurements. The likely reason for this very good agreement
could be the similarity between the OMI(TOMS) total ozone retrieval algorithm and the Brewer
spectrophotometer principle for ozone observations. This instrument generally had a good fit with a
mean difference of less than 1%. Nevertheless, there was still a significant difference between the fit
under depleted and non-depleted conditions, which could be explained by the dependency of the SZA,
and the OMI(TOMS) agreement with B199 data.

The other satellite data products in this study were retrieved using algorithms based on DOAS,
in contrast to those used by ground-based spectrophotometers. All these data products—i.e.,
the OMI(DOAS), GOME2, and SCIAMACHY—showed a systematic overestimation of the satellite
ozone retrievals in relation to the B199 measurements over the entire period, but became significantly
stronger with a decreasing amount of ozone. No, or few, significant SZA or T dependencies were
found in the case of the DOAS algorithms, although this retrieval algorithm is known to be highly
sensitive on both parameters. Therefore, the large overestimation of satellite-based data during
low-ozone conditions could not be attributed to the SZA or Teg. It means that there is more likely
another cause of B199 and DOAS disagreement, such as the air mass factor, ozone cross-sectional
accuracy in polar regions, especially in Antarctica, or the difference in assumed and actual vertical
ozone and temperature profiles used for TOC retrievals. This opens up possible space for future
research, along with, for example, the relationship between the instruments” performance and surface
albedo or the precise overpass location with regard to the edge of the southern polar vortex.
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Figure Al. Relationship between (a) OMI(TOMS) and (b) OMI(DOAS) overpass distance from the
Marambio Base and the ratio to the B199 ozone column records in 2011-2013; please note that none
of these relationships was statistically significant (R? for OMI(TOMS) was 0.00, 0.03, and 0.00 for
non-depleted, depleted, and non-OHP conditions, respectively; and for OMI(DOAS) it was 0.03, 0.03,
and 0.00 for non-depleted, depleted, and non-OHP conditions, respectively).
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Table A1l. Statistical characteristics calculated for individual data sources (asterisks indicate statistically
significant (o = 0.05) correlations).

DOBSON D099
Period Entire OHP (AlD OHP (Non-Dep.) OHP (Dep)
N 394 209 154 55
TOC + A (DU) 260 + 58 239 + 69 247 + 73 218 + 52
Bias + A (DU) 0.54 +3.72 0.09 + 3.83 -0.08 £4.15 0.56 + 2.74
MAE + A (DU) 2.89 +2.40 2.88 +2.52 3.16 +£2.68 211 +1.82
RMSE (%) 1.49 1.64 1.34 1.74
R? 1.00 * 1.00 * 1.00 * 1.00 *
Mean ratio + A 1.00 £ 0.01 1.00 + 0.02 1.00 + 0.02 1.00 + 0.01
Min. ratio 0.94 0.94 0.94 0.97
Max. ratio 1.06 1.06 1.06 1.04
Mean SZA + A (°) 60.8 +7.5 614+71 619 +6.8 60.0+7.8
Mean Tegs £ A (°C) -39.7+17.1 -77.6£19.2 -425+19.3 -36.5 +18.5
R2 (SZA) 0.08 * 0.09 * 0.08 * 0.11*
R? (TOCg199) 0.12* 0.17* 0.23* 0.07 *
R? (Tef) 0.00 0.00 0.01 0.00
OMI(TOMS)
Period Entire OHP (AlD) OHP (Non-Dep.) OHP (Dep)
N 444 203 130 73
TOC £ A (DU) 269 + 58 249 + 76 257 + 84 233 + 57
Bias + A (DU) -0.74 £ 6.12 -1.12+7.63 -1.77 £ 8.40 0.04 + 5.89
MAE = A (DU) 428 +4.43 5.51 + 5.38 6.03 + 6.09 459 £3.65
RMSE (%) 243 3.12 3.43 2.45
R? 0.99 * 0.99 * 0.99 * 0.99 *
Mean ratio = A 1.00 = 0.02 0.99 + 0.03 0.99 +0.03 1.00 + 0.02
Min. ratio 0.88 0.88 0.88 0.94
Max. ratio 1.10 1.10 1.10 1.05
Mean SZA = A (°) 62.1+8.3 639+75 65.3+7.0 613+77
Mean Tegs £ A (°C) -37.6+162 -384+17.2 -40.6 £17.8 -344+155
R? (SZA) 0.06 * 0.07* 0.03* 0.14*
R? (TOCg99) 0.01* 0.01 0.04* 0.03
R? (Tegr) 0.01 * 0.04 * 0.05 * 0.00




Atmosphere 2019, 10, 721

20 of 26

Table A2. Statistical characteristics calculated for individual data sources (asterisks indicate statistically

significant (o = 0.05) correlations).

OMI(DOAS)
Period Entire OHP (AlD) OHP (Non-Dep.) OHP (Dep)
N 456 209 130 79
TOC £ A (DU) 273 £ 57 253 + 74 263 + 82 236 + 56
Bias + A (DU) 3.07 +7.94 3.59 +7.44 2.84+7.54 481+7.16
MAE + A (DU) 6.28 +5.75 6.60 + 4.96 6.45 + 4.80 6.84 + 5.23
RMSE (%) 3.45 3.83 3.57 423
R? 0.98 * 0.99 * 0.99 * 0.99 *
Mean ratio + A 1.01 +0.03 1.02 £ 0.04 1.01 +0.03 1.02 £ 0.03
Min. ratio 0.87 091 091 0.94
Max. ratio 1.18 1.12 1.12 1.12
Mean SZA + A (°) 622+ 8.4 640+ 7.6 65.2+7.0 61.9 £82
Mean Tegs £ A (°C) -372+16.0 -379+17.1 -40.7 £17.6 -33.4+153
R? (SZA) 0.01 0.02 0.00 0.05
R? (TOCg199) 0.10* 0.12* 0.08 * 0.20*
R? (Tegr) 0.01 0.00 0.00 0.05 *
GOME2
Period Entire OHP (AlD OHP (Non-Dep.) OHP (Dep)
N 499 244 159 85
TOC = A (DU) 265 £ 56 240 + 69 249 £ 75 225 + 51
Bias + A (DU) 418 £6.73 5.38 + 6.73 4.54 + 6.97 5.27 + 6.28
MAE =+ A (DU) 6.21 +4.91 6.95 +5.08 713 £522 6.62 + 4.81
RMSE (%) 3.59 4.39 451 417
R? 0.99 * 0.99 * 0.99 * 0.99 *
Mean ratio + A 1.02 £ 0.03 1.03 + 0.04 1.03 +£ 0.04 1.03 £ 0.03
Min. ratio 0.93 0.93 0.93 0.95
Max. ratio 1.21 1.21 1.21 1.11
Mean SZA + A (°) 63.6 + 8.2 645+73 65.8 + 6.5 62.3 +£8.3
Mean T £ A (°C) -371+179 -39.9 +18.6 —42.4+17.8 -35.2+19.3
R? (SZA) 0.00 0.00 0.00 0.01
R? (TOCg199) 0.13* 0.09 * 0.10* 0.08 *
R? (Tegf) 0.00 0.00 0.00 0.00

Table A3. Statistical characteristics calculated for individual data sources (asterisks indicate statistically

significant (o« = 0.05) correlations).

SCIAMACHY
Period Entire OHP (AlD) OHP (Non-Dep.) OHP (Dep)
N 195 61 34 27
TOC + A (DU) 260 + 48 199 + 31 203 +28 194 + 34
Bias + A (DU) 6.43 + 8.88 13.26 +7.02 15.43 + 6.53 10.53 + 6.76
MAE + A (DU) 8.64 +6.74 13.49 + 6.57 15.43 + 6.53 11.03 + 5.87
RMSE (%) 5.61 8.95 10.00 7.43
R? 0.98 * 0.96 * 0.96 * 0.97 *
Mean ratio + A 1.03 + 0.05 1.08 + 0.05 1.09 +0.03 1.06 + 0.05
Min. ratio 0.96 0.98 1.02 0.98
Max. ratio 1.21 1.21 1.21 1.14
Mean SZA + A 63.1 +8.2 641+74 66.0 +4.4 61.7 £9.5
Mean Tegs £ A -359+174 -371+19.8 -32.8+135 —42.6+248
R? (SZA) 0.00 0.02 0.03 0.30 *
R? (TOCg199) 0.57 * 0.40 * 0.57 * 0.36 *
R? (Tegr) 0.00 0.01 0.02 0.04
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Appendix C

Table A4. Monthly statistics derived for individual data sources (asterisks indicate statistically
significant (o = 0.05) correlations).

DOBSON D099
Month August September October November December
N 0 100 80 29 11
TOC + A (DU) 216 + 46 234 +70 335+ 51 303 + 11
Bias + A (DU) —0.37 + 3.78 —-0.56 + 3.61 3.44 +277 4.06 + 3.30
MAE + A (DU) 2.66 +2.71 2.82 +£2.33 3.82 £2.20 4.33 £2.90
RMSE (%) 1.66 1.72 1.34 1.72
R? 0.99 * 1.00 * 1.00 * 0.92 %
Mean ratio + A 1.00 + 0.01 1.00 + 0.01 0.99 £ 0.01 1.00 + 0.01
Min. ratio 0.95 0.94 0.99 1.00
Max. ratio 1.06 1.04 1.03 1.03
Month January February March April
N 15 78 72 9
TOC + A (DU) 294 +11 292 +20 271 +26 283 +15
Bias + A (DU) -1.81+227 1.75 +3.11 1.08 £2.73 —-3.88 + 6.61
MAE + A (DU) 2.34 +1.67 291 +2.04 2.31+1.80 6.61 +3.37
RMSE (%) 0.98 1.23 1.08 2.64
R? 0.96 * 0.98 * 0.99 * 0.89 *
Mean ratio + A 0.99 +0.01 1.00 + 0.01 1.00 + 0.01 0.99 + 0.02
Min. ratio 0.98 0.98 0.97 0.97
Max. ratio 1.01 1.03 1.02 1.05
OMI(TOMS)
Month August September October November December
N 3 59 76 68 45
TOC + A (DU) 228 + 44 196 + 40 239 + 68 304 +73 312 +21
Bias + A (DU) ()_(1]2063:;359;2 —-3.60 + 5.92 —-0.86 + 7.95 0.74 + 8.08 0.49 +3.62
MAE + A (DU)  10.64 +5.92 4.92 +4.86 5.96 +5.28 552+ 591 2.78 £2.35
RMSE (%) 5.06 3.33 3.34 2.63 1.17
R? 0.98 0.98 * 0.99 * 0.99 * 0.97 *
Mean ratio + A 0.95 +0.03 0.98 +0.03 1.00 + 0.03 1.00 + 0.03 1.00 £ 0.01
Min. ratio 0.92 0.89 0.88 0.89 0.97
Max. ratio 0.98 1.03 1.10 1.05 1.04
Month January February March April
N 49 79 58 10
TOC + A (DU) 290 + 14 287 +22 269 + 25 278 +21
Bias + A (DU) 0.02 +3.29 -1.10 + 4.35 —-0.51 + 3.40 2.27 +10.81
MAE + A (DU) 2.60 +1.98 3.56 + 2.69 2.53 +2.30 7.60 +7.63
RMSE (%) 1.13 1.58 1.27 4.16
R? 0.95* 0.96 * 0.98 * 0.80 *
Mean ratio + A 1.00 + 0.01 1.00 + 0.02 1.00 + 0.01 1.01 + 0.04
Min. ratio 0.98 0.95 0.96 0.97
Max. ratio 1.04 1.02 1.03 1.09
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Table A5. Monthly statistics derived for individual data sources (asterisks indicate statistically

significant (o = 0.05) correlations).

OMI(DOAS)
Month August September October November December
N 3 59 82 68 45
TOC + A (DU) 246 + 45 204 + 39 239 + 65 312 + 69 312+£22
Bias + A (DU) 6.91 +3.01 4.36 +£5.70 2.96 +7.50 3.67 + 8.65 0.90 +9.76
MAE =+ A (DU) 6.91 +3.01 595 +3.98 6.38 + 4.89 742 £5.71 6.15+7.57
RMSE (%) 2.94 4.01 3.91 3.53 3.02
R? 1.00 * 0.98 * 0.99 * 0.98 * 0.80*
Mean ratio + A 1.03 £ 0.01 1.02 +0.03 1.02 + 0.04 1.01 £ 0.03 1.00 + 0.03
Min. ratio 1.02 0.96 091 0.93 0.87
Max. ratio 1.04 1.10 1.12 1.12 1.07
Month January February March April
N 46 83 60 10
TOC + A (DU) 294 + 15 289 + 22 274 + 24 287 +23
Bias + A (DU) 3.97 £ 8.82 1.02 +7.06 3.58 £ 6.79 10.59 + 12.44
MAE =+ A (DU) 570 +7.79 5.43 +4.59 5.78 +5.02 12.68 +10.03
RMSE (%) 3.46 2.44 2.93 6.12
R? 0.67 * 0.90 * 0.92* 0.74*
Mean ratio + A 1.01 +0.03 1.00 +0.02 1.01 +0.03 1.04 +0.05
Min. ratio 0.97 0.92 0.96 0.97
Max. ratio 1.18 1.07 1.12 1.12
GOME2
Month August September October November December
N 5 82 95 67 51
TOC + A (DU) 250 + 43 207 + 38 231 + 63 297 £ 72 312+ 20
Bias + A (DU) -2.98 + 5.57 3.95+7.81 7.39 £6.02 427 +5.52 222 +6.04
MAE + A (DU) 510+ 3.10 6.80 + 5.48 8.21 +4.83 534 +448 5.08 £ 3.90
RMSE (%) 2.38 493 491 2.52 2.10
R? 0.99 * 0.96 * 0.99 * 0.99 * 0.93 *
Mean ratio + A 0.99 +0.02 1.02 + 0.04 1.04 +0.03 1.02 + 0.02 1.01 + 0.02
Min. ratio 0.97 0.93 0.96 0.98 0.96
Max. ratio 1.02 1.21 1.15 1.08 1.05
Month January February March April
N 57 65 66 11
TOC + A (DU) 287 +13 288 + 20 276 + 22 288 + 24
Bias + A (DU) 2.30 +£8.22 2.06 +5.27 519+4.73 6.26 + 10.88
MAE =+ A (DU) 6.12 + 5.90 4.46 + 3.45 5.78 +3.98 9.17 + 8.31
RMSE (%) 3.08 1.98 2.59 4.50
R? 0.69 * 0.94 % 0.96 * 0.81*
Mean ratio + A 1.01 £ 0.03 1.01 +0.02 1.02 +0.02 1.02 + 0.04
Min. ratio 0.97 0.96 0.98 0.97
Max. ratio 1.12 1.05 1.06 1.09
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Table A6. Monthly statistics derived for individual data sources (asterisks indicate statistically

significant (o = 0.05) correlations).

SCIAMACHY
Month August September October November December
N 3 16 30 15 13
TOC + A (DU) 284 +17 201 + 35 200 + 33 195 + 22 303 + 24
Bias + A (DU) 320+£795 13.89 £7.92 13.75 £ 6.66 11.62 + 6.96 7.81 +£10.48
MAE + A (DU) 5.33 £ 5.99 14.61 + 6.40 13.75 + 6.66 11.77 + 6.69 10.16 + 8.00
RMSE (%) 2.74 2.18 2.66 6.59 2.52
R? 0.94 0.98 * 0.96 * 0.94 % 0.86 *
Mean ratio £ A 1.01 £ 0.03 1.08 + 0.06 1.08 £ 0.04 1.07 £ 0.04 1.03 £ 0.04
Min. ratio 0.99 0.98 1.02 0.99 0.97
Max. ratio 1.04 1.20 1.21 1.12 1.08
Month January February March April
N 35 41 36 6
TOC = A (DU) 289 + 12 295 + 16 271 £ 24 299 + 28
Bias + A (DU) 2.56 +7.19 1.34 + 6.30 3.49 +5.99 10.72 + 16.65
MAE + A (DU) 5.63 + 5.08 5.39 + 3.41 5.64 + 3.95 15.42 + 11.39
RMSE (%) 10.03 8.91 7.73 449
R2 0.73 % 0.86 * 0.95* 0.65
Mean ratio + A 1.01 + 0.03 1.01 £ 0.02 1.01 £ 0.02 1.04 + 0.06
Min. ratio 0.98 0.96 0.96 0.96
Max. ratio 1.09 1.04 1.06 1.12
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