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Abstract: The strong Antarctic vortex plays a crucial role in forming an expansive region 
with significant stratospheric ozone depletion during austral spring, commonly referred 
to as the Antarctic “ozone hole”. This study examines daily ozone column behavior 
during this phenomenon using ERA5 reanalysis data and ground-based observations 
from 10 Antarctic stations collected between September and December from 2008 to 2022. 
A preliminary analysis of these datasets revealed smoothly varying patterns with quasi-
uniform gradients in the ozone distribution within the ozone hole. This observation led 
to the hypothesis that average ozone columns over zones, defined as concentric areas 
around the South Pole, can be estimated using mean values of the measurements derived 
from station observations. This study aims to evaluate the validity of this hypothesis. The 
results indicate that the mean ozone levels calculated from daily measurements at two 
stations—Belgrano and Dome Concordia, or Belgrano and Arrival Heights—provide a 
reliable approximation of the average ozone levels over the zone spanning 70°S to 90°S. 
Including additional stations extended the zone of reliable approximation northward to 
58°S. The approximation error was estimated to range from 5% to 7% at 1σ and from 6% 
to 8% at the 10th–90th percentile levels. Furthermore, the geographical distribution of the 
stations enabled a schematic reconstruction of the ozone hole’s position and shape. On 
the other hand, the high frequency of ground-based measurements contributed to 
studying the ozone hole variability in both the inner area and edges on an hourly time 
scale. These findings have practical implications for the near-real-time monitoring of 
ozone hole development, along with satellite observations, considering ground-based 
measurements as a source of information about ozone layer in the South Pole region. The 
results also suggest the possible role of observations from the ground in the analyses of 
pre-satellite-era hole behavior. Additionally, this study found a high degree of 
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consistency between ground-based measurements and corresponding ERA5 reanalysis 
data, further supporting the reliability of the observations. 

Keywords: Antarctic ozone depletion; shape and position of the ozone hole; zonal average 
ozone; ground-based ozone observations; ERA5 reanalysis 
 

1. Introduction 
Following the discovery of ozone in the mid-19th century, understanding its role in 

atmospheric processes rapidly advanced over the subsequent years, alongside the 
development of instruments for measuring its atmospheric content [1–11]. In 1920, Fabry 
and Buisson [6] developed a spectrograph to measure solar ultraviolet (UV) irradiance at 
the Earth’s surface and conducted the first assessment of the ozone column consistent 
with modern estimates. Their method to extract the ozone amount, which involved 
comparing UV irradiances at two wavelengths—one strongly absorbed by the ozone and 
the other less affected—remains in use today. They estimated the ozone column at Paris 
to vary around 0.3 atm. cm in May and June 1920. Later, the Dobson Unit (1 DU = 10−3 atm. 
cm =2.69 10−16 molecules/cm2) was introduced to measure the ozone amount in an 
atmospheric column. In the first half of the 20th century, atmospheric ozone 
measurements intensified after the construction of the Dobson spectrophotometer [11]. 
The number of stations equipped with this instrument increased to 32 at the beginning of 
the International Geophysical Year 1957/58. A fully automated Brewer spectrophotometer 
was designed for measuring the ozone column in the 1970s, and it has been routinely used 
since the 1980s [12,13]. Dobson and Brewer instruments both derive the ozone column 
using the methods outlined in [6], with accuracy assessed to be approximately 1% under 
clear skies [13,14]. Differential Optical Absorption Spectroscopy (DOAS) enabled the 
development of an additional procedure for assessing the ozone column in the second half 
of the last century [15,16], which necessitated a modification of the corresponding 
spectrophotometers. This approach is applied in ground-based [17–19], balloon-born [20], 
aircraft [21,22], and satellite measurements [23,24]. In recent years, the assimilation of data 
provided by both satellite and ground-based devices has led to the assembling of large 
databases where the total ozone column distribution around the world can be found with 
high spatial resolution [25,26]. 

The first assessments of the ozone column in the polar regions [11] highlighted a 
substantial difference between the Northern and Southern hemispheres. It is interesting 
to observe that looking at the first results from Halley Bay (75°34’S 25°30’W) collected in 
the austral spring of 1956, Dobson and his collaborators [11] had doubts about the 
instrument’s correct operation since the ozone was lower compared to the amounts at 
Spitzbergen during the boreal spring period. After similar results obtained in successive 
years confirmed such behavior, Dobson rightly assumed that the stronger polar vortex in 
the Southern hemisphere could cause the observed difference. Initial measurements at 
Halley Bay between 1956 and 1958 revealed a minimum ozone column of 250–280 DU 
during the austral spring period, while corresponding values in the Arctic during the 
boreal spring period were estimated at nearly 450 DU [11]. A notable decline in ozone 
minima was observed in the 1980s [27,28], marking the Antarctic ozone as a critical focus 
in atmospheric research [29–35]. 

Advancements in space-borne instruments enhanced our understanding of the ozone 
depletion over Antarctica, a phenomenon now known as the “ozone hole”. (The term 
“ozone hole” adopted in both the popular and scientific literature will be used in this text to indicate 
the ozone-depleted area covering Antarctica in the austral spring period.) [36–43]. Ozone 
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depletion usually starts in late winter following the development of the polar vortex that 
isolates a large area in the stratosphere over the Antarctic continent and creates conditions 
for strong stratospheric cooling. When the temperature drops below 195 K, polar 
stratospheric clouds begin to form, which are crucial for chemical ozone destruction 
[31,44–46]. The Antarctic ozone hole appears in September when returning sunlight leads 
to catalytic chemical ozone destruction and reaches its deepest state between late 
September and early October with ozone columns of 100–180 DU. The breakup of the hole 
typically starts in late October or early November, followed by the ozone column’s 
recovery to the normal level of more than 300 DU in November–December. It is generally 
agreed to define the Antarctic ozone hole as the area where the ozone column does not 
exceed 220 DU [31]. The hole is characterized by an oval shape covering an area of 20–25 
million square kilometers [31,47], usually including the whole continent. Over the past 
few decades, an equatorward shift in the ozone hole in the Atlantic sector has been 
observed and has been accounted for by a change in planetary wave activity. This shift 
has created a certain asymmetry in the zonal ozone distribution in Antarctica [48–52], 
resulting in the cooling of the stratosphere and upper troposphere that has significantly 
affected the South Hemisphere’s climate [29]. 

Similar deep ozone depletions are not typically observed in the Arctic, where the 
ozone column usually reaches its maximum in the boreal spring. Areas with a reduced 
ozone content are limited and occur only sporadically, as the different atmospheric 
dynamics in relation to the Antarctic result in a smaller and less stable polar vortex. 
Nevertheless, several episodes of deeper ozone depletion have also taken place in the 
Arctic during the past two decades [53,54]. 

Modern satellite technologies and data processing methods enable the precise 
acquisition of high-resolution ozone column distributions over the polar regions. The 
construction of such distribution maps is a helpful activity for studying large-scale 
stratospheric dynamics, taking into account the polar regions’ role in global atmospheric 
processes. In this context, the present study aims to propose an alternative approach to 
achieve an entire approximate picture of the ozone column over Antarctica using ground-
based measurements. An important advantage of these observations is their ability to 
provide information about very short-period variations in the ozone column within an 
hourly timescale. This allows the short-term variability in the stratosphere to be examined. 
Along with a discussion of this advantage, the assumption of approximately assessing the 
average ozone column over zones determined as concentric areas around the South Pole 
through ground-based observations is examined. Furthermore, the possibility of 
reconstructing a schematic ozone hole image is also discussed. These approximations are 
considered an addition to satellite techniques and provide an opportunity for a deeper 
study of the ozone hole, and they could also play a certain role in the analyses of pre-
satellite-era data. 

2. Data and Methods 
Two datasets were used in the present study. The first set consisted of ground-based 

measurements taken at 10 Antarctic stations, where relatively continuous monitoring of 
the ozone column has been carried out within the past 15 years. Figure 1 shows the 
locations of the stations considered, and Table 1 summarizes their coordinates and the 
equipment used. Data for seven of the stations were taken from the World Ozone and 
Ultraviolet Radiation Data Centre (WOUDC) [55] database, while the measurements at 
the three other stations were provided by the respective teams overseeing the 
instrumentation. Nine stations were equipped with the widely used Dobson, Brewer, and 
SAOZ [17] photometers, while the data from the Dome Concordia station were collected 
by the narrow-band filter radiometer UV-RAD [56]. The period between 2008 and 2022, 
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which covers available ground-based data, was chosen for analysis. Moreover, only the 
months from September to December, which span the development and dissipation of the 
ozone hole, were taken into account. Table 1 presents the most significant gaps in the 
ground-based dataset. 

 

Figure 1. The ground-based stations included in the present study are identified by their GAW ID 
(see Table 1). The background represents the ozone column distribution constructed from the ERA5 
dataset for the day indicated on the map. The thick white curve outlines the ozone hole edges (the 
area with an ozone column lower than 220 DU), while the thin white curves present the areas with 
an ozone column less than 180, 150, and 140 DU from the edge to the inner regions, respectively. 
The orange line determined by −40° and 140° meridians approximately depicts the strip covered by 
most stations. 

Table 1. The ground-based stations providing data for this study. The corresponding Global At-
mosphere Watch (GAW) identification (ID) code for each station is also given, together with the 
geographical coordinates and instruments. The last column exhibits the main gaps in the data within 
the adopted period (September–December 2008–2022). 

Station GAW ID Coordinates Instrument Gaps 

Princess Elisabeth PES 71.95°S 23.35°E Brewer MK III 100 

2008–2010, 2013, 2016 
September–October 2012, 2014, 2015, 
2019, 2020, 2021 
September–November 2011, 2017, 
2018, 2022 
December 2022 

Syowa SYO 69.01°S 39.58°E Dobson Beck 119, 122 
Brewer MK III 252 

― 

Zhong Shan ZOS 69.37°S 76.38°E 
Brewer MK IV 74 
Brewer MK III 193 

2008–2010 
September–November 2011 
September–October 2012 
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Dumont D’Urville DDU 66.67°S 140.02°E SAOZ CP200_NMOS 
1024 17 

― 

Arrival Heights ARH 77.83°S 166.67°E Dobson Back 17 

December 2009 
November–December 2014 
October–December 2017 
September–November 2019 

Dome Concordia1 DCC 75.10°S 123.35°E UV-RAD 
2009, 2016–2019 
September 2010, 2015 
November 2015 

South Pole SPO 89.99(7)°S 24.8°W Dobson Beck 80, 82 
Brewer MK III 21, 85 

September 2008–2010, 2012–2018, 
2021 

Belgrano 1 BLG 77.87°S 34.62°W Brewer MK IV 99 
2018–2020 
September 2014 
November–December 2017 

San Martin1 SMT 68.13°S 67.10°W Brewer MK IV 162 
2011–2014, 2018, 2020 
September 2017 
September 2022 

Marambio MBI 64.24°S 56.62°W Dobson Beck 99 
Brewer MK III 199 November–December 2021 

1 Data provided by the station’s team. 

The second dataset was extracted from the ERA5 reanalysis conducted by the Euro-
pean Center for Medium-Range Weather Forecasts (ECMWF), where the ozone column 
over the globe with 0.25° × 0.25° spatial resolution in both latitude and longitude can be 
found with a 1-hour temporal step [57]. Ozone amounts within the 40°S–90°S range were 
retrieved for the selected period over an expanded latitude–longitude grid of 2° × 2°, 
which enables faster computations, keeping an acceptable spatial resolution [57]. The 
daily mean values were calculated by averaging the ozone columns at 00:00, 04:00, 08:00, 
12:00, 16:00, and 20:00 for each day, assuming this sampling can provide realistic estimates 
of the mean amount. The time series for each grid point contains 1830 values. 

The aim of the study is to compare different parameters by calculating the ratios 𝑅 
between them and examining the extent of the closeness of 𝑅 to 0 or 1 depending on the 
concrete 𝑅 definition. Standard statistics approaches [58], briefly listed below, were used 
in the analysis. 

A histogram is a widely used tool for resolving various statistical problems. Let us 
assume that the studied ratio 𝑅 is determined as a sequence ሺ𝑅ଵ, 𝑅ଶ, ⋯ , 𝑅௡ሻ defined over 
an interval [𝜉ଵ, 𝜉ଶ], where 𝜉ଵ and 𝜉ଶ are real numbers close to 1. If we cover [𝜉ଵ, 𝜉ଶ] by 
subintervals 𝑏௝ = [𝜉ଵ + ሺ𝑗 − 1ሻΔ, 𝜉ଵ + 𝑗Δ]௝ୀଵ,ଶ,⋯,௟, named as bins, each with a width of Δ ≪𝜉ଶ − 𝜉ଵ, the histogram 𝐻௕ೕሺ𝑅ሻ, given the probability 𝑅 to be within 𝑏௝, can be defined as 
follows: 

𝐻௕ೕሺ𝑅ሻ = 1𝑛 ෍ 𝛿௕ೕሺ𝑅௜ሻ௡
௜ୀଵ , 𝑗 = 1, 2, ⋯ , 𝑙 , (1) 

where the delta-function 𝛿௕ೕሺ𝑅௜ሻ is determined as follows: 

𝛿௕ೕሺ𝑅௜ሻ = ൜1 for 𝑅௜ ∈ 𝑏௝0 for 𝑅௜ ∉ 𝑏௝ . (2) 

The histogram defined through Equations (1) and (2) gives the relative distribution of 𝑅 
over [𝜉ଵ, 𝜉ଶ]. The cumulative distribution function (CDF) 𝐹஼஽ሺ𝑅ሻ is defined as follows: 
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𝐹஼஽ሺ𝑅ሻ = 𝐹஼஽൫𝑅 ∈ 𝑏௝൯ = 100 ෍ 𝐻௕೔ሺ𝑅ሻ௝
௜ୀଵ , 𝑗 = 1, 2, ⋯ , 𝑙. (3) 

The function 𝐹஼஽ሺ𝑅ሻ represents the probability of 𝑅 being inferior to the right bound of 𝑏௝ as a percentage. The fractiles 𝑅௣, also known as percentiles, bind submanifolds of 𝑅 
that can appear with probability 𝑝, which can be calculated from the following equation 
[58]: 𝐹஼஽ሺ𝑅௉ሻ = 𝑝 . (4) 

In practice, the median 𝑅ହ଴, which is equal to 𝑅 corresponding to half of CDF, is widely 
used in data analysis. 

Figure 2 shows a histogram of a hypothetical sequence 𝑅 = ሼ𝑅ଵ, 𝑅ଶ, ⋯ , 𝑅௡ሽ present-
ing Gaussian distribution [58] along with the corresponding CDF. This distribution is 
characterized as symmetrical to the maximum value in the left and right branches. The 
maximum corresponds to the mean 𝑅ത = ሺ1 𝑛⁄ ሻ ∑ 𝑅௜௡ଵ , which, in turn, coincides with the 
median 𝑅ହ଴. The standard deviation 𝜎 defined as follows: 

𝜎 = ඨ∑ ሺ𝑅ത − 𝑅௜ሻଶ௡ଵ 𝑛   (5) 

This determines the interval centered at 𝑅ത, as is shown in Figure 2, which contains 
68.2% of 𝑅௜ [58]. 

The histograms in the present study were constructed by taking Δ = 0.02, similarly 
to the example in Figure 2. Both groups of parameters ሺ𝑅ത, 𝑅ହ଴ሻ and [𝜎, ሺ𝑅ଵ଴, 𝑅ଽ଴ሻ] were 
used to determine the averages of the studied ratios and their dispersion. 
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Figure 2. The histogram 𝐻௕ೕሺ𝑅ሻ and the corresponding CDF 𝐹஼஽ሺ𝑅ሻ of a sequence ሺ𝑅ଵ, 𝑅ଶ, ⋯ , 𝑅௡ሻ 
determined over [0.74, 1.26] that presents a Gaussian distribution. The vertical red line in both pan-
els gives the mean value 𝑅ത = 𝑅ହ଴, while the red and blue dashed lines represent ±𝜎 and ሺ𝑅ଵ଴, 𝑅ଽ଴ሻ 
bands, respectively. 

In addition to the histograms and the derived parameters, the present study utilized 
the root mean square (RMS) to estimate the relative difference between two-time series. 
Assuming that the relative difference between the values 𝑥௜ and 𝑦௜ pertaining to differ-
ent time series, measured at the same time, could be calculated as 𝑧௜ =ሺ𝑥௜ − 𝑦௜ሻ [ሺ𝑥௜ + 𝑦௜ሻ/2]⁄ , the RMS of the time series ሼ𝑧௜ሽ is expressed as follows: 

RMSሼ𝑧௜ሽ = ඨ∑ 𝑧௜ଶ௡௜ୀଵ𝑛  . (6) 

3. Preliminary Data Analysis and Basis of the Study 
The ozone distribution around the South Pole is considered an important factor for 

the objectives formulated at the end of Section 1. Before briefly examining the problem in 
the next subsection, some basic facts should be addressed. 

Together with the stations’ positions, Figure 1 shows an example of the shape and 
dimension of the Antarctic ozone hole during the period of its strong development. An 
important feature that can be seen is the smooth and continuous curve outlining the ozone 
hole and giving it an oval shape. Contours surrounding areas with an ozone column lower 
than 180, 150, and 140 DU, respectively are also given in Figure 1. These curves appear to 



Remote Sens. 2025, 17, 507 8 of 28 
 

 

be quasi-concentric determining comparable to each other  gradients of the ozone col-
umn from the edge to the inner area. Hence, a certain regularity in the ozone distribution 
inside the hole can be observed. 

An equatorward drift of the ozone hole in the Atlantic sector has been observed 
within the past decades [48–50]. Such a displacement was found to cause a certain asym-
metry in the ozone distribution over the zones adopted by the authors of [48–50] as lati-
tudinal circles. It should be outlined that zone 𝑍ఝ in the present study is defined as the 
surface around the South Pole, bound by latitude 𝜑. The symmetrical features of the zonal 
ozone distribution are discussed below in the context of zonal averages, taking into ac-
count the above specification of the zone. 

An important feature of the geographical stations’ distribution should also be noted. 
Figure 1 shows that 7 of the 10 selected stations lie on a strip approximately represented 
by −40° and 140° meridians. Moreover, projections of the stations on the line 𝐿ିସ଴, defined 
by the two meridians, show a quasi-even distribution. Thus, most stations are located 
along the axis that almost traces the ozone hole displacement. 

3.1. Features of the Ozone Column Distributions Over Antarctica 

Figure 3 shows additional detailed examples illustrating zonal ozone distribution. 
The upper panels present maps similar to Figure 1. The line 𝐿ିସ଴ together with the per-
pendicular line 𝐿ିଵଷ଴ , determined analogously by -130° and 50° meridians, are also 
shown. In the selected cases, five of the seven stations on the 𝐿ିସ଴ path (see Figure 1) 
carried out simultaneous measurements, except for DCC, on 21 October 2015. The second 
row in Figure 3 represents the 3D plots of the ozone amount within the 𝑍଺଴ zone. The 
longitude axes indicate lines starting at a point in the 0 ÷ −180° sector and crossing the 
zone via its center, similar to 𝐿ିସ଴ and 𝐿ିଵଷ଴. The 3D plots show more or less repeatable 
and regular distributions in 𝑍଺଴ characterized by low ozone in the central part, which 
increases toward the periphery, as Figure 1 also indicates. 
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Figure 3. Examples of the distribution of ozone columns in zone 𝑍଺଴, defined as the area between 
60°S and 90°S for the three days given by the columns. The upper panel in each column exhibits a 
map constructed from the ERA5 dataset, where the 60°S circle together with the 𝐿ିସ଴ and 𝐿ିଵଷ଴ 
lines are also given. The second panel shows a 3D plot of the ozone in 𝑍଺଴. The grey surface repre-
sents the level of the zonal average ozone 𝑄଺଴തതതതത and its amount is given on the right vertical axis. 
Five of the stations adopted in Section 2 are indicated through their GAW ID (see Table 1). The lower 
panel in each of the columns shows the latitudinal ozone patterns 𝑄ିସ଴ and 𝑄ିଵଷ଴ in two sections 
of the corresponding 3D plot determined by 𝐿ିସ଴ (red curve) and 𝐿ିଵଷ଴ (blue curve), respectively. 
In addition, the daily ozone amounts 𝑄௦ at the selected stations are also given by the green circles 
and ordered according to the station positions presented in the upper two panels. The average ozone 
amounts 𝑄ିସ଴തതതതതത, 𝑄ିଵଷ଴തതതതതതതത and 𝑄௦തതത calculated for the two curves and circles are indicated by the dashed 
lines, and the values are given on the right axis in the corresponding colors. 

The meridional sections of the ozone distributions along 𝐿ିସ଴ and 𝐿ିଵଷ଴ as func-
tions of latitude 𝜑 are shown in the lower panels of Figure 3. The graphs suggest that the 
ozone column 𝑄ିସ଴ሺ𝜑ሻ along 𝐿ିସ଴  and 𝑄ିଵଷ଴ሺ𝜑ሻ along 𝐿ିଵଷ଴  smoothly and monoto-
nously decrease from the initial point of the line at 60°S, reaching a minimum close to 90°S 
and smoothly and monotonously increase to the opposite end at 60°S. Such behavior 
keeps its character despite the significant day-to-day changes in the slope of the curves 
representing the longitudinal distribution of the ozone column. These changes are plausi-
bly driven by the distortions and displacements of the polar vortex (and hence, the ozone 
hole) caused by planetary waves, which create appreciable differences in the ozone col-
umn measured at the exterior of the 𝐿ିସ଴ and 𝐿ିଵଷ଴ strip stations. Nevertheless, looking 
at the graphs, a similarity in the broad outline among the curves can be noted. In this 
context, it can be assumed that the mean ozone columns 𝑄ିସ଴തതതതതത and 𝑄ିଵଷ଴തതതതതതത along 𝐿ିସ଴ 
and, 𝐿ିଵଷ଴ respectively, should be close to each other. In fact, the values exhibited on the 
right of each panel show discrepancies of 12%, 3%, and 4% between 𝑄ିସ଴തതതതതത and 𝑄ିଵଷ଴തതതതതതത in 
the three cases. The zonal averages for the three days selected in Figure 3 are given in the 
middle row of panels on the right vertical axes. It can be seen that the difference between 
these averages, on the one hand, and the corresponding 𝑄ିସ଴തതതതതത or 𝑄ିଵଷ଴തതതതതതത on the other, var-
ies from 1% to 7%. Hence, either 𝑄ିସ଴തതതതതത or 𝑄ିଵଷ଴തതതതതതത can be considered an approximation of 
the ozone column 𝑄଺଴തതതതത averaged over 𝑍଺଴. Furthermore, the quasi-even geographical dis-
tribution of the 𝐿ିସ଴ stations result in the assumption that their mean ozone columns are 
able to represent 𝑄ିସ଴തതതതതത and, in turn, the zonal average ozone column 𝑄଺଴തതതതത. Additionally, 
the mean ozone 𝑄௦തതത of the stations’ values given in the lower panels of Figure 3 show a 
discrepancy of about 8% regarding the corresponding 𝑄଺଴തതതതത values in the panels of the 
middle row. Thus, the examples given in Figure 3 indicate the possibility of gaining an 
approximate estimate of the average zonal ozone column by using ground-based instru-
ments. 

The cases examined in Figure 3 suggest a regularity in ozone distribution in 𝑍଺଴, 
which may result from the previously discussed pattern in the ozone hole. In addition, 
the selected examples imply a certain symmetry of the ozone column with respect to the 
South Pole along the two axes, which is more pronounced in 𝐿ିଵଷ଴ as the lower panels in 
Figure 3 show. This occurrence assumes an extent of axial symmetry in the 𝑍଺଴ zonal dis-
tribution with respect to 𝐿ିସ଴  since 𝐿ିସ଴  and 𝐿ିଵଷ଴  are mutually perpendicular. The 
oval shape of the ozone hole, together with regularity and axial zonal symmetry regarding 𝐿ିସ଴, where the stations are approximately located, could explain the closeness between 𝑄଺଴തതതതത and 𝑄௦തതത in the discussed examples. On the other hand, previous studies reported 
zonal asymmetry in the ozone distribution of Antarctica due to the equatorward displace-
ment of the ozone hole [29,48,50]. The next subsection deals with this issue in the context 
of the present analysis. 
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3.2. Symmetry in the Zonal Average Ozone Distributions 

Zonal asymmetry was assessed [48,50] as the relative difference between the lowest 
and highest ozone columns measured over arcs along a certain parallel 𝜑. Such arcs were 
found to be located on approximately opposing sides. Since the concept of the present 
study assumes a comparison of mean values, the symmetrical features were estimated in 
terms of ozone averages in zone 𝑍ఝ defined by latitude 𝜑, using the ERA5 dataset. To 
this end, the average daily ozone 𝑄ିସ଴,ଵሺ𝜑ሻതതതതതതതതതതതത over half of the zone 𝑍ఝ determined by 𝐿ିସ଴ 
and the arc from −40° to 140° longitudes in the anticlockwise direction (see Figures 1 and 
3) can be compared with the average ozone 𝑄ିସ଴,ଶሺ𝜑ሻതതതതതതതതതതതത estimated for the other half, deter-
mined by the −40° and 140° arc but to clockwise direction. Analogously, the averages 𝑄ିଵଷ଴,ଵሺ𝜑ሻതതതതതതതതതതതതതത and 𝑄ିଵଷ଴,ଶሺ𝜑ሻതതതതതതതതതതതതതത are calculated regarding 𝐿ିଵଷ଴. It is considered that the rela-
tive differences between the two averages can be defined as follows: 

𝑆௞ሺ𝜑ሻ = 2 𝑄௞,ଵሺ𝜑ሻതതതതതതതതതത − 𝑄௞,ଶሺ𝜑ሻതതതതതതതതതത𝑄௞,ଵሺ𝜑ሻതതതതതതതതതത + 𝑄௞,ଶሺ𝜑ሻതതതതതതതതതത = 𝑄௞,ଵሺ𝜑ሻതതതതതതതതതത − 𝑄௞,ଶሺ𝜑ሻതതതതതതതതതത𝑄ሺ𝜑ሻതതതതതതത  (7) 

where 𝑘 denotes either −40 or −130 and 𝑄ሺ𝜑ሻതതതതതതത = ൫𝑄௞,ଵሺ𝜑ሻതതതതതതതതതത + 𝑄௞,ଶሺ𝜑ሻതതതതതതതതതത൯/2 is the zonal aver-
age ozone column in 𝑍ఝ. 𝑆௞ሺ𝜑ሻ  could act as a measure of the axial asymmetry in 𝑍ఝ. 

Figure 4 shows an example of 𝑆ିସ଴ሺ60ሻ and 𝑆ିଵଷ଴ሺ60ሻ time patterns in the period 
from September to December over several years, which indicate variations mostly be-
tween -0.10 and 0.30 except for quite limited cases. It should be noted that the values of 𝑆௞ሺ60ሻ given on the left of the upper panels in Figure 3 pertain to this range. Grytsai et al. 
[48] reported a maximum asymmetry of 32% at 65°S, examining September–November 
ozone averages. Meanwhile, Ialongo et al. [50] obtained up to 50% asymmetry in the daily 
ozone at the same latitude during October, which is consistent with the few extremes of 𝑆௞ሺ60ሻ in Figure 4. The semi-zonal averages used to define the parameter 𝑆௞ሺ𝜑ሻ (see 
Equation (7)) instead of the minimal and maximal ozone along a parallel were assumed 
to play a smoothing role in estimating the asymmetry, reducing its magnitude. 

 

Figure 4. Time patterns of 𝑆ିସ଴ሺ60ሻ and 𝑆ିଵଷ଴ሺ60ሻ defined by Equation (7) and calculated for a 4-
year period. The time for each year covers only the September–December period. 

The relative distributions of 𝑆ିସ଴ሺ𝜑ሻ and 𝑆ିଵଷ଴ሺ𝜑ሻ assessed for three different zones 𝑍ఝ ሺ𝜑 = 60°S, 70°S, 80°Sሻ, and for each day of the studied period are given in Figure 5, 
together with the corresponding cumulative distribution functions (CDFs). The first two 
columns of Figure 5 show that the histograms of 𝑆௞ሺ60ሻ  and 𝑆௞ሺ70ሻ  differ from the 
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Gaussian distribution. Thus, the conclusions about the statistical features of 𝑆௞ሺ𝜑ሻ based 
on CDF in these two cases seem more reliable than estimating mean values (or medians) 
and standard deviations. It can be noted that the most probable values of 𝑆ିସ଴ሺ𝜑ሻ and 𝑆ିଵଷ଴ሺ𝜑ሻ for 60°S and 70°S are very close to 0, but the right branches of the corresponding 
histograms are almost twice as long as the left ones. In fact, CDFs show that about 65% of 𝑆ିସ଴ሺ𝜑ሻ and 80% of 𝑆ିଵଷ଴ሺ𝜑ሻ values are higher than 0. Table 2 gives the weights of three 
selected intervals ∆𝑆௞  in the 𝑆௞ሺ𝜑ሻ  distribution. It can be seen that the |∆𝑆௞| ≤ 0.15 
range contains about 75% of 𝑆ିସ଴ሺ60ሻ and 𝑆ିସ଴ሺ70ሻ, and 61% and 72% of 𝑆ିଵଷ଴ሺ60ሻ and 𝑆ିଵଷ଴ሺ70ሻ, respectively. 

The histograms of 𝑆௞ሺ80ሻ in Figure 5, both centered at about 0.035, are very close to 
the Gaussian distribution. In this case, the dispersion can be represented by the ±𝜎 inter-
val equal to ±0.07 (see Section 2). The lower asymmetry in the 𝑍଼଴ zone was also re-
ported by Grytsai et al. [48] who estimated its value to be 10%. The high extent of sym-
metry in 𝑍଼଴, expressed by almost equal 𝑆ିସ଴ሺ80ሻ and 𝑆ିଵଷ଴ሺ80ሻ, presumed the quasi-
uniform covering of the zone by the hole. The example presented in Figure 1 illustrates 
this conclusion. In fact, the area bounded by the 140 DU contour covered most of 𝑍଼଴ de-
spite the fact that this area is slightly shifted equatorward in the 0° ÷ 60° longitudinal 
sector. The minimal ozone column on the considered in Figure 1 day was 126 DU. Hence, 
the discrepancy among the ozone amounts in the 140 DU area is about 10%, which as-
sumes a quasi-uniform distribution. The increased asymmetry in the larger 𝑍଻଴ and 𝑍଺଴ 
zones could be a result of enhanced ozone fluctuations in the hole edges and the hole 
displacement. 

Table 2. Percentages of 𝑆௞ሺ𝜑ሻ values falling in the corresponding ∆𝑆௞ intervals. 𝚫𝑺𝒌 Percentage of Cases (%) 
 𝑺ି𝟒𝟎ሺ𝟔𝟎ሻ 𝑺ି𝟏𝟑𝟎ሺ𝟔𝟎ሻ 𝑺ି𝟒𝟎ሺ𝟕𝟎ሻ 𝑺ି𝟏𝟑𝟎ሺ𝟕𝟎ሻ −0.10 ÷ 0.10 60.0 46.0 65.0 57.0 −0.15 ÷ 0.15 72.5 61.0 77.5 72.0 −0.20 ÷ 0.20 85.0 72.0 88.0 82.0 

 

Figure 5. The upper two rows show the histograms of parameters 𝑆௞ሺ𝜑ሻ calculated for the consid-
ered period (September–December of 2008–2022). The lowest row exhibits the corresponding cu-
mulative distribution functions (CDFs) given in the same colors as the histograms. The mean values 
of 𝑆௞ሺ80ሻ with their standard deviations are given in the panels of the right column. 
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Figures 4 and 5 show the prevailing weight of positive values in both 𝑆ିସ଴ሺ𝜑ሻ and 𝑆ିଵଷ଴ሺ𝜑ሻ distributions that are more marked by 𝑍଺଴ and 𝑍଻଴. This means that the average 
ozone column in the sector between −40°S and 140°S longitudes in the clockwise direction 𝑄ିସ଴,ଶሺ𝜑ሻതതതതതതതതതതതത is lower than the average ozone in the other half of the zone, 𝑄ିସ଴,ଵሺ𝜑ሻതതതതതതതതതതതത, accord-
ing to Equation (7). Analogously, 𝑄ିଵଷ଴,ଵሺ𝜑ሻതതതതതതതതതതതതതത > 𝑄ିଵଷ଴,ଶሺ𝜑ሻതതതതതതതതതതതതതത is predominantly true for the 
semizones obtained from the division of the zone by 𝐿ିଵଷ଴. These findings lead to the 
conclusion that in most cases of the Antarctic ozone hole in the last 15 years, the area of 
its minimal values tends to be displaced equatorward in the −40° ÷ 50° longitude sector. 
This result is consistent with those reported in [50] for the longitudinal sector −40° ÷ 40° 
where the zonal minimum of the 60°S circle is shifted. Grytsai et al. [48] found that the 
typical displacement of the ozone hole occurred towards the longitude quadrant −90° ÷0°. 

Summarizing the results allows us to conclude that the cases with elevated levels of 
axial symmetry are predominant patterns in the zonal average ozone column. The per-
centages in Table 2 indicate that the extent of symmetry in terms of the average ozone 
columns in 𝑍ఝ is higher with respect to 𝐿ିସ଴ than to 𝐿ିଵଷ଴. Bearing in mind the quasi-
uniform ozone gradients to the hole center, the path of the hole shift could be considered 
an axis of symmetry in the zonal ozone distribution. Moreover, it was noted that 𝐿ିସ଴ 
approximately traces this path. In this context, the high zonal symmetry regarding 𝐿ିସ଴ 
seems explainable. Hence, the mean ozone amount along the axis of symmetry could act 
as an approximation of the average amount in the zone. On the other hand, the mean of 
the values measured at the stations on 𝐿ିସ଴ represent the axial ozone means according to 
the inference of the previous subsection. Thus, the axial symmetry and the quasi-uniform 
gradients appear to be important factors that enable the representation of the zonal aver-
age ozone column through the mean values of the ozone measured at stations along the 
axis of symmetry. A more detailed analysis of this issue, taking into account all the sta-
tions selected in Table 1 is the subject of the next section. 

4. Results and Discussion 
Figure 6 provides an example of the approximation of the zonal average ozone 

through ground-based measurements performed at two of the adopted stations in Table 
1‒DCC and BLG. The time patterns of the daily ozone columns 𝑄஽஼஼ሺ𝑡ሻ and 𝑄஻௅ீሺ𝑡ሻ reg-
istered at DCC and BLG stations are presented in the lower panel of Figure 6 together 
with their mean values 𝑄௠௘௔௡ሺ𝑡ሻതതതതതതതതതതതത and the average 𝑄ா,ఝሺ𝑡ሻതതതതതതതതതത calculated from ERA5 data for 
the 𝑍଺଴ and 𝑍଻଴ zones. It can be seen that the ozone columns measured at BLG and DCC 
were quite different from each other until the end of October. This can be accounted for 
by the different positions of the stations with respect to the ozone hole, as the upper panels 
of Figure 6 exhibit. Nevertheless, the mean 𝑄௠௘௔௡ሺ𝑡ሻതതതതതതതതതതതത is relatively close to both zonal av-
erage curves 𝑄ா,଺଴ሺ𝑡ሻതതതതതതതതതത and 𝑄ா,଻଴ሺ𝑡ሻതതതതതതതതതത, showing a different extent of closeness. In fact, the RMS of the relative difference between 𝑄௠௘௔௡ሺ𝑡ሻതതതതതതതതതതതത and 𝑄ா,଺଴ሺ𝑡ሻതതതതതതതതതത, estimated through Equa-
tion (6), is 10%, while it is 7% for the 𝑄௠௘௔௡ሺ𝑡ሻതതതതതതതതതതതത and 𝑄ா,଻଴ሺ𝑡ሻതതതതതതതതതത relative differences. This en-
ables an approximation of 𝑄ா,଻଴ሺ𝑡ሻതതതതതതതതതത by 𝑄௠௘௔௡ሺ𝑡ሻതതതതതതതതതതതത. Hence, the chosen number of stations 
and their locations appear to be crucial factors for the area of the approximated zone. The 
next subsection examines this problem. 

In the case of more than two stations, calculating the mean ozone column requires 
simultaneous measurements. However, maintaining this requirement is challenging for 
independent stations over long periods of time. In fact, the data gaps given in Table 1 
suggest a possible lack of simultaneous observations in the case of a large number of sta-
tions. Table A1 shows that the ground-based measurements are predominantly inferior to 
the days in the ERA5 time series, which are 1830 for each sequence. This occurrence can 
result in a decline in the reliability of statistical conclusions. For that reason, the ERA5 
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dataset was used for the analysis in the next subsection, and Appendix A validates this 
replacement. 

 

Figure 6. The upper panels show the ozone distribution in Antarctica for four days of the austral 
spring in 2012 indicated by the panels. The positions of BLG and DCC stations are shown and 𝑍଺଴ 
and 𝑍଻଴ borders are indicated by the green and red circles, respectively. The lower panel gives time 
patterns of the daily ozone values 𝑄஻௅ீሺ𝑡ሻ and 𝑄஽஼஼ሺ𝑡ሻ registered at BLG and DCC stations to-
gether with their mean 𝑄௠௘௔௡ሺ𝑡ሻതതതതതതതതതതതത  and the average ozone 𝑄ா,ఝሺ𝑡ሻതതതതതതതതതത  determined for 𝑍଺଴  and 𝑍଻଴ 
from the ERA5 dataset. The vertical dashed lines indicate the days for which the ozone distribution 
is presented in the upper panels. 

4.1. Approximation of the Average Ozone Column Over Antarctica by the Mean of  
Station Values 

To determine the zones 𝑍ఝ, the daily ozone values at the points corresponding to the 
station’s positions were extracted from the gridded ERA5 data through bilinear interpo-
lation. For tracking 𝑍ఝ, nine station patterns of 2 to 10 stations were selected and are pre-
sented in Table 3. The first pattern contains the two stations used in the example in Figure 
6. Both BLG and DCC are almost equally far off from the South Pole, and they pertain to 
the strip depicted by 𝐿ିସ଴ in Figure 1 and discussed in Section 3. The subsequent station 
patterns were constructed to cover gradually enlarging areas around the South Pole. The 
first six of them follow such a rule regarding stations on the path determined by 𝐿ିସ଴. The 
seventh and eighth also include the Antarctic coastal stations in the 0° ÷ 90° longitudinal 
sector (see Figure 1), while the ninth pattern contains all the stations. 
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Table 3. Station patterns 𝑁 composed by the stations given in the second column through the GAW 
ID from Table 1. The latitudes 𝜑଴ for which the median 𝑅ே,ఝబହ଴ (see Section 4.2) of the ratio 𝑅ே,ఝሺ𝑡ሻ 
is closest to 1 are also given together with the corresponding 𝑅ே,ఝబହ଴ , 10th and 90th percentiles, mean 
values, and standard deviations. 

𝑵 Stations Composing the Patterns 𝝀𝟎 
Median 𝑹𝑵,𝝀𝟎𝟓𝟎  

10th and 
90th Per-
centiles 

Mean Standard 
Deviation 

1 BLG, DCC 70°S 1.01 0.93, 1.09 1.01 ±0.07 
2 BLG, ARH 68°S 1.00 0.93, 1.08 1.00 ±0.06 
3 BLG, DCC, ARH 66°S 1.00 0.93, 1.09 1.01 ±0.07 
4 BLG, DCC, ARH, SPO 68°S 1.00 0.94, 1.06 1.00 ±0.05 
5 SMT, BLG, SPO, DCC, DDU 60°S 1.00 0.92, 1.07 1.00 ±0.06 
6 MBI, BLG, SPO, DCC, DDU  58°S 0.99 0.90, 1.07 0.99 ±0.07 
7 SMT, BLG, SPO, DCC, ARH, DDU, PES 62°S 1.00 0.95, 1.06 1.00 ±0.05 
8 SMT, BLG, SPO, DCC, ARH, DDU, ZOS 60°S 1.00 0.93, 1.07 1.00 ±0.06 
9 MBI, SMT, BLG, PES, SYO, ZOS, DDU, ARH, DCC, SPO 60°S 1.00 0.94, 1.05 1.00 ±0.05 

To quantify the aimed approximation, the ratio 𝑅ே,ఝሺ𝑡ሻ of the mean daily ozone col-
umn 𝑄ேሺ𝑡ሻതതതതതതതത obtained from the values at the 𝑚ሺ𝑁ሻ stations composing the 𝑁୲୦ pattern, 
and the average daily ozone 𝑄ாఝሺ𝑡ሻതതതതതതതതത evaluated for 𝑍ఝ at time 𝑡 sampled in days, was 
calculated as follows: 

𝑅ே,ఝሺ𝑡ሻ = 𝑄ேሺ𝑡ሻതതതതതതതത𝑄ாఝሺ𝑡ሻതതതതതതതതത = 1𝑚ሺ𝑁ሻ ∑ 𝑄௜ሺ𝑡ሻ௠ሺேሻ௜ୀଵ𝑄ாఝሺ𝑡ሻതതതതതതതതത  , (8) 

where 𝑄௜ሺ𝑡ሻ is the ozone column measured at the 𝑖୲୦ station of the 𝑁୲୦ pattern. Since 
the length of each time series 𝑄௜ሺ𝑡ሻ simulated by the ERA5 dataset is determined by 𝐷௧ =1830 days for the period selected in Section 2, the length of 𝑅ே,ఝሺ𝑡ሻ time series must be 
the same for each 𝑁 and 𝜑. Figure 7 presents an example of the 𝑅ே,ఝሺ𝑡ሻ behavior of three 
station patterns 𝑁 and different latitudes 𝜑, while Figures 8 and 9 exhibit a more general 
picture of the 𝑅ே,ఝሺ𝑡ሻ statistical properties discussed in the next subsection. 

Systematic deviations of 𝑅ே,ఝሺ𝑡ሻ from one in all 𝑁 cases in Figure 7 can be noted for 𝜑 = 60°S, 76°S, and 70°S. A similar performance of 𝑅ଵ,଺଴ can also be seen in Figure 6. In 
fact, the upper panels in Figure 6 show that the areas with low and high ozone values in 𝑍଺଴ are quite different for all the examined days. This means that their contributions to 
the zonal averages will be different since, for zonal averaging, the area turned out to be 
the weight. On the other hand, the panels show that one of the stations (BLG) is predom-
inantly in the hole, while the other (DCC) is in the periphery within out of the hole in the 
area with high ozone values. The mean of these two stations’ ozone assumes the same 
weight as the low and high ozone values while the zonal average weights are different. 
The prevailing contribution of the high ozone area in 𝑍଺଴ leads to higher values of the 
zonal averages with respect to the stations’ means. Thus, the stations’ mean ozone under-
estimates the average zonal ozone in the cases presented in Figure 6. The systematic de-
viation of 𝑅ଵ,଺଴ሺ𝑡ሻ from one in Figure 7 suggests that such underestimation occurs fre-
quently in the adopted period (2008–2020). However, the area with a high ozone column 
in 𝑍଻଴ (see Figure 6) seems to be much smaller than or comparable to the low ozone sur-
face, which makes the zonal average close to the station means and, hence, 𝑅ଵ,଻଴ሺ𝑡ሻ cen-
tered close to one in the upper row of Figure 7. 
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Figure 7. The upper row shows time patterns of the ratio 𝑅ே,ఝሺ𝑡ሻ for different 𝑁 and 𝜑 indicated 
in the panels and for all the years of the studied period. The medians 𝑅ே,ఝହ଴  (see Section 4.2) of the 
ratio 𝑅ே,ఝሺ𝑡ሻ calculated for each time series are also given. The yellow horizontal lines indicate 𝑅ே,ఝሺ𝑡ሻ = 1. The lower row exhibits the histograms of 𝑅ே,ఝሺ𝑡ሻ for 𝑁 of the corresponding upper 
panels and 𝜑, indicated in the histograms. The red vertical line in each of the lower panels repre-
sents the median 𝑅ே,ఝହ଴ , while the dashed and dotted lines give the 10th and 90th percentiles, respec-
tively. 

The systematic deviations discussed above are illustrated by the corresponding his-
tograms shown in the lower panels of Figure 7 that exhibit a significant displacement of 
medians from one. On the contrary, the upper panels in Figure 7 and the histograms in 
the first column of Figure 9 indicate that the distributions of 𝑅ே,ఝሺ𝑡ሻ for 70°S, 68°S and 
62°S are symmetrical and peak at one. Such symmetry is an important feature of the 
Gaussian distribution that assumes the median (also equal to the mean) as being the most 
probable value of the studied variable. In the cases of the zones 𝑍ఝ determined by 𝜑 =70°S, 68°S, and 62°S, the medians are equal to one, which corresponds to the approximate 
equality of 𝑄ேሺ𝑡ሻതതതതതതതത and 𝑄ாఝሺ𝑡ሻതതതതതതതതത, as Equation (8) suggests. The next subsection is addressed 
to the existence and size of similar zones 𝑍ఝ defined by latitude 𝜑 for all patterns, given 
in Table 3. 

4.2. Determining the Zones 𝑍ఝ. 

To ascertain the existence and determine the borders of 𝑍ఝ, the average ozone of 
which can be approximated by a given number of stations, the percentiles 𝑅ே,ఝ௣  (see Sec-
tion 2) of the 𝑅ே,ఝሺ𝑡ሻ ratios for any of the station patterns 𝑁 in Table 3 can be calculated 
using the station measurements extracted from the ERA5 data. Figure 8 shows the results 
of these calculations for 𝜑 varying between 56°S and 80°S. It can be seen that the medians 𝑅ே,ఝହ଴  reach values close to one at a certain latitude 𝜑଴ for each 𝑁. Hence, for any of the 𝑁 patterns there exists a latitudinal zone 𝑍ఝబ for which the ozone column, determined as 
a mean of the values measured at the stations in 𝑁 is quite close to the zonal averaged 
amount. Figure 8 also shows that the 25–75th and 10–90th percentile intervals are narrow-
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est at 𝜑଴ and the medians occupy almost the central part of the intervals. This circum-
stance supposes that the distribution of 𝑅ே,ఝሺ𝑡ሻ at 𝜑଴ is very close to the Gaussian one. 
At the same time, 𝜑 ≠ 𝜑଴, 𝑅ே,ఝହ଴  is gradually displaced from the intervals’ centers, as the 
histograms in Figure 7 confirm. The latitude 𝜑଴ together with 𝑅ே,ఝଵ଴  and 𝑅ே,ఝଽ଴  are given 
in Table 3 for each 𝑁, while Figure 9 shows the histograms of 𝑅ே,ఝబሺ𝑡ሻ for latitudes 𝜑଴. 

 
Figure 8. Percentiles 𝑅ே,ఝ௣  for the 𝑅ேఝሺ𝑡ሻ time series calculated for different station patterns 𝑁 as 

a function of latitudes 𝜑. The lowest and upper borders of the rectangles indicate the 25th and 75th 
percentiles 𝑅ே,ఝଶହ  and 𝑅ே,ఝ଻ହ , respectively, while the horizontal lines in the rectangles denote the me-
dian 𝑅ே,ఝହ଴ . The lower and upper bars give the 10th and 90th percentiles 𝑅ே,ఝଵ଴  and 𝑅ே,ఝଽ଴ . The 5th and 
95th percentiles 𝑅ே,ఝହ  and 𝑅ே,ఝଽହ  are indicated by the corresponding lower and upper triangles. 
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Figure 9. Histograms of 𝑅ே,ఝబሺ𝑡ሻ distributions for the considered station patterns 𝑁 and corre-
sponding 𝜑଴ both indicated in panels. The red vertical line in each of the panels represents the 
median, while the dashed and dotted lines give the 10th and 90th percentiles, respectively. 

As can be seen from Figure 9, 𝑅ே,ఝబሺ𝑡ሻ distributions are similar to Gaussians since, 
according to the discussions in Section 2, the corresponding medians and mean values are 
equal to each other, as Table 3 confirms, and they mark the histograms’ peaks. This cir-
cumstance highlights the medians 𝑅ே,ఝబହ଴  as the most probable values of the ratio 𝑅ே,ఝబሺ𝑡ሻ 
at 𝜑଴. 

Table 3 shows that several station patterns give an acceptable approximation of the 𝑍଺଴ average ozone, making the station number reduction possible depending on the data 
availability. It should be pointed out that the fifth pattern in Table 3 was used to illustrate 
the subject of discussions in Section 3 (see Figure 3). The 10th–90th percentile intervals 
given in Table 3, containing 80% of the corresponding ratios 𝑅ே,ఒሺ𝑡ሻ, vary approximately 
between ±0.06 and ±0.08 for different 𝑁. They slightly exceed the corresponding ±𝜎 
intervals (from ±0.05 to ±0.07), which include 68% of the 𝑅ே,ఝሺ𝑡ሻ ratios. Thus, it can be 
concluded that the error of the above approximations varies within 6–8%, assuming 10th–
90th percentile intervals, or 5–7% assuming the use of the ±1𝜎 range. Figures 6 and 10a 
show that the average zonal ozone column level in the deepest phase of the hole from 
September to October can vary from year to year within 130 ÷ 180 DU, approximately 
35%. On the other hand, fluctuations from 30 DU to 100 DU (~12 ÷ 60%) can be observed 
within this period. Thus, the accuracy of the discussed approximations enables the detec-
tion of the yearly changes for the average zonal ozone hole level and the typical ozone 
variability over a daily scale. 

It is worth drawing a parallel between the above findings and the conclusions made 
by the authors of [59], who claimed that the ground-based data collected only at SPO can 
represent the ozone decline in the polar vortex during the winter. 
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Figure 10. (a) Time patterns of the daily average ozone column 𝑄ா,ఝሺ𝑡ሻതതതതതതതതതത for 2012 calculated over 
various 𝑍ఝ determined by 𝜑 given in the graph. Panel (b) presents the analogous time patterns 
but for the ozone 𝑄ா,ఝᇱ ሺ𝑡ሻതതതതതതതതതത, which was also averaged over the considered years for each day with an 
increment of 2° between 56°S and 80°S. 

 

Figure 11. Histograms, similar to those in Figure 9, but for the dataset of the ground-based meas-
urements. The station pattern 𝑁, latitude 𝜑଴ and the number 𝐷௧ of the 𝑅ே,ఝబሺ𝑡ሻ ratios are given 
in the panels. The red vertical line in each of the panels represents the median, while the dashed 
and dotted lines give the 10th and 90th percentiles, respectively. 
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Figure 12. The upper row gives the ratio 𝑅ଶ,ఝ with its standard deviations for two years indicated 
in the panels. The number of observational days 𝐷௧ used to calculate the ratios is 93 in both cases. 
The second row presents the time patterns of the ozone columns 𝑄஻௅ீሺ𝑡ሻ and 𝑄஺ோுሺ𝑡ሻ, their mean 𝑄௠௘௔௡ሺ𝑡ሻതതതതതതതതതതതത, and zonal means 𝑄ா,଻଴°ௌሺ𝑡ሻതതതതതതതതതതതത and 𝑄ா,଺଼°ௌሺ𝑡ሻതതതതതതതതതതതത for 1993 and 1997, respectively. 

4.3. Deepness of the Ozone Deficit Assessed by the Zonal-Averaged Ozone Column 

Since the ozone hole usually changes its shape and position from day to day, e.g., 60], 
it can be expected to have different representations of the hole’s deepness with diverse 𝑍ఝ average ozone columns 𝑄ா,ఝሺ𝑡ሻതതതതതതതതതത. In fact, the 𝑄ா,ఝሺ𝑡ሻതതതതതതതതതത time patterns given in Figure 10a 
for various 𝑍ఝ  in 2012 confirm such an assumption. Figure 10b shows the curves of 𝑄ா,ఝᇱ ሺ𝑡ሻതതതതതതതതതത which are analogous to those in panel (a) but obtained through additional aver-
aging over the 2008–2022 period for each day. Figure 10 indicates that both 𝑄ா,ఝሺ𝑡ሻതതതതതതതതതത and 𝑄ா,ఝᇱ ሺ𝑡ሻതതതതതതതതതത gradually decrease with the increase in 𝜑. It can be seen that the average ozone 
in 𝑍ఝ bounded by the highest considered 𝜑 = 80°S represents the deepest ozone deple-
tion, which usually takes place in late September and early October. Also, bearing in mind 
the symmetry features in 𝑍଼଴ discussed in Section 3.2, it can be concluded that despite the 
displacement of the ozone hole to the −40° ÷ 50° longitudinal sector, the core of the hole 
is situated nearby the South Pole on average. 

The results shown above should be taken into account when the 𝑍ఝ average ozone 
column is approximated by ground-based measurements. Table 3 shows that station pat-
terns one, two, and four provide approximations of the average ozone for the highest pos-
sible value of 𝜑 = 70°S and these patterns will represent, to a higher extent, the depth of 
the ozone hole in the considered schemes, as Figure 10a confirms. 

Significant short-period variability in zonal averages 𝑄ா,ఝሺ𝑡ሻതതതതതതതതതത  consistent with the 
findings yielded in [60] can be noted in Figure 10a. These variations are plausibly at-
tributed to the dynamic processes impacting the ozone hole. The 𝑄ா,ఝᇱ ሺ𝑡ሻതതതതതതതതതത amounts pre-
sented in Figure 10b show good consistency with the 𝑍଺଴ ozone columns assessed in [34] 
for the 2008–2022 period. 
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4.4. Estimation of the Ratios 𝑅ே,ఝሺ𝑡ሻ Using the Available Ground-Based Dataset 

The approach adopted in Section 4.2 was also applied to the available ground-based 
measurements. The results are presented through the histograms of 𝑅ே,ఝబሺ𝑡ሻ in Figure 11. 
The ratios 𝑅ே,ఝబሺ𝑡ሻ yielded from the ground-based measurements exhibit distributions 
similar to those in Figure 9. The histograms are slightly larger, possibly due to the much 
smaller number of ratios 𝑅ே,ఝሺ𝑡ሻ which is a consequence of the limited simultaneous ob-
servations at stations of the patterns given in Table 3. In fact, while the number 𝐷௧ of 𝑅ே,ఝబሺ𝑡ሻ ratios in Figures 8 and 9 is 1380, the corresponding 𝐷௧ is significantly lower in 
the presented in Figure 11 cases. Nevertheless, the histograms are shown close to the 
Gaussian distribution of 𝑅ே,ఝబሺ𝑡ሻ with medians approximately equal to one. It should be 
noted that the histograms of 𝑅ே,ఝబሺ𝑡ሻ for the last three station patterns in Table 3 are not 
presented in Figure 11 due to a number lower than 20 for the estimated ratios. 

The results obtained were tested for repeatability by applying the considered ap-
proach to the data collected for two years—1993 and 1997—before the adopted period in 
Section 2. They were chosen, taking into account available data, and station pattern two 
(see Table 3) was the only one to be tested. The upper row of Figure 12 presents the ratio 𝑅ଶ,ఝ calculated for the selected years. As can be noted 𝑅ଶ,ఝ is near to one for 𝜑଴ = 70°𝑆 
and 72°S in 1993. Such an occurrence in 1997 appears for 𝜑଴ = 68°𝑆. The second row in 
Figure 12 shows the time patterns of ozone columns 𝑄஻௅ீሺ𝑡ሻ and 𝑄஺ோுሺ𝑡ሻ observed at 
BLG and ARH during the two years along with their means 𝑄௠௘௔௡ሺ𝑡ሻതതതതതതതതതതതത and the zonal 𝑍ఝబ 
means 𝑄ா,ఝబሺ𝑡ሻതതതതതതതതതതത, similarly to Figure 6. It can be seen that the curves 𝑄௠௘௔௡ሺ𝑡ሻതതതതതതതതതതതത closely rep-
resent the behavior of the corresponding 𝑄ா,ఝబሺ𝑡ሻതതതതതതതതതതത with the RMS of relative differences 
(see Equation (6)) equal to 9% and 8% for 1993 and 1997, respectively. Hence, the conclu-
sion that the mean ozone column over the zones determined by latitudes higher than 
68°S–70°S can be approximated by the mean of values measured at two stations, is able to 
be extended behind the period adopted for the analyses. 

4.5. Reconstruction of the Ozone Hole Position and Shape from Ground-Based Measurements 

Section 3 highlighted ozone hole patterns characterized by quasi-uniform ozone gra-
dients leading to a monotone increase in the ozone column from the central hole area to 
its edges. These features are an oval shape with a continuous and smooth contour tracing 
the points with 220 DU. Thus, it can be assumed that the position and shape of the ozone 
hole can be schematically reconstructed from the ozone columns determined at a few scat-
tered Antarctic locations. To perform such a reconstruction using the station dataset, it 
should be taken into account that seven of the selected stations given in Figure 1 and Table 
1 lie on the strip determined by 𝐿ିସ଴. According to Section 3.2, this line, representing an 
axis of elevated symmetry in the average ozone over Antarctica, provides a section of the 
ozone hole (see Figure 3), which can be represented by ground-based measurements. In 
addition, the other three stations placed in the 0° ÷ 90° longitudinal sector could contrib-
ute to the better localization of the hole position. 

Bearing in mind the above considerations, Figure 13 shows an example of a hole re-
construction for three days in 2010, for which data are provided for eight stations. The 
first row in Figure 13 shows the ozone columns at the stations projected on 𝐿ିସ଴ similarly 
to the lowest panels in Figure 3. Since SYO is far from 𝐿ିସ଴, the values at this station in 
the upper row in Figure 13 are schematically presented with respect to SPO, depending 
on the SYO ozone column. The upper panels in Figures 13b and 13c show that the ozone 
minima were measured at SPO, which gives an idea about the hole center. In the case 
presented in column (b), it can be noted that BLG, SPO, ARH, DCC, and DDU are in the 
zone with 𝑄௜ ≤ 220 DU. On the other hand, SYO and DDU, which are almost equally far 
from the central SPO station with about 100° angular elongations to each other, show quite 
similar ozone amounts close to 220 DU. This means these stations should be on the hole 
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edges. The ozone column at MBI and SMT is relatively high, and since at BLG it is low, it 
can be concluded that the edge of the ozone hole should pass between BLG and SMT. 
These features show a circle-like shape in the ozone hole, centered at SPO in the middle 
panel of Figure 13b, indicated by the blue zone. 

 

Figure 13. The upper row shows the distributions of daily ozone columns for three days in 2010 
along 𝐿ିସ଴. The days are indicated in the upper panels of the (a–c) columns. The ozone column 
measured at SYO is also given, arbitrarily denoting the geographical position of the station in the 
graphs. The second row represents reconstructions of the ozone hole from the ground-based meas-
urements shown by the blue areas. The third row exhibits the ozone hole for the selected days, re-
constructed from the ERA5 dataset and outlined by the white curve. 

Figure 13c gives another example of the ozone hole centered at SPO. However, in this 
case, the zone with 𝑄௜ ≤ 220 DU projected on 𝐿ିସ଴ seems quite thin. Except for SPO, 
BLG, ARH, and DCC, which lie on 𝐿ିସ଴, SYO also shows ozone values lower than 220 
DU. Since both SPO–DCC and SPO–BLG distances are almost twice as small as the dis-
tance between SPO and SYO, the ozone hole, in this case, should have an elliptical shape 
with a major axis along the SPO–SYO direction as the middle panel of Figure 13c shows. 

The upper graph in Figure 13a exhibits a case where the ozone minimum is displaced 
towards SYO, and only at BLG, SPO, DCC, and SYO is the ozone column less than 220 
DU. In this case, the arc depicted by BLG, SPO, and DCC can be assumed to outline the 
edges of the ozone hole. Accordingly, the shape and position of the hole can be presented 
by the blue ellipse in the middle panel in Figure 13a, showing a displacement to the 0°–
120° longitudinal sector. 
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The lower panels of columns (a), (b), and (c) in Figure 13 show the real shapes and 
positions of the ozone hole in the above cases represented by the ERA5 dataset. Generally 
speaking, a closeness between the reconstructed and observed holes can be noted regard-
ing the shapes, centers, and covered areas. Due to the limited information provided by 
only eight stations, the reconstructed ozone holes can be depicted just through regular 
figures like circles and ellipses. Nevertheless, these images could provide preliminary in-
formation about the areas of strong ozone depletion over Antarctica in near-real-time. 

This subsection presents some examples of the qualitative reconstruction of the ozone 
hole position and shape using ground-based measurements. The edges of the hole were 
drawn among the stations following an approximate approach that takes into account the 
ozone column measured at them. The development and usage of a more rigorous quanti-
tative methodology to perform such a reconstruction is beyond the frames of the present 
study. 

4.6. A Possible Contribution of Ground-Based Measurements to Studying Short-Term 
Pulsations in the Ozone Hole 

All the above considerations concern the daily mean ozone columns. In fact, the 
ground-based measurements are able to represent short-time ozone variations within an 
hourly timescale that could describe the diurnal fluctuations of the ozone hole shape [60–
62]. Figure 14 represents some examples of the ozone variations registered at four stations 
where measurements with high frequencies are available. The results are given in Figure 
14 by red circles. It should be noted that the measurements at DCC and SPO were carried 
out with a nearly five-minute frequency, while at BLG and SMT, the time step was about 
9 and 12 min, respectively. The hourly data taken from the ERA5 database are also shown 
in Figure 14 for comparison. Despite the general consistency between the two groups of 
time series in the left column of Figure 14, the ground-based measurements reveal 
stronger short-period dynamics in the ozone column presented by variations in 10 ÷ 20 
DU. This occurrence is better seen in the right column of Figure 14, which shows the 
higher amplitude of the ozone variations found from the ground-based observations than 
those presented by ERA5 data. For instance, the variations in the period 1–2 November at 
BLG are almost twice as intensive as those represented by ERA5. A similar occurrence can 
be noted between 9 and 10 November at SMT and between 6 and 7 November at SPO. The 
latter case, presenting variations in more than 20 DU in the ozone column within a few 
hours, is consistent with the variations reported in [62]. 
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Figure 14. Short-term variations in the ozone column presented through both ground-based obser-
vations (red circles) performed at 4 Antarctic stations indicated in the corresponding left panels and 
the ERA5 dataset (blue curve). 

It is believed that similar results could contribute to the study of short-term pulsa-
tions in the ozone hole and, thus, the development of stratospheric dynamics on an hourly 
timescale. 

5. Conclusions 
The behavior of the Antarctic ozone hole was examined by analyzing two datasets. 

The first one was composed of ground-based observations performed at 10 Antarctic sta-
tions for the months of September–December during the 2008–2022 period. The second 
dataset was extracted from the ERA5 database over a grid of 2° × 2° in both the latitude 
and longitude directions for the same period. Seven of the ten selected stations turned out 
to lie along the strip approximately depicted by the line 𝐿ିସ଴ determined through the 
−40° and 140° meridians, which have path traces observed in the past decades to shift in 
the ozone hole. A brief analysis of the considered datasets revealed smoothly varying pat-
terns with quasi-uniform gradients in the distribution of the ozone column within the 
hole. In other words, the ozone behavior within the hole was characterized by a gradual 
and quasi-homogeneous change from the center to the edges. Additionally, a certain axial 
symmetry in the ozone over zones represented by circular areas around the South Pole 
was observed, as evidenced by the notable similarity between the averages in the two 
semi-zones defined by 𝐿ିସ଴. These features suggest the possibility of approximating the 
daily zonal average ozone using the daily mean of the ozone measurements taken at var-
ious stations within the zone. To examine this possibility, the ratios between the mean 
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ozone column found from the stations’ data and the average ozone in zones defined by 
latitudes varying from 52°S to 80°S were calculated. To this end, nine patterns, composed 
from 2 to 10 stations, were adopted. It was found that each station’s pattern corresponded 
to a zone defined by a given latitude in the above interval, for which the zonal average 
ozone column could be approximated by the mean ozone derived from the stations’ meas-
urements. The accuracy of this approximation was estimated to be 5-7% at 1𝜎 and 6-8% 
at the 10th–90th percentage levels. Furthermore, ground-based observations conducted at 
various sites across the Antarctic continent facilitated a schematic reconstruction of the 
ozone hole’s shape and position. The high frequency of these measurements provided an 
opportunity to study ozone variations in both the inner regions of the hole and its edges 
on an hourly timescale. 

Generally, the quasi-homogeneous gradients in the ozone distribution within the 
Antarctic ozone hole enable the near-real-time depiction of its main spatial features and 
allow for the approximate assessment of the average ozone column in Antarctic zones 
using ground-based observations. 
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Appendix A 
To examine the possibility of using the ERA 5 data instead of ground-based meas-

urements, the daily ozone columns measured at the stations were compared with the cor-
responding values yielded from the ERA5 dataset through bilinear interpolation. Figure 
A1 shows some examples of this comparison indicating good consistency between the two 
datasets. To quantify the closeness between the two datasets, the ratio 𝑅ௌாሺ𝑡ሻ of the ozone 
column 𝑄ௌሺ𝑡ሻ measured at station 𝑆 at day 𝑡 and the corresponding ozone 𝑄ௌாሺ𝑡ሻ ex-
tracted from the ERA5 database for the same station and day were calculated. Further, 𝑅ௌாሺ𝑡ሻ was averaged over time to obtain the mean 𝑅ௌாതതതതത = mean௧ 𝑅ௌாሺ𝑡ሻ for each of the sta-

tions. Table A1 gives 𝑅ௌாതതതതത calculated for the adopted period in Section 2, together with the 
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standard deviations. The proximity of 𝑅ௌா to one with variations of about 5% indicates 
an acceptable closeness among the ground-based measurements and ERA-5 data. Hence, 
the ERA5 data could represent the stations’ ozone columns with acceptable accuracy. 

 

Figure A1. Comparison between the ozone column variations registered at three of the selected sta-
tions and corresponding ERA5 data (on the left). The right column shows the stations versus ERA5 
plots with the corresponding regression lines, slope coefficients 𝑎, intercepts 𝑏, and determination 
coefficients 𝑟ଶ. 

Table A1. Mean discrepancies between the ground-based measurements and the corresponding 
ERA5 values represented by the ratio 𝑅ௌாതതതതത. 

Station Number of Measurements 𝑹𝑺𝑬തതതതത 
PES 266 0.97 ± 0.06 
SYO 1536 0.99 ± 0.04 
ZOS 917 0.98 ± 0.04 
DDU 1643 0.98 ± 0.05 
ARH 768 1.00 ± 0.06 
DCC 926 0.98 ± 0.06 
SPO 1237 0.96 ± 0.05 
BLG 988 1.00 ± 0.06 
SMT 772 0.99 ± 0.06 
MBI 1419 0.98 ± 0.05 
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