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Abstract. The Antarctic polar vortex creates unique chemical and dynamical conditions when the stratospheric
air over Antarctica is isolated from the rest of the stratosphere. As a result, stratospheric ozone within the vortex
remains largely unchanged for a 5-month period from April until late August when the sunrise and extremely cold
temperatures create favorable conditions for rapid ozone loss. Such prolonged stable conditions within the vortex
make it possible to estimate the total ozone levels there from sparse wintertime ozone observations at the South
Pole. The available records of focused Moon (FM) observations by Dobson and Brewer spectrophotometers at
the Amundsen–Scott South Pole Station (for the periods 1964–2022 and 2008–2022, respectively) as well as
integrated ozonesonde profiles (1986–2022) and MERRA-2 reanalysis data (1980–2022) were used to estimate
the total ozone variability and long-term changes over the South Pole. Comparisons with MERRA-2 reanalysis
data for the period 1980–2022 demonstrated that the uncertainties of Dobson and Brewer daily mean FM values
are about 2.5 %–4 %. Wintertime (April–August) MERRA-2 data have a bias with Dobson data of − 8.5 % in
1980–2004 and 1.5 % in 2005–2022. The mean difference between wintertime Dobson and Brewer data in 2008–
2022 was about 1.6 %; however, this difference can be largely explained by various systematic errors in Brewer
data. The wintertime ozone values over the South Pole during the last 20 years were about 12 % below the pre-
1980s level; i.e., the decline there was nearly twice as large as that over southern midlatitudes. It is probably the
largest long-term ozone decline aside from the springtime Antarctic ozone depletion. While wintertime ozone
decline over the pole has hardly any impact on the environment, it can be used as an indicator to diagnose the
state of the ozone layer, particularly because it requires data from only one station. Dobson and ozonesonde
data after 2001 show a small positive, but not statistically significant, trend in ozone values of about 1.5 % per
decade that is in line with the trend expected from the concentration of the ozone-depleting substances in the
stratosphere.
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1 Introduction

The wintertime stratosphere circulation is dominated by a
large cyclonic vortex centered near the pole. A very strong
polar vortex in the Antarctic stratosphere creates unique
chemical and dynamic conditions and isolates stratospheric
air over Antarctica from the rest of the stratosphere (Nash
et al., 1996). It forms in austral autumn, reaches maxi-
mum strength in midwinter, and breaks down in November–
December (Waugh and Polvani, 2010). The variability of the
Antarctic vortex is small (Waugh and Randel, 1999) except
during the spring vortex breakdown in late spring–summer,
although there are some rare exceptions of earlier vortex
disruptions. For example, the vortex broke up in Septem-
ber 2002 (Allen et al., 2003; Hoppel et al., 2003; Ricaud et
al., 2005), and it demonstrated a large disturbance as early as
late August in 1988 (Johnson et al., 2023) and 2019 (Wargan
et al., 2020; Safieddine et al., 2020; Milinevsky et al., 2020).
Nevertheless, for a period of 5 months, from April to late
August, there is a strong undisturbed vortex over the South
Pole where ozone is isolated from the rest of the stratosphere
and therefore remains relatively unchanged during the win-
tertime.

The Southern Hemisphere springtime polar vortex has
been a subject of intense research since the discovery and
subsequent studies of the Antarctic ozone hole (Farman et
al., 1985; Solomon et al., 1986; Stolarski et al., 1986). In aus-
tral spring, a unique combination of cold temperature, sun-
light, polar stratospheric clouds, and a substantial concentra-
tion of ozone-depleting substances over Antarctica lead to
a very rapid destruction of ozone in the lower stratosphere
(e.g., Solomon et al., 1986; WMO, 2018, 2022, and refer-
ences therein). The wintertime ozone in the vortex is less
studied. First, no photochemical ozone destruction processes
occur during the polar night, and therefore no rapid changes
in ozone are expected. Second, the most reliable satellite
ozone instruments, for example the Solar Backscatter Ultra-
violet Radiometer (e.g., McPeters et al., 2013), derive col-
umn ozone from backscattered solar radiation and therefore
cannot measure wintertime column ozone during the polar
night.

Long-term ozone trends over the South Pole in the win-
tertime should be a good indication of the ozone layer state.
There was a declining annual total ozone trend in the South-
ern Hemisphere in the 1980s and early 1990s with a strong
latitudinal gradient toward the pole from near-zero trends
over the Equator to a total decline of about 8 % at 60◦ S be-
tween 1979 and 1996 (e.g., Vyushin et al., 2007; Weber et
al., 2018) with little dependence of the season except for the
springtime ozone hole (e.g., Fioletov et al., 2002). Similarly,
the ozone recovery trends after 1996 are also increasing from
the Equator toward high latitudes (Weber et al., 2022). There-
fore, from such a latitudinal gradient in the trends, it can be
expected that the wintertime ozone changes are the largest
over the South Pole.

Unlike the North Pole, the South Pole is practically always
under the Antarctic polar vortex during winter (Karpetchko
et al., 2005; Waugh and Polvani, 2010). Therefore, measure-
ments from only one location, the Amundsen–Scott South
Pole Station, can provide information on the state of the win-
tertime ozone layer within the polar vortex. Wintertime to-
tal ozone measurements at the South Pole Station are avail-
able from Dobson and Brewer spectrophotometers that use
the Moon as the light source (Komhyr et al., 1988; McElroy
et al., 2010) as well as from ozonesondes, from which total
ozone can be obtained by integrating the ozone profile (e.g.,
Johnson et al., 2023).

Information about wintertime ozone over the South Pole
Station is also available from the recent Modern-Era Retro-
spective Analysis for Research and Applications, Version 2
(MERRA-2) reanalysis (Gelaro et al., 2017). The advantage
of MERRA-2 is that it provides a continuous record for the
period 1980–2022 with an hourly temporal resolution. Ev-
ery Dobson and Brewer measurement and ozonesonde flight
can be matched with a nearly coincident MERRA-2 value
to identify potential problems with data and study sampling
effects.

The paper is organized as follows. Section 2 describes
the datasets used: ground-based ozone measurements by the
Dobson and Brewer instruments, total ozone from integrated
ozonesondes, and the MERRA-2 reanalysis total ozone data.
Section 3 discusses available datasets, differences between
them, and possible corrections for the data. Wintertime to-
tal ozone variability and long-term changes are discussed in
Sect. 4. A discussion and conclusions are given in Sect. 5.

2 Instruments and datasets

2.1 Dobson spectrophotometer, 1964–2022

The Dobson spectrophotometer was developed in the 1920s
and continuous regular measurements started, first in Europe
in the 1920s (Dobson and Harrison, 1926; Dobson, 1968) and
later in other parts of the globe (Brönnimann et al., 2003).
In Antarctica, Dobson measurements started during the In-
ternational Geophysical Year in 1957–1958. About 130 in-
struments were produced and about 50 Dobson stations re-
main operational today (Fioletov et al., 2008) including 6
in Antarctica. Antarctic Dobson measurements led to the
discovery of large springtime ozone depletion over Antarc-
tica, or the ozone hole (Farman et al., 1985; Bhartia and
McPeters, 2018): anomalous total ozone behavior was un-
covered from Dobson measurements at the Japanese station
Syowa (Chubachi, 1984) and British station Hally Bay (Far-
man et al., 1985). Dobson measurements at the South Pole
Station started in late 1963. It turns out that some of the
early Dobson data recorded there were incorrect, presumably
caused by operator error, and were later retracted and repro-
cessed (Komhyr et al., 1986; Bhartia and McPeters, 2018).
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Large springtime Antarctic ozone depletion was then further
confirmed (Komhyr et al., 1988, 1989b).

The Dobson instrument description, as well as in-
formation on its uncertainties, calibration, and operation
procedures, can be found in several publications (e.g.,
Komhyr, 1980; Basher, 1982; Komhyr et al., 1989a;
Komhyr and Evans, 2008). The instrument uses three wave-
length pairs designated as A (A1:305.5/A2:325.0 nm), C
(C1:311.5/C2:332.4 nm), and D (D1:317.5/D2:339.9 nm),
and double-pair combinations (typically AD and CD) are
used to retrieve total ozone to minimize the optical effect of
atmospheric aerosols. The resultant ozone values from the
AD and CD combinations do not always agree and instruc-
tions to account for this difference are described in the stan-
dard operating procedures (Komhyr and Evans, 2008).

A well-known source of potential biases in Dobson mea-
surements is related to the effects of temperature and vertical
ozone profile on the derived Dobson total ozone. It is because
the standard Dobson retrievals are based on the assump-
tion of a standard stratospheric temperature of −46.3 ◦C
and a standard ozone profile (Komhyr et al., 1993), and the
ozone absorption (and therefore the total ozone amount) is
calculated based on these assumptions. In the case of the
South Pole Station, such assumptions could lead to system-
atic errors of up to 4 % (Bernhard et al., 2005). Redondas
et al. (2014) suggested a correction for Dobson systematic
errors that was applied by Evans et al. (2017), and such
a corrected version of South Pole data was used in this
study (see also https://gml.noaa.gov/aftp/data/ozwv/Dobson/
Publications/ for details, last access: 10 April 2023). The cor-
rection is based on the effective temperature climatology cal-
culated from the ozone and temperature climatological pro-
files by McPeters and Labow (2012). Note that this version is
available from NOAA and is different from the version avail-
able from the World Ozone and Ultraviolet Radiation Data
Centre (WOUDC, http://woudc.org, last access: 10 Febru-
ary 2023).

Dobson measurements at the South Pole Station are taken
using the direct irradiance from the Sun (DS), the Moon
(FM), or scattered light from the zenith sky (ZS). Only DS
and FM measurements are used in this study. Due to the
Sun position in the sky, DS data are available from October
to early March, while only FM measurements are available
for the rest of the year. There are typically 10–30 measure-
ments per day and one of them is reported as a representative
daily value. The Dobson data processing system selects one
of the daily observations as representative based on the type
of the observation (direct Sun or direct Moon over the zenith
sky), wavelength pair (i.e., AD over CD), height of the Sun
or Moon (i.e., the observation with the smallest zenith an-
gle is preferred), and interference of clouds (clear sky over
cloudy conditions). Most of the South Pole measurements
were taken by Dobson instruments 80 and 82 with a short
period of measurements by Dobson 42 as shown in Fig. 1.

All these Dobsons are calibrated against the world primary
Dobson standard instrument 83 (Komhyr et al., 1989a).

2.2 Brewer spectrophotometer, 2008–2022

The Brewer instrument was proposed by Alan Brewer
(Brewer, 1973) and developed in the early 1980s at Environ-
ment and Climate Change Canada (ECCC) (Kerr, 2010; Kerr
et al., 1981). Unlike the original Dobson instrument, it is a
fully automated instrument that can take FM ozone measure-
ments approximately every 15 min. More than 230 Brewer
instruments have been manufactured, and 88 Brewer stations
have reported their data to the WOUDC (Zhao et al., 2021)
including 9 in Antarctica. ECCC Brewer no. 085 was in-
stalled, under an agreement between ECCC and the US Na-
tional Oceanic and Atmospheric Administration (NOAA), in
February 2008 (McElroy et al., 2010). It was replaced by
ECCC Brewer no. 021 in December 2014 as shown in Fig. 1.

There are two main types of Brewer instruments. The orig-
inally developed instruments were single spectrophotometers
(types Mark II and IV). The double monochromator (Mark
III) was introduced in the early 1990s to reduce stray light
and to enable accurate ozone measurements under low Sun
conditions (Wardle et al., 1996), which is particularly im-
portant for high-latitude sites. The Mark III uses the same
concept as the Mark II model but has a second spectrom-
eter. Both Brewer instruments operated at the South Pole
Station are Mark III type. All ECCC Brewers are calibrated
against the Brewer world primary standard (the Brewer triad)
at Toronto (Fioletov et al., 2005; Zhao et al., 2021). Although
field Brewers are typically calibrated using traveling stan-
dards, Brewers 021 and 085, deployed to the South Pole
Station, were calibrated against the triad Brewers in Toronto
prior to their shipment to Antarctica.

The Brewer spectrophotometer is a modified Ebert grating
spectrometer that measures the intensity of radiation at six
selected channels in UV (303.2, 306.3, 310.1, 313.5, 316.8,
and 320.1 nm); the four longer wavelengths are used to re-
trieve total column ozone. Similar to the Dobson instrument,
the Brewer can perform ozone measurements in the DS, ZS,
and FM modes. Details about the Brewer instrument, re-
trieval algorithm, instrument operation, and calibration can
be found in an overview by Kerr (2010). Brewer data were
processed by ECCC Brewer processing software (Siani et al.,
2018) with all standard corrections (i.e., for the dead time,
dark counts, and standard lamp tests) applied. Similar to the
Dobson, the Brewer retrieval algorithm uses Bass and Paur
ozone absorption cross-sections interpolated to a standard
stratospheric temperature of −45 ◦C (Bass and Paur, 1985).
Brewer ozone retrievals are much less affected by strato-
spheric temperatures than Dobsons (Kerr, 2002; Redondas et
al., 2014; Gröbner et al., 2021). We estimated that the errors
in retrieved ozone, introduced by the stratospheric tempera-
tures over the South Pole, are under 0.4 %.
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Figure 1. (a–d) Total ozone time series from Dobson, Brewer, MERRA-2, and ozonesonde data for 1963–2022 as indicated in the plot. Each
dot represents a daily mean value. The vertical lines correspond to Dobson and Brewer instrument changes. The instrument serial numbers
are also shown. (e) The solar (red) and lunar (blue) zenith angles as a function of time. Note long-term variations of maximum lunar zenith
angles between 63 and 73◦.

ECCC Brewers at the South Pole Station typically perform
three to four FM measurements per hour during the polar
night and five to six DS and ZS measurements per hour dur-
ing the polar day. FM data were screened out if the standard
error of individual measurements exceeded 12 DU (Dobson
units), if the lunar disk illumination was less than 50 %, or if
the lunar zenith angle exceeded 76◦. Brewer measurements
at the South Pole Station are available from the WOUDC.

2.3 Ozonesondes, 1986–2022

Regular balloon-borne ozonesondes providing high-
resolution vertical profiles of ozone and temperature at the
South Pole Station started in 1986 (Hofmann et al., 1997,
2009; Solomon et al., 2005). There is typically one flight
per week, although the frequency is often higher (two to

three flights per week) during the ozone hole period. The
electrochemical concentration cell (ECC) ozonesondes were
used for the entire period, and their design (Komhyr, 1967)
has remained relatively unchanged throughout the whole
record. During the cold months (from April to mid-October),
polyethylene film balloons were used to ensure burst alti-
tudes of about 30 km. Standard rubber balloons were used
for other months. The entire South Pole ozonesonde record
has been harmonized by Sterling et al. (2018). An overall
review of the record and estimates of ozone variability and
trends for the ozone hole period are available from a recent
paper by Johnson et al. (2023).

To obtain total ozone from an integrated ozonesonde pro-
file, it is necessary to make assumptions about the ozone pro-
file above the balloon burst height. There are two approaches
developed for extrapolation of the ozone profile: (1) assum-
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ing a constant mixing ratio (CMR) of ozone above the bal-
loon burst pressure (∼ 20 to 7 hPa) to zero pressure or (2) re-
constructing the missing part of the profile using the satellite
Solar Backscatter Ultraviolet Radiometer (SBUV) climatol-
ogy (McPeters et al., 1997). Total ozone calculated by both
methods is available from the datasets developed by NOAA.
Following Wargan et al. (2017) and Johnson et al. (2023), the
dataset used in this study is the one for which the interpola-
tion is done by using the first method. As noted by Johnson
et al. (2023), “the CMR extrapolation is more suitable over
South Pole during the polar night and low Sun angle months
when satellite and ground-based optical measurements are
limited”. We have found that the differences in estimated to-
tal ozone long-term variation between the values estimated
using the two methods are rather minor. Johnson et al. (2023)
also reported that after the homogenization, there is a con-
stant 2±3 % offset: ozonesonde total ozone is slightly higher
than the DS Dobson observations.

2.4 MERRA-2 reanalysis data, 1980–2022

The second Modern-Era Retrospective analysis for Research
and Applications (MERRA-2) is an atmospheric reanaly-
sis from NASA’s Global Modeling and Assimilation Office
(Gelaro et al., 2017). MERRA-2 assimilates partial column
ozone retrievals from the NOAA SBUV/2 series (nos. 11,
14, 16, 17, 18, 19) from 1980 to 2004. From October 2004,
MERRA-2 has assimilated ozone profiles from the Mi-
crowave Limb Sounder (MLS) and total column data from
and the Ozone Monitoring Instrument (OMI) (Wargan et al.,
2017). Both OMI and MLS are on board the Earth Observ-
ing System Aura satellite that was launched in 2004. While
SBUV and OMI measure ozone using solar light backscat-
tered by the atmosphere, MLS observes thermal microwave
emission from Earth’s limb, and its stratospheric ozone mix-
ing ratio data are available during the polar night up to 82◦ of
latitude (Wargan et al., 2017); i.e., they cover a much larger
area in winter compared to SBUV data that are available
only for the sunlit atmosphere. Thus, the MERRA-2 ozone
record was divided into two periods, herein referred to as the
SBUV period and the Aura period. MERRA-2 total ozone is
a continuous record from 1980 to 2022 with 1 h resolution.
MERRA-2 ozone data have been found to have good quality
when compared with satellite and ground-based observations
(e.g., Rienecker et al., 2011; Wargan et al., 2017; Zhao et
al., 2017, 2019, 2021). For example, in Zhao et al. (2021),
the bias between Brewer world reference instruments and
MERRA-2 is from −0.27 % to 1.05 % (hourly data; 1999–
2019 period), with a monthly difference standard deviation
less than 1.2 %.

Wargan et al. (2017) evaluated the MERRA-2 ozone fields
using ground-based data including total ozone data from in-
tegrated ozonesonde profiles over the South Pole. They found
that during both the SBUV and Aura periods, MERRA-2 is
lower than the ozonesondes by 3 %, and the standard devia-

tion of the difference between MERRA-2 and ozonesondes
is 12 % in the SBUV period and only 5 % in the Aura period.
Note that these numbers represent the estimates for the en-
tire year, although Wargan et al. (2017) noted the existence
of some systematic seasonal biases.

3 Comparison of the data records

The time series of total ozone from the four data sources
for the entire period of observations are shown in Fig. 1.
The ozone hole formation is clearly visible in the plot, but
it also shows that wintertime FM measurements by Dobsons
and Brewers were taken almost every year, and a large num-
ber of such measurements are available. Note that while the
solar zenith angles vary in the same range every year, the
span of the lunar zenith angles is different from year to year
(Fig. 1e) with the minimum value varying from about 62◦ to
about 72◦. There are typically five to six periods during win-
ter when the Moon is nearly full and the lunar zenith angles
are the smallest (see Appendix A for details). As the range of
lunar zenith angles slowly varies from year to year, artificial
long-term changes in total ozone could be introduced if an
instrument has a lunar-zenith-angle-dependent error.

To illustrate short-term ozone fluctuations and the mea-
surement availability, Fig. 2 (top) shows total ozone values
from the four data sources for 2 weeks in 2016 along with the
lunar zenith angles and lunar disk illumination plots. While
DS measurements at the South Pole Station are available al-
most every day in summer, the number of days with good-
quality FM measurements per month is only four to seven
(27 d of good FM nights per winter on average). In the ex-
ample shown in Fig. 2 (top), there are two 4 d periods with
continuous Brewer FM measurements when the Moon was
nearly full, while Dobson data are available once a day, and
ozonesonde data are available once a week. Although Brewer
measurements show high scatter, both Brewer and MERRA-
2 data demonstrate similar ozone fluctuations and the cor-
relation coefficient between them is about 0.8. MERRA-2
data captured the rapid ozone changes on 20–22 June very
well, although the peak on 16–17 July, which is seen in
both Brewer and Dobson data, does not appear to the same
extent in MERRA-2. Brewer measurements on 18–20 July
show some diurnal variations that are not seen in MERRA-2.
This could be related to some horizontal inhomogeneity of
the ozone distribution over the pole that led to variations in
ozone measured by Brewer due to a changing lunar azimuth
angle. As Fig. 2 (middle and bottom) shows, the Dobson and
Brewer measurements in the plot are taken during the opti-
mal periods when the Moon was full, and the zenith angles
were near the minimum.

MERRA-2 data can be matched with every Dobson,
Brewer, and integrated total ozone measurement since 1980,
and then differences with MERRA-2 can be used to analyze
potential biases among the four datasets. Figure 3 (left col-
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Figure 2. (a) An example of wintertime ozone time series: total ozone from Dobson (the blue dots), Brewer (the red dots), ozonesonde (the
large green dots), and MERRA-2 (the gray line) data for 18 June–24 July 2016. (b) The lunar disk illumination and (c) zenith angle for the
same period.

umn) shows the differences with MERRA-2 as a function of
year and month of the year for the polar night (April–August)
and polar day (October–February). March and September
were excluded from the analysis since the number of Dob-
son and Brewer measurements during the sunrise and sunset
months is very limited. It is expected that MERRA-2 total
ozone would have different characteristics during the SBUV
period (1980–2004) and the Aura period (2005–2022), and
Fig. 3 shows the comparison results for these two periods
separately.

There are several discrepancies between the four analyzed
total ozone datasets during the wintertime. Some adjustments
were applied to remove these discrepancies as described
below. Dobson total ozone data were thoroughly analyzed
(Bernhard et al., 2005) and corrected for known issues such
as systematic errors related to the stratospheric temperature
(Evans et al., 2017) in the past, and no further adjustments

were applied in this study. However, three unrealistic Dob-
son FM ozone values below 200 DU in 2013, which were
very different from the Brewer, ozonesonde, and MERRA-
2 values, were deleted. As mentioned in Sect. 2.3, there is a
2 % bias (ozonesonde values are higher) between Dobson DS
measurement and integrated ozonesonde total ozone (John-
son et al., 2023). The bias slightly depends on the analyzed
time interval and season. We used a 2 % value for the bias,
and all integrated total ozone values from ozonesonde flights
were reduced by that amount.

MERRA-2 data during the SBUV period do not have any
ozone measurements in the polar night area that can be used
for data assimilation. Not surprisingly, there is a noticeable
difference between the SBUV and Aura periods in winter-
time MERRA-2 total ozone over the South Pole. There are
two approaches to estimate that difference. First, Dobson
data can be used as “true” values and the difference in ozone

Atmos. Chem. Phys., 23, 12731–12751, 2023 https://doi.org/10.5194/acp-23-12731-2023
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Figure 3. Left panels: differences between MERRA-2 data and Dobson (blue), Brewer (red), and ozonesonde (green) total ozone in percent
as a function of the year (two upper panels) and month of year (two bottom panels) for original data. Comparison was done for two seasons,
April–August and October–February, and for two intervals: 1980–2004 and 2005–2022. Right panels: the same, but after adjustments were
applied to MERRA-2, ozonesonde, and Brewer data. The vertical lines indicate the period from April to August. The error bars correspond
to 2 standard errors of the mean.

between the SBUV and Aura periods can be calculated from
comparison with Dobson. Second, the switch from SBUV
to Aura occurred in late 2004, i.e., near the maximum of
stratospheric chlorine loading that occurred over Antarctica
in 2000–2001 (Newman et al., 2007). Therefore, it can be
expected that the ozone levels in the wintertime polar vor-
tex remain approximately the same during a few years be-
fore and after the switch in 2004. Both these approaches give
approximately the same differences, and based on these esti-
mates, all April–August MERRA-2 data for 1980–2004 were

increased by 8.5 % and data for 2005–2022 were decreased
by 1.7 %. This correction removed a jump in the MERRA-2
record in 2004, and the 10-year averages prior to and after
the switch in 2004 became nearly identical. The mean April–
August values for 1995–2004 and 2005–2014 were equal to
245 DU from both Dobson and adjusted ozonesonde data.
The same values were 225 and 250 DU for original MERRA-
2, corresponding to 245 and 246 DU for corrected MERRA-
2. There was also a 3 % mean difference between MERRA-2
and Dobson data in October–February 1980–2004. MERRA-
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2 data were adjusted to remove that bias. The mean differ-
ence between Dobson and MERRA-2 was less than 1 % dur-
ing October–February 2005–2022, and no adjustment was
applied to these data.

For Brewer DS measurements, there is good overall agree-
ment with Dobson data, with a mean difference of 0.9 %
and standard deviation of the difference for daily values of
4 %. There was also good agreement between Brewer 085
and 021 DS data during a 2-month period (December 2014–
January 2015) when both instruments were at the South Pole
Station: the mean difference was 0.4 % and the standard de-
viation of the difference was 0.5 %. For Brewer FM mea-
surements, uncertainties and systematic errors are larger than
for DS data. The mean Brewer–Dobson difference in April–
August is 1.6 % and the standard deviation for daily values is
7.3 %. Thus, on average, independent Brewer FM measure-
ments without any adjustments report total ozone values that
are similar to those from the Dobson (within 1.6 %). There
are, however, several sources of systematic errors in Brewer
FM data that led to drifts in Brewer FM ozone values.

A detailed analysis of systematic errors of Brewers
nos. 021 and 085 FM measurements is given in Appendix B.
Both Brewers tend to overestimate ozone when lunar direct
irradiance at 320 nm is low and when the lunar zenith angle
is high. The overestimation is as large as 10 %–15 % when
the ozone slant path is large (greater than 1000 DU). The lat-
ter leads to an artificial long-term change in wintertime to-
tal ozone due to long-term changes in the lunar zenith angle
(Fig. 1). Corrections for these two factors were introduced,
assuming that the data at the higher lunar irradiance and the
lowest lunar zenith angles are accurate as discussed in Ap-
pendix B.

Figure 3 shows differences of Dobson, Brewer, and
ozonesonde total ozone with MERRA-2 for the adjusted data
(the right panel) for the same two periods and two seasons for
the original data (left panel). The bias in MERRA-2 in April–
August 1980–2004 is largely removed and ozonesonde data
no longer show a difference with respect to the Dobson data.
Figure 3 also shows that there is still some difference be-
tween adjusted MERRA-2 and Dobson data in individual
winter months for the SBUV period. However, we applied a
single correction instead of corrections for individual months
for two main reasons. First, we preferred to change the data
as little as possible to keep the data sources independent. Sec-
ond, most of our results are related to wintertime averages.
Since MERRA-2 data do not have any gaps, corrections for
individual months would have the same impact on these aver-
ages as a single correction. In addition, the statistical uncer-
tainty of a single correction factor is less than the uncertainty
of correction factors for individual months. From now on,
the adjusted data are used in this study, unless it is specifi-
cally stated otherwise. Note that these corrected Brewer data
were also used in Fig. 2.

This study is focused on the period from April to August
because the vortex is stable during that time and ozone is rel-

atively unchanged, so its characteristics could be estimated
from a limited number of measurements. This is further il-
lustrated by Fig. 4 where the total ozone annual cycle for
three periods is shown. The long-term monthly means in each
of these 5 months are nearly identical. Only the August val-
ues were slightly lower in recent years because ozone deple-
tion in the polar vortex starts in late August (e.g., Hassler
et al., 2011). For this reason, data for 20–31 August were
excluded from the analysis below. Figure 4 shows monthly
mean values calculated from all available data for that month.
Some differences between individual datasets in September–
December are caused by the sampling bias. The number of
Dobson and Brewer measurements in March and September
is very limited, and the measurements are not available in the
second half of September. Ozonesonde flights were more fre-
quent when the ozone hole was over the South Pole. There is
no sampling bias in April–August, although MERRA-2 data
were available every day, while ozonesonde are flown four
to five times a month and Dobson and Brewer measurements
were taken 5–7 d per month.

It is challenging to make Dobson and Brewer measure-
ments during the polar night, and such measurements are
subject to considerable uncertainties. Nevertheless, the corre-
lation coefficients in April–August between MERRA-2 daily
means and Dobson, Brewer, and ozonesonde total ozone
daily values were all about 0.8 during the Aura period (2005–
2022). The correlation coefficient between Brewer and Dob-
son measurements is slightly lower at about 0.7, suggest-
ing that there is some noise in these measurements. For the
MERRA-2 SBUV period (1980–2004), the correlation with
Dobson and ozonesonde data was much lower: only about
0 4. The correlation coefficient between ozonesonde and
Dobson values for 1986–2004 was 0.55 compared to 0.83
for 2005–2022, suggesting that Dobson and/or ozonesonde
data were also less accurate during the first period.

The correlation coefficient is not the appropriate character-
istic to describe uncertainties of individual data sources since
it also depends on the variability of ozone itself, which is low
in the wintertime polar vortex. As total ozone data from sev-
eral sources are available, information on the instrument un-
certainties and ozone variability can be derived by comparing
data from individual sources (Grubbs, 1948; Fioletov et al.,
2006; Toohey and Strong, 2007; Zhao et al., 2016): a mea-
surement result (M) is the sum of the true value (X) and an
error (e). Supposedly, the two instruments measure the same
parameter X, but with different errors e1 and e2. If we as-
sume that the measured value and the errors are independent
and the errors of different instruments are not correlated, then
the results of their measurements (M1 and M2) can be used
to estimate the variance of X, e1 and e2:

σ 2(X)= 1/2
(
σ 2 (M1)+ σ 2 (M2)− σ 2 (M1−M2)

)
, (1)

σ 2 (e1)= 1/2
(
σ 2 (M1)− σ 2 (M2)+ σ 2 (M1−M2)

)
, (2)

Atmos. Chem. Phys., 23, 12731–12751, 2023 https://doi.org/10.5194/acp-23-12731-2023



V. Fioletov et al.: Total ozone variability and trends over the South Pole during the wintertime 12739

Figure 4. Total ozone annual cycle from Dobson (blue), Brewer
(red), ozonesonde (green), and MERRA-2 reanalysis (black) data
for three intervals as indicated in the plot. The vertical lines indi-
cate the period of stable ozone in the vortex from April to August.
The error bars correspond to 2 standard errors of the mean. The
differences in September–December are caused by the sampling
bias: the number of Dobson and Brewer measurements in March
and September is very limited, and they are missing in the second
half of September. Ozonesonde flights were more frequent when the
ozone hole was over the South Pole. Note that there is no sampling
bias in April–August.

σ 2 (e2)= 1/2
(
σ 2 (M2)− σ 2 (M1)+ σ 2 (M1−M2)

)
. (3)

The equations above can be used to estimate the standard
deviation of instrument errors (or instrument uncertainty)
and the standard deviation of ozone variability from pairs
of coincident Dobson, Brewer, and MERRA-2 data points
(ozonesonde data are too sparse). The results for daily and
monthly values are shown in Table 1. The values are given
for two periods that correspond to the two MERRA-2 data
sources (SBUV and Aura). The 1980–1984 interval of rapid
ozone changes was excluded from the calculations.

The MERRA-2 uncertainties are lower in 2005–2022 than
for the first period, suggesting that the addition of MLS data
improved the reanalysis. The uncertainties in Dobson data
appear to be larger than those for Brewer and MERRA-2,
but this is because we compared daily averages. Unlike the
Brewer and MERRA-2 that provided multiple measurements
throughout the day, the Dobsons provided only one value.
The uncertainties of Dobson and Brewer daily mean FM val-
ues are 6–11 DU or about 2.5 %–4 %. The estimated winter-

Figure 5. (a) Mean wintertime ozone for 2005-2022 from Dob-
son (blue) and Brewer (red) daily values, ozonesonde (green) total
ozone, and MERRA-2 reanalysis (black). The average of Dobson,
Brewer, and ozonesonde data is shown by the orange line. (b) The
same as above, but with MERRA-2 data coincident with Brewer and
Dobson observations and ozonesonde flights used instead of the ac-
tual measurements. Note that the pre-1980s level is 280 DU.

time ozone variability is relatively low at about 15 DU for
daily averages and 10 DU for monthly values, or about 6 %
and 4 %, respectively. Therefore, the wintertime total ozone
levels can be established from a relatively limited number of
measurements.

Statistics of mean wintertime total ozone (i.e., one value
per year calculated as an average of all wintertime data in
that year) are available in Table 2. The values are given in
Dobson units (DU) for the two time intervals discussed above
(i.e., 1985–2004 and 2005–2022). Figure 5 (top) shows the
time series of wintertime total ozone values for 2005–2022,
i.e., for the period of the most accurate ozone values (note
that MERRA-2 adjusted data were used, although the adjust-
ment for that period was only 1.7 % as mentioned above).
Individual datasets capture the main features of year-to-year
variability in wintertime ozone, although there are some dif-
ferences likely caused by instrumental issues. The correlation
coefficients between Dobson, Brewer, and ozonesonde val-
ues and MERRA-2 were in the range from 0.74 to 0.85. The
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Table 1. Standard deviation for monthly and daily values, estimated uncertainties, and total ozone variability (DU).

Daily values Monthly values

1985–2004 2005–2022 1985–2004 2005–2022

Dobson FM standard deviation 22 19 19 15
Brewer FM standard deviation – 15 12
MERRA-2 standard deviation 21 15 17 10
Dobson FM uncertainty 18 11 17 10
Brewer FM uncertainty – 6 5
MERRA-2 uncertainty 17 5 16 5
Ozone variability 13 15 7 10

The uncertainties are estimated from two pairs of data sources; e.g., the Dobson uncertainty can be estimated from the
Dobson–Brewer and Dobson–MERRA-2 pairs, and their average is shown in the table. The ozone variability can be
estimated from three pairs, and their average given in the table.

Table 2. Statistics of the mean wintertime ozone for 1985–2004 and
2005–2022 in Dobson units (DU).

Mean Standard Minimum Maximum
deviation

1985–2004

Dobson 250 13 229 269
Ozonesonde 249 12 230 271
MERRA-2 251 13 226 282

2005–2022

Dobson 247 10 229 263
Ozonesonde 248 10 224 264
MERRA-2 248 7.6 229 260
Brewer∗ 244 7.6 230 256

∗ Brewer data are available only for the period 2008–2022.

correlation of their average with MERRA-2 is even higher at
0.9, as instrumental noise and sampling issues are partially
canceled out. The standard deviation of the difference be-
tween MERRA-2 and Dobson, Brewer, and ozonesonde win-
tertime values is between 5 and 7 DU (2 %–3 %). It is even
lower (3.7 DU) for the difference between MERRA-2 and the
average of the Dobson, Brewer, and ozonesonde wintertime
values.

As mentioned, the number of Dobson, Brewer, and
ozonesonde measurements is very limited in the wintertime.
To illustrate the sampling issues, Fig. 5 (bottom) shows time
series of MERRA-2 data for the same period taken at the time
of Dobson, Brewer, and ozonesonde measurements as well as
the complete MERRA-2 record. In other words, MERRA-
2 data were resampled at the time of the actual Dobson,
Brewer, and ozonesonde measurements and then compared
with a complete MERRA-2 record. Although the Dobson,
Brewer, and ozonesonde measurements are available only
for 15 %–20 % of all days in April–August, MERRA-2 data
sampled on days and at times of their measurements can suc-

cessfully reproduce mean wintertime values calculated from
the continuous MERRA-2 record. The standard deviation be-
tween them is only 2.5–3.5 DU (1 %–1.5 %), while the aver-
age of all these sampled data has a standard deviation from
the complete MERRA-2 record of only 2.2 DU (∼ 0.9 %).

4 Long-term changes in wintertime total ozone

4.1 Time series

There were a total of 258 daily FM measurements by Dob-
sons nos. 80 and 82 in April–August in 1964–1980. The aver-
age of these measurements is 280±3.2 DU (2σ level), which
can be used as a benchmark for the pre-1980s ozone, and
then the deviation from that level can be estimated. Figure 6
(top) shows the deviations from this pre-1980 level for Dob-
son, Brewer, ozonesonde, and MERRA-2 total ozone. Each
symbol in the plot represents a 5-year average. There is a
clear decline from the pre-1980s level, and the ozone values
were about 12 % below that level after the mid-1980s. As dis-
cussed above, the differences between individual datasets are
2 %–3 %, so such large deviations can be reliably measured
by several independent datasets. Moreover, the MERRA-2
record started in 1980 and the deviation from the 1980 level
and the values in 2000 is about 12 %. So, a 12 % decline
can be seen independently from both the Dobson record and
MERRA-2 total ozone (the SBUV period).

The year-to-year variability of wintertime polar ozone (Ta-
ble 2) in recent years is relatively small compared to that
12 % decline. The standard deviations of the wintertime val-
ues are only 3 %–4 % for 2005–2022, so a 12 % decline cor-
responds to 3 to 4 standard deviations. Moreover, the maxi-
mum values over that period from all four data sources were
at least 16 DU (or more than 6 %) below the benchmark value
of 280 DU.

This observed 12 % decline of wintertime polar ozone is
much larger than a long-term decline from the pre-1980s lev-
els over southern middle and high latitudes, where the de-
cline is about 5 % (e.g., Weber et al., 2022; WMO, 2022).
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Figure 6. Mean total ozone deviations from the pre-1980 level for
April–August in percent. (a) Deviations over the South Pole based
on Dobson (blue) and Brewer (red) FM measurements, integrated
ozonesonde profiles (green), and MERRA-2 reanalysis (black) data.
Data were adjusted as discussed in the text. (b) Deviations over
the pole from Dobson and MERRA-2 data (the same as in the
top panel) as well as ozone deviation from the pre-1980 level over
25–30◦ S (magenta) and 50–60◦ S (green) estimated from NASA
merged satellite dataset (dashed lines) and WOUDC ground-based
dataset (solid lines). Each symbol represents a 5-year average, and
the error bars correspond to 2 standard errors of the mean.

This is further illustrated in Fig. 6 (bottom), which shows
wintertime deviations from the pre-1980 level over low and
high southern latitudes from two independent datasets of
zonal mean values: the WOUDC ground-based dataset (Fi-
oletov et al., 2002) and the merged SBUV dataset (Frith et
al., 2014). It is not unexpected because the trend estimates
for the Southern Hemisphere for the period from the late
1970s to the late 1990s show an increase in the negative trend
magnitude going toward the pole (e.g., Fioletov et al., 2002;
Vyushin et al., 2007; Weber et al., 2022). The wintertime
long-term decline over the South Pole is probably the largest
long-term ozone decline aside from the springtime Antarctic
ozone depletion.

Figure 7 (the left panel) shows seasonal mean total ozone
over the South Pole for three seasons (January–February,
April–August, and October–December) from the four data

sources. The October–December ozone shows the largest de-
cline, but the year-to-year variability is also the largest due
to the variability of the extent and duration of the ozone
hole. The interpretation of these data clearly requires addi-
tional proxies (e.g., de Laat et al., 2015). January–February
data show a smaller decline and smaller variability than the
data in October–December. In October–February, SBUV and
OMI total ozone is available for MERRA-2 data assimilation
and Dobson and Brewer can take the most accurate DS mea-
surements, so the agreement between the different datasets is
very good (as discussed in Sect. 3). Section 3 also demon-
strates that the correlation between Dobson and MERRA-2
data is not very high in April–August during the MERRA-2
SBUV period, and this can also be seen in Fig. 7. The agree-
ment between the four datasets in April–August has become
much better after 2005, i.e., when MERRA-2 started to use
MLS data.

4.2 The EESC fit

The long-term ozone decline is caused by an increase
in ozone-depleting substances (ODSs) in the stratosphere
(WMO, 2018, 2022). The ODS concentration is often de-
scribed by equivalent effective stratospheric chlorine (EESC)
(Newman et al., 2007). It is a function that exponentially
increased during the 1960s and 1970s, leveled off in the
late 1990s-early 2000s, and slowly declined thereafter. EESC
also slightly depends on latitude and altitude. EESC is used
as a proxy for long-term changes in total ozone (e.g., Fiole-
tov and Shepherd, 2005; Stolarski et al., 2006; Wohltmann
et al., 2007; Vyushin et al., 2007; de Laat et al., 2015). Al-
though the results of the EECS-based estimates for the ozone
recovery trend assessment should be interpreted with cau-
tion (Kuttippurath et al., 2015), we can use them to verify
how well the EESC curve describes the observed long-term
ozone changes. For EESC we used a version with an age
of air of 5.5 years, age of air spectrum width of 2.6 years,
and Bromine scaling factor of 60 that corresponds to the po-
lar stratosphere (Newman et al., 2007). The fitting results of
Dobson data by the EESC function for the three seasons are
shown in Fig. 7 (the right column). Fitting was done sepa-
rately for each month, and then the fitting results were aver-
aged based on Dobson data availability to form the seasonal
means:

Xi(m,y)= am+ bmEESC(m,y)+ εi(m,y), (4)

where Xi(m,y) is total ozone observation with number i in
month m and year y, EESC(m, y) is the EESC value for
month m of year y, εi(m,y) represents the residuals, and am
and bm are unknown coefficients for month m. The coeffi-
cients am and bm were estimated for each month of the year
by the least square method. Then, the seasonal means of the
fitting results (F (y)) were calculated for every winter (i.e.,
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Figure 7. (a, c, e) Seasonal mean total ozone over the South Pole from Dobson (blue) and Brewer (red) FM measurements, integrated
ozonesonde profiles (green), and MERRA-2 reanalysis (black) data for three seasons as indicated in the plot. (b, d, f) Dobson seasonal mean
ozone (blue) and the fit (gray) of Dobson data by the equivalent effective stratospheric chlorine (EESC) curve. Fitting was done separately
for each month, and then the fitting results were averaged based on Dobson data availability to form the seasonal means.

for months 4 to 8) as

F (y)=
1∑

m

n(m,y)

8∑
m=4

n(m,y)∑
i=1

(am+ bmEESC(m,y)) , (5)

where n(my) is the number of Dobson measurements in
monthm of year y. As Fig. 7 (middle) shows, the fitted curve
followed April–August Dobson values well.

The main advantage of studying long-term changes in win-
tertime ozone is that, unlike all other months, the long-term
changes in April–August are very uniform. This can be il-

lustrated by the EECS fits. Figure 8 shows the fitting re-
sults of Dobson (Fig. 8, top) and MERRA-2 (Fig. 8, bottom)
data with the values for each month fitted separately. The fit-
ting results for April–August are very similar (and different
from the fitting results for all other months). This similarity
means that the April–August data can be lumped together for
long-term change studies. It should be mentioned that if data
for 21–31 August were included into the August record, the
fitting curve for August would noticeably deviate from the
April–July fitting curves.
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Table 3. Total ozone values (in DU) in 1964, 1980, 2001, and 2022 estimated from the EESC fit for Dobson and MERRA-2 data. The
overall decline in 2022 from the 1964 level and the pre-1980s values as well as the ratio of the EESC-related fitting parameter to its standard
deviation are shown.

Year Dobson MERRA-2 MERRA-2
(1964–2022) (1980–2022) SBUV

(1980–2004)

1964 286 281 280
1980 271 268 268
2001 244 245 247
2022 252 252 253
Decline from 1964 (%) 14.7 12.8 11.8
Decline from pre-1980s (%) 12.4 10.7 9.9
Fit parameter to its uncertainty ratio 7.5 3.5 2.5

Figure 8. (a) Fits of Dobson data in different months (as indicated
in the plot) by the EESC curve using 1964–2022 data. (b) The same,
but for MERRA-2 data for 1980–2022. Although fitting was done
individually for each month, the differences between April and Au-
gust EESC curves (black and gray) are within 10–15 DU, suggest-
ing that long-term changes in the polar vortex total ozone are uni-
form for all wintertime months. Note that in August, only the first
20 d were used for the fit.

As the next step, the average of all data for the period
from 1 April to 20 August of each year was calculated as
was the wintertime total ozone using the EESC curve. The

results are shown in Table 3 in the form of ozone values in
different years, estimated from the fit. Dobson and MERRA-
2 data show a decline from the pre-1980s level to 2001 (the
maximum of the polar EESC curve) of 12 % and 11 %, re-
spectively, i.e., similar to what was seen in the deviation plot
(Fig. 6). There is an additional decline of about 2 % from
1964 to 1980.

It is interesting to note that the April–August fitting results
for Dobson data and MERRA-2 are very similar, although
the first 15 years of the Dobson record are not available from
MERRA-2. Moreover, the EESC fit is not very different even
if we estimate it from the MERRA-2 SBUV period only (i.e.,
limit the data to 1980–2004). The decline from the pre-1980s
level is about 10 %. This can be used as an argument that
long-term wintertime ozone changes indeed follow the EESC
curve. The uncertainties of the EESC fit are given in the bot-
tom line of Table 3 as the ratio between the parameter of the
EESC fit to its standard deviation. For the Dobson record, the
ratio is 7.5, so the decline from the pre-1980s has a 2σ uncer-
tainty of 3.3 %, and therefore the differences in estimated de-
clines for 1964–2022 from Dobson data and for 1980–2004
from MERRA-2 data are within the uncertainty. The uncer-
tainties of MERRA-2-based estimates are larger (the ratios
are smaller) due to a shorter time interval.

4.3 On ozone recovery in the wintertime

Detection of ozone recovery is an important current research
topic (e.g., Steinbrecht et al., 2018; Weber et al., 2022). From
the EESC changes, it is expected that the magnitude of pos-
itive recovery trends are only one-third of the magnitude of
the magnitude of negative ozone decline trends. Large nat-
ural ozone variability makes the detection of such a small
rate of recovery complicated. In addition, the total ozone re-
covery may be also inhibited by ozone decline in the lower
stratosphere (Ball et al., 2018). The South Pole wintertime
total ozone record was examined to detect the recovery in
two ways: from the EESC fit and as a linear trend in the
wintertime values. The results are summarized in Table 4
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Table 4. The ozone recovery trends and their standard deviations (in brackets) for 2001–2022 and 2005–2022 from different data sources.
The values are given in percent per decade and as a total change in percent.

Dobson MERRA-2 Brewer∗ Ozonesonde

2001–2022

Trend (% per decade) 1.6 (1.5) 0.7 (1.1) 1.3 (1.3)
Total increase (%) 3.4 (3.3) 1.4 (2.4) 2.4 (2.4)
EECS trend (% per decade) 1.6 (0.2) 1.3 (0.4)
EESC total increase (%) 3.6 (0.5) 3.0 (0.9)

2005–2020

Trend (% per decade) 1.1 (1.9) 0.8 (1.4) −0.1 (1.9) 0.9 (1.9)
Total increase (%) 2.0 (3.4) 1.4 (2.5) −0.1 (3.4) 1.6 (3.4)
EESC trend (% per decade) 1.6 (0.2) 1.3 (0.4)
EESC total increase (%) 2.9 (0.4) 2.4 (0.7)

∗ Brewer data are available only for the period 2008–2022.

for two time intervals. The 2001–2022 interval corresponds
to the declining part of the EESC curve, while the 2005–
2022 interval corresponds to the Aura part of MERRA-2.
From the EESC fit, the increase is 1.3 %–1.6 % per decade.
Dobson and ozonesonde data for 2001–2022 show similar
values of the linear trend, although the trend 1σ uncertain-
ties are as large as the trend itself. However, the MERRA-2
trend is nearly half that of the Dobsons and ozonesondes,
probably due to a lower quality of MERRA-2 data from the
SBUV period. For the 2005–2022 period, data from Dob-
sons, ozonesondes, and MERRA-2 show a similar decline,
but the magnitude of that trend is smaller than that for 2001–
2022. The trend from Brewer data is almost zero, but it can-
not be compared with the mentioned Dobson and ozonesonde
trends since the Brewer record started only in 2008.

These trend uncertainty estimates reflect large ozone fluc-
tuations shown in Fig. 5. They are likely caused by dynami-
cal factors related to the formation and strength of the polar
vortex. Therefore, the uncertainties can be reduced by adding
proxies that are related to these factors. However, such anal-
ysis is outside the scope of this study.

5 Discussion and conclusion

The Antarctic polar vortex creates unique chemical and dy-
namic conditions when the stratospheric air over Antarctica
is isolated from the rest of the stratosphere. The vortex is
formed in late autumn, and it typically breaks up in October–
December. The sunrise and extremely cold temperatures cre-
ate favorable conditions for rapid ozone loss after sunrise;
however, for a 5-month period from April until late August,
stratospheric ozone within the vortex remains largely un-
changed. Such prolonged stable conditions within the vortex
make it possible to estimate the total ozone levels there from
sparse wintertime ozone observations at the South Pole.

The available records of focused Moon (FM) observations
by Dobson and Brewer spectrophotometers at the South Pole
Station (for the periods 1964–2022 and 2008–2022, respec-
tively) as well as integrated ozonesonde profiles (1986–2022)
and MERRA-2 reanalysis data (1980–2022) were used to
estimate the total ozone variability and long-term changes.
Some adjustments were applied to the original data to make
the data records consistent. No adjustment was applied to
the Dobson record, and only three unrealistic values were re-
moved in 2013. Ozonesonde data were decreased by 2 % to
match the Dobson values. MERRA-2 data have about 10 %
systematic bias between the wintertime values during the
SBUV period (1980–2004) and the OMI/MLS period (2005–
2022). To remove this bias and make the data consistent with
the Dobson record, wintertime MERRA-2 data for 1980–
2004 were increased by 8.5 % and data for 2005–2022 were
decreased by 1.7 %.

While Dobsons typically report only one measurement per
day, Brewers provide a nearly continuous record of total
ozone measurements when the Moon is full and lunar zenith
angles are small enough. In general, Brewers report an aver-
age wintertime total ozone level that is similar to that from
the Dobson. There is, however, a major issue with Brewer
FM data: they overestimate ozone by 10 %–15 % when the
slant path is high (greater than 1000 DU). This is likely re-
lated to the instrument’s performance when the lunar radia-
tion is low.

Although Dobson, Brewer, and ozonesonde measurements
are sparse, they can be used to accurately estimate wintertime
ozone. The sampling effect was estimated by comparing win-
tertime ozone values calculated from continuous MERRA-2
data with MERRA-2 data sampled only at the time of Dob-
son, Brewer, and ozonesonde measurements. This compari-
son demonstrated that the wintertime values can be estimated
from such MERRA-2 resampled data with a standard devia-
tion of 2.5–3.5 DU (or 1 %–1.5 %), while the average of all
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these resampled data has a standard deviation from the com-
plete MERRA-2 record of only 2.2 DU (∼ 0.9 %).

The wintertime ozone variability over the South Pole is
low. The estimated standard deviation of the ozone variabil-
ity is 13–15 DU for daily values and 7–10 DU for monthly
means. The standard deviation of annual mean wintertime
ozone is about 10 DU, although this number is inflated be-
cause it includes some instrumental errors. This number is
small compared to the 30 DU (11 %–12 %) ozone decline
from the average of about 280 DU prior to 1980 and the
present level of about 250 DU.

The wintertime total ozone variations over the South Pole
support the statement that the changes that are expected agree
with the shape of the EESC curve. From the EESC fit, the de-
cline from the pre-1980s level to 2001 (the maximum of the
polar EESC curve) is about 12 %. There is an additional de-
cline of about 2 % from 1964 to 1980. From the EESC fit,
the expected ozone increase rate after 2001 is 1.3 %–1.6 %
per decade. Although the variability in wintertime ozone is
not very high, it is still difficult to find a statistically signifi-
cant positive ozone recovery trend. Dobson and ozonesonde
data demonstrate a 1.3 %–1.6 % positive trend for the period
of the EESC curve maximum (2001–2022), but the 1σ trend
uncertainties are as large as the trend itself. MERRA-2 data
for the same period show only half of the observed trend,
perhaps because of large uncertainties during the MERRA-2
SBUV period.

Wintertime polar ozone is affected by all the factors con-
tributing to the changes in the ozone layer, probably to the
largest extent. The contribution from dynamic factors to
ozone variations in the polar region is probably similar to
that anywhere else in the southern middle and high latitudes.
A decline in ozone due to gas-phase ozone destruction from
ODSs is probably the largest, since the time for an air par-
cel to travel from the tropics to high latitudes due to the
Brewer–Dobson circulation in austral spring–summer is the
longest. As a result, the decline in wintertime polar ozone
is probably the largest long-term ozone decrease aside from
the springtime Antarctic ozone depletion. Possible changes
in the Brewer–Dobson circulation in the Southern Hemi-
sphere would also likely have a larger impact over the South
Pole than over the lower latitudes. The wintertime ozone val-
ues over the South Pole during the last 20 years were about
12 % below the pre-1980s level; i.e., the decline there was
nearly twice that over southern midlatitudes. Thus, winter-
time ozone values in the polar vortex can be used as an in-
dicator to diagnose the state of the ozone layer. It is also im-
portant to stress that such diagnostics require data only from
one station.

Appendix A: The lunar disk illumination and lunar
zenith angles

The combination of the Earth’s rotation and the Moon’s ro-
tation around the Earth creates a peculiar pattern of the lu-
nar disk illumination and lunar zenith angle distribution as
shown in Fig. A1 for 2 years. Figure A2 shows the solar and
lunar zenith angles for the periods of high and low Moon
elevation above the horizon. Since only conditions with the
Moon disk illumination greater than 50 % and zenith angles
less than 76◦ for Brewer and ∼ 80◦ for Dobson are suitable
for measurements, there are only five to six short periods per
winter when such measurements can be performed.

Figure A1. The distribution of the lunar disk illumination and lunar
zenith angle values in (a) 1969 and (b) 1978.
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Figure A2. Plot of the solar (red) and lunar zenith angle (green and blue) as a function of time for two time intervals (and 1967–1971 and
1976–1980) that correspond to periods of high and low Moon elevation above the horizon. Each dot corresponds to 1 h. Blue dots correspond
to the lunar disk illuminations between 50 % and 90 %, and green dots correspond to the lunar disk illumination above 90 %.

Appendix B: Brewer data corrections

We found that Brewer measurements overestimate ozone
when the lunar radiation intensity is low. “Signal 320”, i.e.,
the natural logarithm of the number of photon counts per
second at Brewer slit 5 (approximately 320 nm), adjusted
for the dead time, the number of “dark” counts, and instru-
ment temperature response (Kerr, 2010) were used here to
assess the lunar radiation intensity. Figure B1 shows the dif-
ference between Brewer and MERRA-2 ozone data as a func-
tion of Signal 320. For low lunar radiation intensity, Brewer
ozone values are higher than MERRA-2 by 10 %–15 % for
Brewer no. 085 and by 5 %–10 % for Brewer no. 21, al-
though both instruments show near-zero differences for Sig-
nal 320 equal to 11. Such dependence of the difference on the
Moon’s radiation intensity is probably related to nonlinearity
of the Brewer photomultiplier sensitivity at low signals. The
320 nm wavelength is the longest used in the Brewer FM and
DS ozone retrieval algorithms (besides the three other shorter
wavelengths), and the ozone absorption is low at that wave-
length. Therefore, Signal 320 is practically not affected by
the ozone slant column, and all ozone measurements can be
grouped by Signal 320.

Comparison with MERRA-2 was used to evaluate possi-
ble biases in Brewer data since MERRA-2 does not depend
on lunar radiation. Figure B2 shows the difference between
Brewer and MERRA-2 total ozone as a function of the slant
column for the values of Signal 320 between 9 and 10.5 (the
left column) and above 10.5 (the right column). A similar
plot for the Dobson measurements is also shown. The slope
is increasing with a decline in Signal 320. We removed all
data for Signal 320 less than 9 because the faction of such

measurements is small and the bias in ozone values is large.
The data with Signal 320 greater than 10.5 show some depen-
dence of the difference on the slant column, but most such
data correspond to slant columns under 800 where the dif-
ference is small. However, if we just discard all data with
Signal 320 less than 10.5, the number of days with FM mea-
surements is reduced by 50 % for Brewer 21 and by 80 %
for Brewer 85. For this reason, we applied an empirical cor-
rection (1O3 = (SlantColumn−750DU)×0.062) to remove
a linear trend in the difference with MERRA-2 as a func-
tion of the slant column if Signal 320 is between 9 and 10.5.
This correction has completely removed the dependence of
the difference on Signal 320 for Brewer no. 021, but not for
Brewer no. 085. As Fig. B1 shows, the lunar radiation de-
pendence effect was larger for Brewer no. 85 than for Brewer
no. 21, while the suggested correction was the same for both
Brewers. We applied another correction for Brewer no. 085
that was 0 for Signal 320 greater than 10.5 and linearly de-
creased from 0 % to−4 % for Signal 320 declining from 10.5
to 9.

It is important to note that the applied empirical correc-
tion did not change the wintertime mean total ozone values
for the two Brewer instruments compared to the scenario
in which all data with Signal 320 less than 10.5 were dis-
carded. For the latter scenario, the mean wintertime ozone
values measured by Brewers 85 (in 2008–2014) and 21 (in
2015–2022) were 244 and 241 DU, respectively, while for
the corrected data, they were 244 and 242 DU, respectively.
Thus, the correction did not change the average ozone level
established by the most reliable Brewer FM measurements.
The correction also improved the correlation coefficients be-
tween Brewer data and the other datasets. The correlation
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Figure B1. Scatter plots of the difference between Brewer FM total
ozone and MERRA-2 reanalysis as a function of the natural loga-
rithm of the adjusted number of photon counts per second at Brewer
slit 5 (approximately 320 nm). The number of counts was adjusted
for the dead time, the number of “dark” counts, and instrument
temperature response. The slope of the linear fit and the standard
error (SE) of the slope are also shown. The color scale shows the
normalized density of the points.

coefficients of Brewer daily values with Dobson, MERRA-2,
and ozonesonde were 0.59, 0.71, and 0.65, respectively, for
the original data and 0.73, 0.8, and 0.74 for the adjusted data.

Data availability. Brewer data at the South Pole Station are avail-
able from the World Meteorological Organization Global Atmo-
sphere Watch Program World Ozone and Ultraviolet Radiation Data
Centre (WOUDC): (https://doi.org/10.14287/10000001, ECCC,
2023). Ozonesonde data at the South Pole Station are available
from NOAA’s Global Monitoring Laboratory (https://gml.noaa.gov/
aftp/data/ozwv/Ozonesonde/ NOAA, 2023a). The Dobson and ad-
justed Brewer FM data are available from https://gml.noaa.gov/aftp/
data/ozwv/Dobson/Publications/ (NOAA, 2023b). MERRA-2 data
are available from NASA’s Global Modelling and Assimilation Of-
fice (https://gmao.gsfc.nasa.gov/reanalysis/MERRA-2/, EarthData,
2022).

Figure B2. Scatter plots of the difference between Brewer and
MERRA-2 total ozone as a function of slant column in Dobson
units (DU). The best-fit linear regression line, its slope value, and
the standard error (SE) of the slope are also shown. The difference
is plotted for Brewers 21 and 85 as indicated and for two ranges on
Signal 320 values: from 9 to 10.5 and greater that 10.5. The color
scale shows the normalized density of the points. A similar plot for
all Dobson data is show for comparison.
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