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Abstract  The response of the ozone column across Europe to the extreme 2020 Arctic ozone depletion 
was examined by analyzing ground-based observations at 38 European stations. The ozone decrease at the 
northernmost site, Ny-Ålesund (79°N) was about 43% with respect to a climatology of more than 30 years. The 
magnitude of the decrease declined by about 0.7% deg −1 moving south to reach nearly 15% at 40°N. In addition, 
it was found that the variations of the ozone column at each of the selected stations in March-May were similar 
to those observed at Ny-Ålesund but with a delay increasing to about 20 days at mid-latitudes with a gradient 
of approximately 0.5 days deg −1. The distributions of reconstructed ozone column anomalies over a sector 
covering a large European area show decreasing ozone that started from the north at the beginning of April 
2020 and spread south. Such behavior was shown to be similar to that observed after the Arctic ozone depletion 
in 2011. Stratospheric dynamical patterns in March–May 2011 and during 2020 suggested that the migration 
of ozone-poor air masses from polar areas to the south after the vortex breakup caused the observed ozone 
responses. A brief survey of the ozone mass mixing ratios at three stratospheric levels showed the exceptional 
strength of the 2020 episode. Despite the stronger and longer-lasting Arctic ozone loss in 2020, the analysis in 
this work indicates a similar ozone response at latitudes below 50°N to both 2011 and 2020 phenomena.

Plain Language Summary  The winter polar vortex isolates a huge volume of air from external 
impacts that, in the absence of the sunlight, leads to a great deal of cooling and the formation of polar 
stratospheric clouds. Chemical reactions taking place in these clouds contribute to ozone destruction. Such 
spring-time ozone depletions are regularly observed in Antarctica, but usually do not occur in the Arctic 
where the vortex is much less intense. However, in the past three decades several similar episodes occurred in 
the Arctic and the most marked of them took place in the 2011 and 2020 springs. The response of the ozone 
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Key Points:
•	 �The 2020 ozone depletion in the 

Arctic was found to impact the ozone 
in the mid-latitude European areas

•	 �The magnitude of ozone decrease 
in the southern regions declined 
with respect to that in the Arctic and 
occurred with a delay up to 20 days

•	 �Such a response was similar to that 
observed in 2011 and both were 
considered a result of ozone-poor air 
masses transported southward
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1.  Introduction
The monitoring of ozone depletion episodes in the Antarctic that started in the early 1980s has shown their 
frequency of occurrence and intensity to be relatively stable (Farman et  al.,  1985; Solomon et  al.,  2014; 
WMO, 2018). These phenomena take place during the late austral winter and early spring over an area that covers 
practically the entire Antarctic continent. A depletion episode is initiated when a vortex forms isolating the polar 
stratosphere from the lower latitude air masses and, in the absence of solar radiation, causes a decrease in temper-
ature. When the temperature gets below the chlorine activation threshold, 𝐴𝐴 𝐴𝐴act (approximately 196 K) and causes 
the formation of polar stratospheric clouds (PSCs), the chemical destruction of ozone in the lower stratosphere 
intensifies (Crutzen & Arnold, 1986; Harris et al., 2010; Molina & Rowland, 1974; Solomon et al., 2014; Tilmes 
et al., 2006; WMO, 2010; WMO, 2018). In contrast to the Antarctic, the Arctic polar vortex is usually unstable 
due to dynamic phenomena, like Rossby waves (Hauchecorne et al., 2002; WMO, 2007). As a result, pronounced 
ozone depletion events in the Arctic have occurred only occasionally and their strengths varied appreciably 
during winter and spring (Solomon et  al.,  2007). However, several episodes similar to those observed in the 
Antarctic have taken place in the past few decades, when unusually stable polar vortices were observed in the 
springs of 1993, 1996, 1997, 2000, 2005, 2011, and 2020 (Arnone et al., 2012; Hauchecorne et al., 2002; Koch 
et al., 2004; Manney et al., 1994; Rösevall et al., 2008; WMO, 2007). Of these, the last two episodes together 
with that in 1997 were found to be extremely strong (Coy et al., 1997; Manney et al., 2011, 2020; Lawrence 
et al., 2020) as illustrated in Figure 8.

In contrast to preceding events, the 2011 Arctic vortex caused an atypically long cold period in the stratosphere 
that lasted until the end of March. Temperatures in the lower stratosphere stayed below 𝐴𝐴 𝐴𝐴act for more than 100 days 
(Manney et al., 2011). Similar to the 2011 episode, the strong polar vortex in spring 2020 also created conditions 
favorable for ozone depletion. While in 2011 the maximum ozone loss occurred at 480–500 K potential temper-
ature levels (about 19–20 km height) in 2020 ozone loss took place at 440–460 K (approximately 17–18 km). In 
this case, higher atmospheric pressure contributed to a stronger effect on the ozone column content which was 
one of the main causes leading to higher depletion in 2020 (Manney et al., 2020).

Compared to Antarctica where chemistry is considered the leading factor for ozone depletion, such a phenom-
enon in the Arctic is due to both chemistry and dynamics (Von der Gathen et  al.,  2021). Some authors 
(Strahan et  al.,  2013,  2016; Tegtmeier et  al.,  2008) argued almost equal weight of these two factors, while 
Isaksen  et al. (2012) reported only a 23% contribution of chemical ozone loss in the 2011 event, with the primary 
cause of the observed low ozone being considered the weakened transport from mid-latitudes due to the anom-
alously strong polar vortex. Owing to the enhanced role of dynamical processes on the ozone abundance in the 
Arctic stratosphere, Chipperfield and Jones (1999) assumed that future circulation changes could make the Arctic 
vortex more Antarctic-like which would significantly affect the mean winter ozone. Taken together, these results 
suggest that atmospheric dynamics would impact the ozone distribution over large areas in the northern hemi-
sphere after the vortex breakup.

The effect of the Arctic ozone depletion events on lower-latitude ozone has been studied by both model assess-
ments and analyses of the results from field measurements (Hauchecorne et al., 2002; Knudsen & Grooß, 2000; 
Koch et al., 2004; Whaley et al., 2013). Petkov et al. (2014) examined the response of the ozone column over 
Europe to the 2011 event by analyzing a set of ground-based observations and found a 15%–18% decrease in the 
ozone column compared to the mid-latitude climatology that was attributable to Arctic processes. The mid-latitude 
ozone minima occurred with a delay of about 2 weeks compared to that in the Arctic and the ozone decrease was 
viewed as a result of air mass transport in the lower stratosphere taking place after the vortex breakup. Signs of 
similar mid-latitude ozone response to the 2020 event was also observed in the ozone column evolution registered 
at six European stations distributed from the Arctic to middle latitudes (Petkov et al., 2021). The present work 

layer over Europe to the 2020 episode was studied here by analyzing the data from 38 ground measurement 
stations. It was found that there was a nearly 43% decrease in ozone in the Arctic, and, as it spread southward, 
a reduction of 15% in mid-latitudes 15–20 days later. This spread was attributed to the transport of ozone-poor 
air from the Arctic to the south after the vortex breakup. Despite the stronger depletion in 2020 and some 
differences in the movement of air, the response of the ozone layer was quite similar in the springs of both 2011 
and 2020.
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aims to perform a more detailed analysis of the ozone response to the 2020 depletion by applying the approach 
used for studying the 2011 episode. The results of such an analysis are presented and discussed in Section 3, 
while Section 4 compares the 2011 and 2020 episodes in light of air mass transport after the vortices broke down.

2.  Data Sets
The effects of Arctic ozone depletion across Europe were examined by using ozone column observations at 38 
European stations as mapped in Figure 1 and listed in Table 1. Data for 35 of the stations were taken from the 
World Ozone and Ultraviolet Data Center (WOUDC, 2020), while the measurements at Trondheim, Bergen and 
part of the results from Ny-Ålesund were provided by the Norwegian UV monitoring network that uses GUV-541 
radiometers (Svendby et al., 2021). Data from the narrow-band filter radiometer UV-RAD (Petkov et al., 2006) 
operating at Ny-Ålesund, were provided by the Institute of Polar Sciences at the Italian National Research Coun-
cil (CNR-ISP). The observations made by GUV 2511 located at Stara Zagora that were used only for the recon-
struction of ozone anomalies distribution in the spring 2020 (Figure 6) were provided by the Space Research and 
Technology Institute at the Bulgarian Academy of Sciences.

The majority of instruments in the WOUDC database are Brewer and Dobson spectrophotometers (see Table 1) 
while some of the stations are equipped with SAOZ spectrometers (Pommereau & Goutail, 1988), filter ozonom-
eters M-124 (Nerobelov et al., 2022), and Microtops II (Morys et al., 2001). All above listed instruments are well 
characterized and periodically calibrated against reference devices to provide reliable data. The review of the 
WOUDC data set made by Koukouli et al. (2015) reported a systematic difference of 0.6% between Brewer and 

Figure 1.  The geographical position of the stations considered in the present study. The dashed curves outline the sector over 
which the ozone column distribution was reconstructed (see Figure 6).
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Table 1 
The Stations That Were Taken Into Account in the Present Study, Given With Their Geographical Coordinates and 
Indication of the Corresponding Instruments and Observational Periods

N Station, country Latitude, longitude Instrument Observational period 𝐴𝐴 Δ𝑇𝑇𝑆𝑆

1 Ny-Ålesund, Norway 78°55′ N, 11°55′ E Dobson Beck 008 1966–1968

1995–1997

Brewer MKIV 050 2007–2009

2013–2020

GUV-541 1995–2020

SAOZ 1991–2020

UV-RAD 2008–2020

2 Andøya, Norway 69°18′N, 16°00′E Brewer MKIII 104 2000–2020

3 Sodankylä, Finland 67°22′ N, 26°37′ E SAOZ 1990–2020

Brewer MKII 037 1988–2010

4 Vindeln, Sweden 64°14′ N, 19°46′ E Brewer MKII 006 1996–2020

Dobson Beck 030 1991–2020

5 Trondheim, Norway 63°25′ N, 10°24′ E GUV-541 1996–2020

6 Bergen, Norway 60°23′ N, 5°20′ E GUV-541 1996–2020

7 Lerwick, UK 60°08′ N, 01°11′ W Dobson Beck 007 1952–1966

Dobson Beck 032 1968–2014

2016–2020

Dobson Beck 035 1994–1998

Dobson Beck 041 2007–2014

2016–2017

8 Saint Petersburg, Russia 59°57′ N, 30°42′ E Filter M-83 1973–1984

Filter M-124 1985–2015

2017–2020

9 Oslo, Norway 59°56′ N, 10°43′ E Brewer MKV 042 1990–2020

Dobson Beck 056 1969–1998

10 Norrköping, Sweden 58°35′ N, 16°09′ E Brewer MKIII 128 1996–2020

Brewer MKII 006 1988–1996

11 Moscow, Russia 55°45′ N, 37°34′ E Dobson Beck 107 1991–2004

Filter M-124 1984–2004

2014–2020

Filter M-83 1973–1984

Obninsk, Russia 55°07′ N, 36°18′ E Brewer MKII 044 1996–2001

2004–2007

2009–2016

12 Kaunas, Lithuania 54°31′ N, 23°32′ E Brewer MKIII 219 2018–2020

Filter M-124 1993–2018

13 Manchester, UK 53°29′ N, 02°14′ W Brewer MKIII 172 2000–2020

14 De Bilt, Netherlands 52°06′ N, 05°11′ E Brewer MKIII 100 1994–2006

Brewer MKIII 189 2006–2020

15 Belsk, Poland 51°50′ N, 20°47′ E Brewer MKII 064 1994–2005

Dobson 084 1963–2020
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Table 1 
Continued

N Station, country Latitude, longitude Instrument Observational period 𝐴𝐴 Δ𝑇𝑇𝑆𝑆

16 Valentia, Ireland 51°56′ N, 10°15′ W Brewer MKIII 227 2016–2020

Brewer MKIV 088 1993–2020

17 Reading, UK 51°27′ N, 00°56′ W Brewer MKIV 075 2002–2020

Brewer MKII 126 2010–2011

18 Uccle, Belgium 50°48′ N, 04°21′ E Brewer MK III 178 2001–2020

Brewer MK III 100 2010, 2020

Brewer MK II 016 1983–2020

Dobson 040 1952–2009

19 Hradec Kralove, Czech Republic 50°06′ N, 15°50′ E Brewer MK III 199 2020

Brewer MK III 184 2004–2020

Brewer MK IV 098 1994–2020

Dobson 084 1961–2020

20 Diekirch, Luxembourg 49°52′ N, 06°10′ E Microtops II 5375 2003–2020

Microtops II 1383, 3,012 2001–2003

21 Poprad-Ganovce, Slovakia 49°02′ N, 20°19′ E Brewer MK IV 097 1993–2020

22 Paris, France 48°50′ N, 02°21′ E SAOZ 2005–2020

23 Hohenpeißenberg, Germany 47°48′ N, 11°01′ E Brewer MK II 010 1984–2020

Dobson 104 1967–2020

24 Budapest-Lorinc, Hungary 47°26′ N, 19°11′ E Brewer MKII 152 1999–2020

Dobson 110 1970–1998

M-83 1967–1969

25 Chişinău, Moldova 47°00′ N, 28°49′ E Microtops II 7351 2003–2020

26 Arosa, Switzerland (these 
instruments have been 

operating in Davos after 
2013)

46°47′ N, 09°41′ E Dobson Beck 002 1926–1929

1932–1949

Dobson Beck 015 1949–1986

Dobson Beck 101 1986–2013

Brewer MKII 040 1988–2013

Davos, Switzerland 46°48′ N, 09°50′ E Brewer MKIII 163 2014–2020

27 Aosta, Italy 45°42′ N, 07°22′ E Brewer MKIV 066 2007–2020

28 Feodosiya, Ukraine 44°32′ N, 35°07′ E Filter M-83 1973–1980

Filter M-124 1984–1995

1998

2019–2020

29 Haute Provence, France 43°56′ N, 05°42′ E Dobson 085 1983–2018

SAOZ 1992–2020

30 La Coruña, Spain 43°20′ N, 08°28′ W Brewer MKIV 151 1999–2014

Brewer MKIV 070 2009–2014

2017–2020

31 Stara Zagora, Bulgaria a 42°26′N, 25°38′E GUV 2511 2015–2020

32 Rome University, Italy 41°54′ N, 12°31′ E Brewer MKIV 067 1992–2020

33 Zaragoza, Spain 41°38′ N, 00°55′ W Brewer MKIV 166 2000–2020

34 Thessaloniki, Greece 40°31′ N, 22°58′ E Brewer MKII 005 1982–2020
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Dobson instruments that can increase to 2% in winter months. A comparison among Brewer and Dobson records 
at the stations in Table 1 equipped with both devices showed a bias of 1%. A similar comparison between Dobson 
and SAOZ, carried out at Haute Provence gives a discrepancy of 1%, while at Sodankylӓ and Ny-Ålesund the 
difference between Brewer and SAOZ was found to be 3% and 1% respectively. In the framework of an intercom-
parison campaign GUV and UV-RAD operating at Ny-Ålesund showed discrepancies of no more than 3% with 
respect to Brewer (Petkov et al., 2019). The harmonized data set of the Norwegian GUV network showed a bias 
of 0.3% with respect to Brewers that could vary up to 2% (Svendby et al., 2021). The filter ozonometer M-124 
used in Saint Petersburg showed no bias with respect to Dobson measurements (Nerobelov et al., 2022) while a 
similar comparison made at Moscow (Table 1) indicates a discrepancy of 2%.

Time series at the selected stations are a result of long-term, routine observations with relatively few breaks. A 
significant gap of data was found at Moscow, where measurements between 2004 and 2013 are absent. This time 
interval can be covered by the data from Obnisk that is about 100 km from Moscow; at such distances corre-
sponding ozone columns are highly correlated (Bojkov & Fioletov, 1995). In fact, the bias of the data provided 
by the Brewer at Obnisk and the Dobson at Moscow for the period of their simultaneous working was estimated 
to be 1% while the discrepancy between the same Brewer and M-124 at Moscow was 3%. These deviations are 
very close to the usual biases among the instruments that allows us to unite the data of both the stations. A similar 
interruption of the measurements occurred at Arosa, where the observations after 2013 were relocated to Davos. 
However, in this case the distance between two sites is only about 10 km (Gröbner et al., 2021).

To investigate the evolution of the ozone and dynamic processes in the stratosphere during the springs of 2011 
and 2020, geopotential height, daily ozone column, and monthly mean ozone mass mixing ratios at 100 hPa, 
50 hPa, and 30 hPa were considered. These data were provided by the ERA-5 reanalyses performed by the Euro-
pean Center for Medium-Range Weather Forecasts (ECMWF, 2021) for the period from 1979 to 2020.

The goals of the present work were pursued through statistical analysis of the above data sets by introducing 
appropriate parameters and the results are presented in the following sections.

3.  Response of the Ozone Column Over Europe to the 2020 Arctic Depletion
The behavior of the ozone column in Europe in spring 2020 was studied by analyzing the long-term records 
obtained from the stations in Figure 1 and Table 1. The reduction in the ozone amount associated with the Arctic 
depletion was characterized by the relative ozone loss and its duration, both determined at each of the stations. 
In addition, the distributions of daily ozone anomalies with respect to the corresponding climatological levels 
over the sector indicated in Figure 1 were reconstructed for April and May in order to give an overview of the 
European ozone response to the 2020 Arctic event.

3.1.  Characteristics of the Ozone Column Variations at the Selected Stations

Similar to the approach followed by Petkov et al. (2014), the relative ozone column variations 𝐴𝐴 𝐴𝐴𝑆𝑆𝑆𝑆𝑆 (𝑡𝑡𝐷𝐷) at the 
station 𝐴𝐴 𝐴𝐴 placed at latitude 𝐴𝐴 𝐴𝐴 and longitude 𝐴𝐴 𝐴𝐴 for a day 𝐴𝐴 𝐴𝐴𝐷𝐷 of year Y were calculated as

𝑅𝑅𝑆𝑆𝑆𝑆𝑆 (𝑡𝑡𝐷𝐷) =
𝑄𝑄𝑆𝑆𝑆𝑆𝑆 (𝑡𝑡𝐷𝐷)

𝑄𝑄𝑆𝑆 (𝑡𝑡𝐷𝐷)
,� (1)

Table 1 
Continued

N Station, country Latitude, longitude Instrument Observational period 𝐴𝐴 Δ𝑇𝑇𝑆𝑆

35 Madrid, Spain 40°27′ N, 03°43′ W Brewer MKIV 070 1991–2016

Brewer MKIV 186 2008–2020

36 Murcia, Spain 38°00′ N, 01°10′ W Brewer MKIV 117 1995–2020

37 Athens, Greece 37°59′ N, 23°47′ E Brewer MKIV 001 2003–2020

38 El Arenosillo, Spain 37°06′ N, 06°44′ W Dobson Beck 120 1976–2014

Brewer MKIII 150 2000–2020

 aThe data were used only to reconstruct of the ozone distribution in 2020 (Figure 6).
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where 𝐴𝐴 𝐴𝐴𝑆𝑆𝑆𝑆𝑆 (𝑡𝑡𝐷𝐷) is the daily mean ozone column. The denominator 𝐴𝐴 𝐴𝐴𝑆𝑆 (𝑡𝑡𝐷𝐷) represents the median 𝐴𝐴 𝐴𝐴𝑆𝑆𝑆𝑆𝑆 (𝑡𝑡𝐷𝐷) found 
at station 𝐴𝐴 𝐴𝐴 for the same day 𝐴𝐴 𝐴𝐴𝐷𝐷 of all the years 𝐴𝐴 𝐴𝐴  pertaining to the observational period 𝐴𝐴 Δ𝑇𝑇𝑆𝑆 given in Table 1. 
The assessment of 𝐴𝐴 𝐴𝐴𝑆𝑆 (𝑡𝑡𝐷𝐷) used all data from a station 𝐴𝐴 𝐴𝐴 , excluding only the years found to have relatively strong 
Arctic ozone depletions (1997, 2011 and 2020, see Section 1). The ratio 𝐴𝐴 𝐴𝐴𝑆𝑆𝑆𝑆𝑆 (𝑡𝑡𝐷𝐷) expresses the ozone column 
changes at a certain location with respect to the average ozone level at the same location. In the large latitudinal 
range considered in the present analysis these average levels are usually different for different latitudes as Figure 8 
illustrates for 1979 and 2019 which present the usual ozone behavior. Thus, the ratios 𝐴𝐴 𝐴𝐴𝑆𝑆𝑆𝑆𝑆 (𝑡𝑡𝐷𝐷) were considered 
to secure a more realistic comparison among the ozone variations registered at the stations given in Figure 1. The 
biases among the different instruments operating at some of the stations, reported in Section 2 were assumed to 
be of minor importance in the present analysis.

Figure 2 presents time patterns of 𝐴𝐴 𝐴𝐴𝑆𝑆𝑆𝑆𝑆 (𝑡𝑡𝐷𝐷) evaluated for several stations at different latitudes. To better illustrate 
the behavior of the 2020 ozone evolution, the 95% confidence interval of 𝐴𝐴 𝐴𝐴𝑆𝑆𝑆𝑆𝑆 (𝑡𝑡𝐷𝐷) obtained for all the years 

𝐴𝐴 𝐴𝐴 ∈ Δ𝑇𝑇𝑆𝑆 at each of the stations is indicated by the corresponding 2.5th and 97.5th percentile curves, smoothed 
by a running average procedure. As can be seen in Table 1 the time series at different stations have different 
lengths with predominant durations of 20–25 years. It is expected that such a difference in the time series lengths 
could impact the behavior of ratio 𝐴𝐴 𝐴𝐴𝑆𝑆𝑆𝑆𝑆 (𝑡𝑡𝐷𝐷) . To examine this possibility, the median 𝐴𝐴 𝐴𝐴𝑆𝑆 (𝑡𝑡𝐷𝐷) was calculated for 
the period 2000–2019 at several stations characterized by significantly long records and the ratio found for this 
median was compared with the corresponding ratio 𝐴𝐴 𝐴𝐴𝑆𝑆𝑆𝑆𝑆 (𝑡𝑡𝐷𝐷) found for the whole period 𝐴𝐴 ∆𝑇𝑇𝑆𝑆 . These evaluations 
were performed for Arosa/Davos, Belsk, Hohenpeissenberg, Uccle and Hradec Kralove and the results are shown 
in Figure 2. It can be concluded that 𝐴𝐴 𝐴𝐴𝑆𝑆 (𝑡𝑡𝐷𝐷) evaluated for the past 20-year period also provides a realistic assess-
ment of the 𝐴𝐴 𝐴𝐴𝑆𝑆𝑆𝑆𝑆 (𝑡𝑡𝐷𝐷) behavior.

In Figure  2a the left and right columns represent stations that depict two different paths both starting from 
the polar region and following the western and eastern bounds of the selected area to finish at mid-latitudes. 
Figure 2b further illustrates the ozone evolution at additional sites at latitudes between 42°N and 60°N. As can be 
seen from Figure 2a, the ozone column dropped by about 45% at the northernmost station Ny-Ålesund in 2020. 
Ozone started to decrease from the middle of March and the minimum occurred at the beginning of April main-
taining this low level for the next 2 weeks. A rapid recovery started in the middle of the month and after slight 
oscillations the ozone returned to within its climatological range in early May although ozone remained close to 
the 2.5th percentile until July with sporadic minima below this bound. The period 𝐴𝐴 ∆𝑡𝑡𝑁𝑁𝑁𝑁𝑁𝑁 between the approximate 
initial date of the ozone decrease episode at Ny-Ålesund, 15 March, and the day when the ozone returned to the 
normal values, 5 May, is indicated by vertical dashed lines; both lines are extrapolated to all the stations presented 
in Figure 2. The figure shows the appearance of 𝐴𝐴 𝐴𝐴𝑆𝑆𝑆2020(𝑡𝑡𝐷𝐷) minima during the period of extreme Ny-Ålesund 
ozone reduction occurring at lower latitude stations. Such minima are lower than or very close to the 2.5th percen-
tiles of the corresponding stations and the deepest decrease in the ozone column observed at a station 𝐴𝐴 𝐴𝐴 can be 
evaluated in percent as:

𝑄𝑄min(𝑆𝑆) = min
𝑡𝑡𝐷𝐷

[

(1 −𝑅𝑅𝑆𝑆𝑆𝑆𝑆 (𝑡𝑡𝐷𝐷)) × 100
]

� (2)

with 𝐴𝐴 𝐴𝐴𝐷𝐷 ∈ ∆𝑡𝑡𝑁𝑁𝑁𝑁𝑁𝑁 . In reality, the ozone column can be a subject of sharp day-to-day variations that would lead 
to unrealistic assessment of 𝐴𝐴 𝐴𝐴min(𝑆𝑆) and to avoid such an effect the 𝐴𝐴 𝐴𝐴𝑆𝑆𝑆𝑆𝑆 (𝑡𝑡𝐷𝐷) curves were smoothed through a 
running average approach applied with a 5-day window before evaluations according to Equation 2. Figure 3 
exhibits the patterns of 𝐴𝐴 𝐴𝐴min(𝑆𝑆) as a function of the station latitude 𝐴𝐴 𝐴𝐴 using data from all stations. Since the 
distance between the northernmost station and the other ones below 70°N is appreciably large (see Figure 1), a 
lack of observational points can be noted in this area. To fill this gap, 𝐴𝐴 𝐴𝐴𝑆𝑆𝑆𝑆𝑆 (𝑡𝑡𝐷𝐷) curves were constructed using 
ERA-5 data sets for the 2000–2020 period and minima 𝐴𝐴 𝐴𝐴min(𝑆𝑆) were calculated for several points located on 
the same meridian as Ny-Ålesund station (12°E) and distributed from 77°N to 65°N as Figure 3 shows. It worth 
noting the good fitting of this points among those obtained from the ground observations. In addition, the best fit 
lines of the 𝐴𝐴 𝐴𝐴min(𝜑𝜑) values is also presented in Figure 3 to outline the tendency of the minima. It can be seen that 
the depth of the ozone minima gradually decreased from about 43% in the Arctic to nearly 15% at 40°N. Such a 
decrease in ozone column causes a corresponding increase in the surface solar ultraviolet irradiance. For instance, 
it was found that the 2020 ozone depletion resulted in about 75% enhancement of the erythemal radiation in 
the Arctic in March and contributed to approximately 18% increase at Aosta (46°N), Italy in May (Bernhard 
et al., 2020; Petkov et al., 2021).
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Figure 2.  (a) Examples of the ratios 𝐴𝐴 𝐴𝐴𝑆𝑆𝑆2020(𝑡𝑡𝐷𝐷) and 𝐴𝐴 𝐴𝐴𝑆𝑆𝑆2011(𝑡𝑡𝐷𝐷) calculated for some of the selected stations, which are placed 
on two different north-south paths in Europe represented by the left and right columns, respectively (see Figure 1). (b) 
Additional examples of the ratios 𝐴𝐴 𝐴𝐴𝑆𝑆𝑆2020(𝑡𝑡𝐷𝐷) and 𝐴𝐴 𝐴𝐴𝑆𝑆𝑆2011(𝑡𝑡𝐷𝐷) calculated for several other stations in the central Europe. The 
yellow curves in the Arosa/Davos and Belsk panels in (a), and in the Hohenpeissenberg, Uccle and Hradec Kralove panels in 
(b) show the ratio 𝐴𝐴 𝐴𝐴𝑆𝑆𝑆2020(𝑡𝑡𝐷𝐷) assessed by using climatological evolution 𝐴𝐴 𝐴𝐴𝑆𝑆 (𝑡𝑡𝐷𝐷) in Equation 1 calculated over the period from 
2000 to 2019. The gray zones show the 95% confidence intervals of 𝐴𝐴 𝐴𝐴𝑆𝑆𝑆𝑆𝑆 (𝑡𝑡𝐷𝐷) with 𝐴𝐴 𝐴𝐴 ∈ Δ𝑇𝑇𝑆𝑆 bounded by the smoothed curves 
of the 2.5th and 97.5th percentiles, and the horizontal dashed lines indicate 𝐴𝐴 𝐴𝐴𝑆𝑆𝑆𝑆𝑆 (𝑡𝑡𝐷𝐷) = 1 . The vertical dashed lines show 
the period of ozone decrease episode 𝐴𝐴 ∆𝑡𝑡𝑁𝑁𝑁𝑁𝑁𝑁 at Ny-Ålesund, in 2020 (from 15 March to 5 May), and extrapolated to all other 
stations.
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Figure  2 shows that the ozone column reached a minimum at all stations 
by the beginning of April 2020 and after that returned to the correspond-
ing climatological levels, a behavior that is quite similar to that observed 
at Ny-Ålesund. The next subsection discusses such a behavior of the ozone 
column observed at the sites selected in Table 1 during the spring of 2020.

3.2.  Occurrence of the 2020 Ozone Column Decrease at Different 
Latitudes

A timeshift of the decreasing ozone phase can be seen moving south from 
the northernmost site in Figure  2. In fact, while the decrease of ozone at 
Ny-Ålesund occurred in the second half of March, a similar decrease started 
at the beginning of April in Madrid and Hradec Kralove, for instance. To 
study such a delay of the ozone decline episodes in southern Europe, the 
cross-correlation function (CCF) between time patterns of the relative ozone 
variations 𝐴𝐴 𝐴𝐴𝑁𝑁𝑁𝑁𝑁𝑁𝑁2020(𝑡𝑡𝐷𝐷) at Ny-Ålesund and 𝐴𝐴 𝐴𝐴𝑆𝑆𝑆2020(𝑡𝑡𝐷𝐷) at each of the other 
stations was evaluated for the period March-May 2020. This is shown in 
Figure 4, where four sites separated by about 10° latitude from each other 
were selected for illustration and the time series presenting 𝐴𝐴 𝐴𝐴𝑁𝑁𝑁𝑁𝑁𝑁𝑁2020(𝑡𝑡𝐷𝐷) 
and 𝐴𝐴 𝐴𝐴𝑆𝑆𝑆2020(𝑡𝑡𝐷𝐷) are shown in the left column. The corresponding CCFs are 
given on the right in Figure 4 and the lags 𝐴𝐴 ∆𝑡𝑡𝐷𝐷 of their maxima determine 
the delays 𝐴𝐴 𝐴𝐴𝐷𝐷(𝑆𝑆) of the ozone reduction episode at station 𝐴𝐴 𝐴𝐴 relative to that 
at Ny-Ålesund. The 𝐴𝐴 𝐴𝐴𝐷𝐷 -shifted curves, 𝐴𝐴 𝐴𝐴𝑆𝑆𝑆2020(𝑡𝑡𝐷𝐷 − 𝜏𝜏𝐷𝐷(𝑆𝑆)) , at the stations 
presented in the left column of Figure  4, and 𝐴𝐴 𝐴𝐴𝑁𝑁𝑁𝑁𝑁𝑁𝑁2020(𝑡𝑡𝐷𝐷) are noticeably 

Figure 3.  Percentage of the decrease in ozone column 𝐴𝐴 𝐴𝐴min(𝑆𝑆) estimated 
through Equation 2 that occurred at each of the considered stations 𝐴𝐴 𝐴𝐴 located 
at latitude 𝐴𝐴 𝐴𝐴 in 2020 (red circles) during the period 𝐴𝐴 ∆𝑡𝑡𝑁𝑁𝑁𝑁𝑁𝑁 (see Figure 2). 
Analogous minima found for 2011 (blue circles) are also given for comparison. 
Open triangles show 𝐴𝐴 𝐴𝐴min(𝜑𝜑) found from ERA-5 data set by following the 
same approach for 2020 (pink) and 2011 (cyan). Dashed lines represent linear 
best fits for 2020 (red) and 2011 (blue) with correlation coefficients 0.93 and 
0.94, respectively. The corresponding equations are 𝐴𝐴 (0.72 ± 0.04)𝜑𝜑 − 16.3 and 

𝐴𝐴 (0.71 ± 0.04)𝜑𝜑 − 15.0 ; the slope coefficients are given with their standard 
deviations.

Figure 4.  The panels in the left column compare the March-May behavior of the ratio 𝐴𝐴 𝐴𝐴𝑁𝑁𝑁𝑁𝑁𝑁𝑁2020(𝑡𝑡𝐷𝐷) (gray curves) calculated 
for Ny-Ålesund with the ratios 𝐴𝐴 𝐴𝐴𝑆𝑆𝑆2020(𝑡𝑡𝐷𝐷) (thick dark red curves) for the station 𝐴𝐴 𝐴𝐴 , scaled by the corresponding right 
ordinate axes. The right column exhibits CCFs between each of the pairs 𝐴𝐴 𝐴𝐴𝑁𝑁𝑁𝑁𝑁𝑁𝑁2020(𝑡𝑡𝐷𝐷) and 𝐴𝐴 𝐴𝐴𝑆𝑆𝑆2020(𝑡𝑡𝐷𝐷) that determine the 
corresponding delays 𝐴𝐴 𝐴𝐴𝐷𝐷(𝑆𝑆) (the time lag 𝐴𝐴 ∆𝑡𝑡𝐷𝐷 of the CCF maximum), which are given in the left panels at the same rows. The 
ratios 𝐴𝐴 𝐴𝐴𝑆𝑆𝑆2020(𝑡𝑡𝐷𝐷 − 𝜏𝜏𝐷𝐷(𝑆𝑆)) shown by the thin red curves are the ratios 𝐴𝐴 𝐴𝐴𝑆𝑆𝑆2020(𝑡𝑡𝐷𝐷) shifted to the left by 𝐴𝐴 𝐴𝐴𝐷𝐷(𝑆𝑆) as schematically 
indicated by the arrows. The names and latitudes of the selected stations are given in the right column.
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similar. In other words, the ozone reduction episode at each station is repre-
sentative of the reduction episode that occurred in the Arctic, but with a time 
delay and reduced amplitude.

The right column in Figure  4 shows a gradual displacement of the CCF 
maxima to larger lags for low-latitude sites, that is, an increase in the delays 

𝐴𝐴 𝐴𝐴𝐷𝐷(𝑆𝑆) . At the same time, the maxima of CCFs decrease when moving south; 
this can be attributed to changes in the shape of 𝐴𝐴 𝐴𝐴𝑆𝑆𝑆2020(𝑡𝑡𝐷𝐷) curves due to 
increase in the ozone column minima as Figure 3 shows. On the other hand, 
the features of regional atmospheric dynamics modulate additional short-
term variations that also contribute to the decrease in the CCFs maxima. 
However, the decreasing and recovering phases of the episode within the 
period 𝐴𝐴 ∆𝑡𝑡𝑁𝑁𝑁𝑁𝑁𝑁 observed at Ny-Ålesund can be recognized also in the southern 
stations with the corresponding delays 𝐴𝐴 𝐴𝐴𝐷𝐷(𝑆𝑆) . These delays together with the 
maxima of CCFs were estimated for each of the stations and are given as a 
function of the corresponding station latitude 𝐴𝐴 𝐴𝐴 in Figure 5. It is seen that 
the ozone over the 60°N–70°N region responded to the Arctic depletion with 
a delay of no more than 5 days, while the equivalent delay was from 5 to 
15 days for the area between 45°N and 60°N. A delay ranging between 17 
and 23 days was estimated for the stations below 45°N. An unusually high 
delay 𝐴𝐴 𝐴𝐴𝐷𝐷(𝑆𝑆) was determined for Feodosiya and La Coruña as Figure 5 shows. 
A similar large value characterized the analogous delay 𝐴𝐴 𝐴𝐴𝐷𝐷(𝑆𝑆) at Chişinău in 
2011. These anomalous deviations can be accounted for by regional features 
of troposphere-stratosphere coupling that could affect the ozone evolution 
especially since the stations are placed in contrasting areas; two of them are 

Figure 5.  Delays 𝐴𝐴 𝐴𝐴𝐷𝐷(𝑆𝑆) of the ozone column time patterns observed at 
each station in spring 2020 relative to Ny-Ålesund, as a function of the 
station latitudes 𝐴𝐴 𝐴𝐴 . The value of the CCF maximum is represented in colors 
determined by the scale in the graph. Analogous delays calculated for 2011 are 
also presented for comparison. The 𝐴𝐴 𝐴𝐴𝐷𝐷(𝑆𝑆) for La Coruña (L) and Feodosiya 
(F) in 2020, and for Chişinău (C) in 2011 that were found to largely deviate 
from the common trend are also indicated. Linear best fit approximations are 
presented by solid for 2020 and dashed for 2011 lines. The corresponding 
equations are 𝐴𝐴 − (0.59 ± 0.06)𝜑𝜑 + 40.2 and 𝐴𝐴 − (0.48 ± 0.01)𝜑𝜑 + 38.5 with 
correlation coefficients 0.86 and 0.63; the slope coefficients are given with 
their standard deviations and the above points L, F and C were excluded from 
the estimations.

Figure 6.  The distribution of the ozone column anomalies reconstructed over the European sector outlined in Figure 1 for April (left graph) and May (on the right 
graph) 2020. Each panel represents the daily anomalies and the upper left panel in both graphs corresponds to 1 April/May followed by 2 April/May in the same row 
and so on until 5 April/May. The second row starts with 6 April/May and following this order, the lower right panel exhibits the ozone distribution on 30 April/May. 
Numbers between the two graphs give the day associated with the first panels in the corresponding rows for April and May. Anomaly rates are determined by the color 
scale in Dobson Units (1 DU = 10 −3 atm. cm = 𝐴𝐴 2.69×10

16  mol/cm 2).
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in coastal zones and Chişinău is close to the Carpathian Mountains and to the Black Sea. Figure 5 also presents 
the latitudinal tendency of 𝐴𝐴 𝐴𝐴𝐷𝐷(𝑆𝑆) through a linear best fit.

The similarity between the relative ozone variations observed in the Arctic during the period of strong ozone 
depletion and the corresponding variations seen with gradually increasing delays southward allows a causal link 
to be made between the directly observed Arctic ozone depletion and reductions in the ozone column far to the 
south. While this effect weakens as it moves south, as Figures 3 and 5 indicate, it still remained detectible in the 
descent of the April minima in 𝐴𝐴 𝐴𝐴𝑆𝑆𝑆𝑆𝑆 (𝑡𝑡𝐷𝐷) below the 2.5th-percentile level in Figure 2.

3.3.  Distribution of the Variations in Ozone Column Over Central Europe During the Spring 2020

The above analysis dealt with the latitudinal features of the ozone column response in Europe to the Arctic deple-
tion episode. To give a more general picture of the ozone behavior in Europe, the distribution of its variation 
was reconstructed over a sector bounded by longitudes 10°W and 30°E and latitudes 35°N and 70°N (shown in 
Figure 1). The sector was covered by a grid of 5° resolution in both latitude and longitude and the ozone column 
at each of the grid points was evaluated by applying the Shepard (1968) interpolation approach as was made by 
Petkov et al. (2014) for studying the effect of the 2011 Arctic phenomenon. Following the Shepard method, the 
daily ozone column 𝐴𝐴 𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (𝑡𝑡𝐷𝐷) at the grid point 𝐴𝐴 (𝑚𝑚𝑚 𝑚𝑚) placed at latitude 𝐴𝐴 𝐴𝐴 and longitude 𝐴𝐴 𝐴𝐴 , is determined for year 

𝐴𝐴 𝐴𝐴  as a weighted average:

𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (𝑡𝑡𝐷𝐷) =

𝑁𝑁
∑

𝑠𝑠=1

𝑄𝑄𝑆𝑆𝑆𝑆𝑆 (𝑡𝑡𝐷𝐷)
(

𝑟𝑟
𝑚𝑚𝑚𝑚𝑚

𝑠𝑠

)−2

𝑁𝑁
∑

𝑠𝑠=1

(

𝑟𝑟
𝑚𝑚𝑚𝑚𝑚

𝑠𝑠

)−2

,� (3)

where 𝐴𝐴 𝐴𝐴 is the number of the stations considered in the present analysis, 𝐴𝐴 𝐴𝐴𝑆𝑆𝑆𝑆𝑆 (𝑡𝑡𝐷𝐷) is the daily value of the ozone 
column measured at the station 𝐴𝐴 𝐴𝐴 identified by a corresponding number in the first column of Table 1 and 𝐴𝐴 𝐴𝐴

𝑚𝑚𝑚𝑚𝑚

𝑠𝑠  is 
the mutual distance between the grid point 𝐴𝐴 (𝑚𝑚𝑚 𝑚𝑚) and station 𝐴𝐴 𝐴𝐴 . This distance (in km) was determined by applying 
the Lambert (1942) formula to the World Geodetic System 1984 spheroid (WGS84, 2000). This interpolation 
approach was considered to provide reliable assessments taking into account relatively homogeneous covering 
of the European area by stations (see Figure 1) and high correlation distances of the ozone column (Bojkov & 
Fioletov, 1995).

Both ozone distributions of 𝐴𝐴 𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚2020(𝑡𝑡𝐷𝐷) for 2020 and climatological ozone columns 𝐴𝐴 𝐴𝐴𝑚𝑚𝑚𝑚𝑚(𝑡𝑡𝐷𝐷) were calculated 
through Equation 3. The second parameter was computed by inserting the median ozone amount 𝐴𝐴 𝐴𝐴𝑆𝑆 (𝑡𝑡𝐷𝐷) defined 
for Equation 1 instead of 𝐴𝐴 𝐴𝐴𝑆𝑆𝑆𝑆𝑆 (𝑡𝑡𝐷𝐷) . Maps of the ozone column anomalies 𝐴𝐴 𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚2020(𝑡𝑡𝐷𝐷) −𝑄𝑄𝑚𝑚𝑚𝑚𝑚(𝑡𝑡𝐷𝐷) constructed 
for the sector given in Figure 1 and the days of April and May 2020 are shown in Figure 6. It is seen that an 
ozone-poor area started to penetrate from the north at the beginning of April 2020 and rapidly spread all over 
the remaining sector by 23 April. During this period, the ozone column was between 50 and sometimes more 
than 100 DU lower with respect to the climatological mean values. During the last days of April 2020, the ozone 
column came close to the average level but areas with low amounts—predominantly in the south—persisted also 
in May. In fact, Figure 5 shows a 15 to 20-day delay of ozone reduction at the stations below 50°N with respect 
to the Arctic and taking into account the end of the episode in Ny-Ålesund (about 5 May) indicated in Figure 2, 
it can be concluded that the similar end at mid-latitudes should occur in the second half of May. Hence, in terms 
of the considered approach, it could be assumed that the ozone decrease in southern Europe in May 2020 is an 
echo of the Arctic episode.

4.  Comparison Between the 2011 and 2020 Arctic Ozone Depletions and Their Effect 
on Mid-Latitude Ozone
As pointed out in Section 1, the 2020 Arctic ozone depletion was preceded by several similar episodes, the last of 
which occurred in 2011. This section aims to outline the evolution of 2011 and 2020 Arctic vortices, to compare 
the strengths of ozone depletions caused by them and to compare the responses of ozone column in Europe to 
both Arctic episodes.
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4.1.  Features of the 2011 and 2020 Polar Vortices and Behavior of Stratospheric Ozone

Since atmospheric dynamics is assumed to play an important role in Arctic ozone depletion episodes, dynamic 
processes are expected to have significant importance for the ozone distribution in the northern hemisphere after 
the breakup of the vortices. With that in mind, this section briefly reviews features of the Arctic stratospheric 
conditions in the springs of 2011 and 2020 according to the ERA-5 data set (ECMWF, 2021) by juxtaposing 
the distributions of anomalies in ozone column and geopotential height Z at 50-hPa isobaric surface (Z50). The 
anomalies are referred to the 1981–2010 period. The second parameter was considered to represent the evolution 
of stratospheric polar vortex that is the main driver in the early spring stratosphere dynamics. The comparison 
was made by using Hovmöller diagrams (Hovmöller, 1949) computed for the 40°N–60°N latitude interval during 
the period from 1 March to 20 May for 2011 and 2020 (Figures 7a and 7b, respectively). Over Europe, this 
area includes most of the ozone measurement stations considered in this work and shown in Figure 1. Also, to 
complement the zonal evolution given by the Hovmöller diagrams, time-latitude diagrams were computed for 
the same period of 2011 (Figure 7c) and 2020 (Figure 7d) averaging the cprresponding fields on the 10°W–30°E 
longitudinal belt that corresponds to the selected sector in Figure 1. These diagrams show the meridional evolu-
tion from 80° to 40° N latitude over the European area of interest.

After a minor warming lasting for about one week at the beginning of February 2011, in March the polar vortex 
had largely recovered its strength and pole-centered position, resulting in a significant small-sizes vortex for the 
period (Kuttippurath et al., 2012). In this phase, the temperature was unusually low (Hurwitz et al., 2011), enough 
to form polar stratospheric clouds and, as a result, to cause a severe ozone loss (Pommereau et al., 2013). Also, 

Figure 7.  The first column represents the longitude-time Hovmöller diagrams of the ozone column anomalies evaluated 
by averaging over the 40°N–60°N latitude range and all longitudes for 2011 (a) and 2020 (b). The second column 
gives time-latitude diagrams for the anomalies estimated within 10°W–30°E longitude range for 2011 (c) and 2020 (d), 
respectively. In each panel the anomalies of geopotential height at 50 hPa level are also shown with dashed isolines for 
negative values and solid for the positive values indicated in both cases by the numbers.
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the vortex strengthening during February-March limited the dynamical dilution with higher-ozone extra-vortex 
air masses, reinforcing the feedback between cold temperatures and chemical ozone depletion in the following 
weeks (Hu & Xia, 2013; Manney et al., 2011).

Although the vortex underwent little deformation, in the second half of March 2011 it started to migrate from 
the Arctic to the Siberian mid-latitudes where it dissipated after the final warming in April. Figure 7a shows 
that a predominant signature of the vortex appears over Europe, south of 60°N, during the last third of March: 
a wide area of negative Z50 anomalies is co-located with a negative ozone column anomaly that peaks over 
central-western Europe. As shown in Figure 7c, during that period this area was affected by a southward advec-
tion of low-ozone airmasses whose minimum values reached a latitude of 40°N between 31 March and the 
first days of April. This result is consistent with the observational data recorded at Madrid and Rome shown in 
Figure 2. Although the main negative Z50 anomaly shifted eastward in the following days, as seen in Figure 7a, 
low values of ozone concentration still affected Western Europe at the beginning of April, while Z50 exhib-
ited weak positive anomalies (see for instance the Madrid station in Figure 2a). This indicates that, despite the 
shorter-scale dynamical evolution, the whole region was still influenced by the polar vortex during its slow move 
toward Eurasia: specifically, being affected by the southward advected component of the large-scale circulation 
of low-ozone airmasses.

Turning to the 2019/2020 event, here the polar vortex showed remarkable characteristics from its earliest forma-
tion: for instance, this strong, stable and cold polar vortex featured the lowest minimum 50-hPa temperatures 

Figure 8.  Distribution of the monthly mean ozone mass mixing ratio 𝐴𝐴 𝐴𝐴𝑂𝑂3(𝜑𝜑𝜑 𝜑𝜑𝜑𝜑𝜑𝜑 𝜑𝜑 ) in the northern hemisphere at 50 hPa 
altitude level for January–April of 1979, 2011, 2019, and 2020, respectively. The orange circles indicate the 70°N latitude.
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in the polar cap (north of 50°N latitude) from the beginning of December to the end of March (e.g., Dameris 
et al., 2021). The polar vortex remained nearly undisturbed also because of the weak tropospheric wave activity in 
most of the 2019/2020 winter, with no warming or significant deformations taking place (Lawrence et al., 2020). 
However, in early March, the stratospheric vortex was slightly displaced and it started to be observable at lower 
latitudes. Figure 7b shows the main negative anomalies of Z50 and ozone column moving during the first 2 weeks 
of March from the Northern Pacific to the Canadian region, where this lobe of the vortex persisted until the end of 
the month, consistent with the observations performed in the Canadian sector of the Arctic (Bognar et al., 2021). 
In the following days, the vortex shifted to the east directly affecting Europe during the first half of April. In 
this early spring period, the abrupt record-breaking loss of polar cap ozone column was observed (Lawrence 
et al., 2020; Wohltmann et al., 2020). Figure 7d shows that the lowest ozone column values initially affected 
Europe within the southward shift of the vortex (negative Z50 anomaly), touching the 40°N latitude areas in the 
first days of April, as confirmed from the ground-based measurements (Figures 2 and 6). As for the 2011 episode, 
this outcome is consistent, for instance, with Madrid observational data shown in Figure 2a. Afterward, although 
the negative Z50 anomalies were more active over Eastern Europe, low ozone airmasses associated to the vortex 
lobe affected the European domain of Figure 7b until approximately 25 April. In the following period the Euro-
pean lobe of the polar vortex exhibited a clear move toward the eastern hemisphere, slowly dissipating in May.

Overall, the Hovmöller diagrams for the two major events in 2011 and 2020 show the influence of a strong 
polar vortex exhibited as Z50 and ozone column negative anomalies that extends over both a large spatial scale 
and persists for a long time. Due to a slight displacement of the vortex or to the slow transit of a vortex lobe, 
during both years, low ozone values can also be observed at southern latitudes (40°N). However, as indicated by 
the time-latitude diagrams, the evolution of the ozone minima shows greater variability consistent with shorter 
time-space scales as it travels southward. It can be assumed that this enhanced variability causes the higher disper-
sion of the delays 𝐴𝐴 𝐴𝐴𝐷𝐷(𝑆𝑆) determined for lower latitudes in Figure 5 especially in 2011. The meridional difference 
in the scale of the ozone fluctuations suggests that at northern latitudes the vortex acts as a slow-moving reservoir 
of low-ozone airmass. This reservoir is partially eroded by fast-moving, synoptic-scale atmospheric systems that 
advect low-ozone air masses at southern latitudes.

Before comparing the responses of the ozone column over Europe to the 2011 and 2020 Arctic ozone depletions, 
the strength of both events is discussed in the next subsection.

4.2.  Stratospheric Ozone Depletion Depths Reached in Past Events

The data provided by ERA-5 reanalyses (ECMWF, 2021) that cover a 42-year period, from 1979 to 2020 were 
considered in this section and the brief survey below is focused on the lower stratosphere, which contains the 
majority of the columnar ozone (Brasseur & Solomon, 2005).

Specifically, we consider the ERA-5 ozone mass mixing ratio at 100  hPa that corresponds approximately to 
𝐴𝐴 16  km a.s.l., 50 hPa (𝐴𝐴 ∼ 19  km) and 30 hPa (𝐴𝐴 ∼ 22  km). Since the frequent changes in intensity and shape of the 

Arctic vortex is reflected in ozone depletion, it was likewise assumed that the monthly means of the ozone mass 
mixing ratio 𝐴𝐴 𝐴𝐴𝑂𝑂3 , which smooth the short-term variations, can provide a realistic picture of the seasonal ozone 
evolution. Figure 8 exhibits some example distributions of 𝐴𝐴 𝐴𝐴𝑂𝑂3(𝜑𝜑𝜑 𝜑𝜑𝜑𝜑𝜑𝜑 𝜑𝜑 ) defined at latitude 𝐴𝐴 𝐴𝐴 and longitude 

𝐴𝐴 𝐴𝐴 of the northern hemisphere, for month 𝐴𝐴 𝐴𝐴 of the year 𝐴𝐴 𝐴𝐴  . The distributions are shown for the 50 hPa altitude 
level. The profound ozone depletion episodes that occurred in 2011 and 2020 can be recognised in Figure 8. 
The  areas characterized by appreciably low ozone content in terms of monthly averaged 𝐴𝐴 𝐴𝐴𝑂𝑂3(𝜑𝜑𝜑 𝜑𝜑𝜑𝜑𝜑𝜑 𝜑𝜑 ) lie close 
to the North Pole and the majority is bounded by the 70°N circle of latitude. For that reason, the next step of the 
parametrization was calculation of the zonal mean values 𝐴𝐴 𝐴𝐴𝑂𝑂3(𝑀𝑀𝑀𝑀𝑀 ) for 𝐴𝐴 𝐴𝐴 ≥ 70◦N and 𝐴𝐴 − 180

◦
< 𝜆𝜆 ≤ 180

◦ . Such 
an approach was assumed to provide a fair representation of the monthly status of ozone in the Arctic; the result 
is a time series that describes the ozone evolution at the 50 hPa altitude level in the Arctic during the considered 
42-year period. Similarly, the time patterns of 𝐴𝐴 𝐴𝐴𝑂𝑂3(𝑀𝑀𝑀𝑀𝑀 ) were evaluated also for the 100 hPa and 30 hPa levels. 
The lowest value 𝐴𝐴 𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚(𝑌𝑌 ) of 𝐴𝐴 𝐴𝐴𝑂𝑂3(𝑀𝑀𝑀𝑀𝑀 ) in the February–April period was then taken for each year and Figure 9 
shows the variations of these minima. The median of the 𝐴𝐴 𝐴𝐴min(𝑌𝑌 ) values are also indicated in each panel together 
with the fifteenth percentile. It can be seen that 𝐴𝐴 𝐴𝐴min(𝑌𝑌 ) occasionally dropped below the fifteenth percentile after 
the middle of the 1990s while for 1997, 2011, and 2020 such a decrease occurred at all three selected altitudes.

It should be pointed that the 𝐴𝐴 𝐴𝐴min(𝑌𝑌 ) time series at 50 hPa and 100 hPa altitude levels given in Figure 9 show 
good agreement with the time dependence of the February–April mean ozone column evaluated by Lawrence 
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et  al.  (2020, their Figure 12) and the March mean values obtained by 
Inness  et al. (2020,  their Figure 1) both assessed for the Arctic from 1979 
to 2020. Figure 9 shows that in 2020 the ozone minimum 𝐴𝐴 𝐴𝐴min(𝑌𝑌 ) was the 
deepest at lower stratosphere levels especially at 100 hPa, consistent with the 
findings of Manney et al. (2020). Generally speaking, Figure 9 indicates that 
the 2020 depletion event is by far the strongest in the 42-year record which is 
consistent with the reults of other researches.

4.3.  Comparison of the Ozone Column Responses in Europe to the 
2011 and 2020 Arctic Episodes

The response of the mid-latitude European ozone column to the 2011 Arctic 
ozone depletion event was examined by Petkov et al. (2014). The main results 
of this analysis were presented in Figures 2, 3 and 5 through the same param-
eterization adopted in the present work in order to draw a parallel between 
2011 and 2020 phenomena. Figure 2 exhibits the behavior of ratios 𝐴𝐴 𝐴𝐴𝑆𝑆𝑆2011(𝑡𝑡𝐷𝐷) 
evaluated for the corresponding sites in the same months as for 𝐴𝐴 𝐴𝐴𝑆𝑆𝑆2020(𝑡𝑡𝐷𝐷) . 
An apparent similarity can be noted between the evolution of ozone column 
observed in spring of both 2011 and 2020. The ozone recovering phases in 
both 𝐴𝐴 𝐴𝐴𝑆𝑆𝑆2011(𝑡𝑡𝐷𝐷) and 𝐴𝐴 𝐴𝐴𝑆𝑆𝑆2020(𝑡𝑡𝐷𝐷) were comparable to each other at more of 
the lower-latitude stations. The magnitudes of ozone reductions 𝐴𝐴 𝐴𝐴min(𝑆𝑆) 
and the delays in the  ozone response to the Arctic episode 𝐴𝐴 𝐴𝐴𝐷𝐷(𝑆𝑆) registered 
at all stations were found to be similar as illustrated by Figures 3 and 5. It 
was found that 𝐴𝐴 𝐴𝐴min(𝑆𝑆) was decreased from 80°N to 40°N by approximately 
0.7% deg −1 in 2020 and 2011 (see Figure 3). The gradients of the correspond-
ing delays 𝐴𝐴 𝐴𝐴𝐷𝐷(𝑆𝑆) are 𝐴𝐴 0.59 ± 0.06 % deg −1 in 2020 and 𝐴𝐴 0.48 ± 0.01 % deg −1 in 
2011, values differ from each other by about 8% at the 1 𝐴𝐴 𝐴𝐴 level.

At the same time, Figure  2 shows an earlier start of the 𝐴𝐴 𝐴𝐴𝑆𝑆𝑆2011(𝑡𝑡𝐷𝐷) decrease and earlier appearance of the 
𝐴𝐴 𝐴𝐴𝑆𝑆𝑆2011(𝑡𝑡𝐷𝐷) minima with respect to the 𝐴𝐴 𝐴𝐴𝑆𝑆𝑆2020(𝑡𝑡𝐷𝐷) minima with a more pronounced onset at the northern sites in 

2020. Another important difference between 2011 and 2020 episodes was the shorter duration of the periods with 
reduced ozone column in 2011. These differences can be seen also in Figures 7c and 7d that represent the ozone 
evolution in the considered latitudes and were discussed in the previous subsection. According to Figure 7c the 
ozone decrease at 80°N, that is close to the latitude of Ny-Ålesund station, started at the beginning of March 2011 
and reached the lowest value at the end of March persisting for a few days before recovering. In 2020 (Figure 7d), 
after slight fluctuations, the ozone started to decrease from the middle of March and reached its minimum at the 
end of the month remaining at this level until the second half of April. These behaviors of the ozone column in the 
springtime of 2011 and 2020 are similar to the corresponding ones depicted by the ground-based measurements 
and presented in the Ny-Ålesund panel of Figure 2a.

Figure 7c indicates that the ozone depleted airmasses in 2011 covered with slight variations the European areas 
from 80°N to about 65°N for approximately the same period. This occurrence is represented by the same almost 
zero delay 𝐴𝐴 𝐴𝐴𝐷𝐷(𝑆𝑆) for this latitudinal range in Figure 5. Below 60°N the ozone started to decrease in late March, or 
15–20 days after its initial decrease time at 80°N (Figure 7c) that is also in consistent with the sharply increased 
delays in Figure 5. The analogous start of the ozone decrease episode in 2020 (Figure 7d) smoothly moved from 
the middle of March at 80°N to early April at about 40°N resulting in a gradually increasing delay from a few 
days at 70°N to about 20 days at 40°N (Figure 5).

Figure 7d indicates that the anomalies averaged over 10°W and 30°E are predominantly negative below 50°N 
in late April and May 2020. These features correspond to the ozone distributions shown in Figure 6, where low 
ozone regions in southern Europe can be noted in May 2020. According to the discussion in Section 4.1 it should 
be pointed out the presence of the vortex lobe to the east of the sector that persisted until the second half of 
May 2020 (Figure 7b). This occurrence supports the hypothesis made at the end of Section 3.3 based on ground 
observations that the minima of the ozone column in the southern Europe registered in May 2020 is an echo of 
the Arctic phenomenon.

Figure 9.  Time patterns of the February–April minima 𝐴𝐴 𝐴𝐴min(𝑌𝑌 ) of 𝐴𝐴 𝐴𝐴𝑂𝑂3(𝑀𝑀𝑀𝑀𝑀 ) 
for the three considered altitude levels given in the panels. The red solid and 
dashed lines in each of the panels represent the median of 𝐴𝐴 𝐴𝐴min(𝑌𝑌 ) and the 
fifteenth percentile, respectively. The vertical blue lines indicate March of 
1997, 2011, and 2020.
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Summarizing, it can be noted that despite some differences in the development and strength of the 2011 and 
2020 ozone depletion episodes in the Arctic, both led to generally similar effects on the ozone over mid-latitude 
European areas.

5.  Conclusions
The impact of the Arctic ozone depletion episode that occurred in spring 2020 on the ozone column at lower lati-
tudes across Europe was studied by examining the ground observations predominantly performed by Brewer and 
Dobson spectrophotometers at 38 stations located from the Arctic to nearly 40°N. The ozone loss was assessed 
relative to the climatological mean at each station and timepoint for the first half of 2020. At the northernmost 
station Ny-Ålesund (79°N) the decrease of the ozone column started in the middle of March, reached an amount 
of about 43% lower than expected values in the first days of April, and this lasted about two weeks. The final 
recovery of the ozone to within climatological norms occurred at the beginning of May and the progress of 
the relative variations observed at the other sites were compared with that at Ny-Ålesund. Deep ozone column 
minima that appeared at the stations below the polar circle during the period of the Arctic episode were also 
observed and their deepness gradually declined to about 15% at 40°N. The unusual decrease in mid-latitude 
ozone column in April and May, when the solar elevation rapidly increases can lead to an increase in solar ultra-
violet radiation at the ground that has important health consequences in the densely populated European regions 
as noted in Section 3.1.

The temporal evolution of the ozone column decrease at lower latitude stations was similar to that at Ny-Ålesund 
but it occurred with a delay of between 1 to nearly 20 days moving south. These findings imply a causal relation-
ship between ozone depletion in the Arctic and at lower latitudes. A similar response of the mid-latitude ozone 
was observed in 2011 after the corresponding Arctic ozone depletion. To better understand these responses, 
stratospheric dynamical patterns in 2011 and 2020 were examined by constructing Hovmöller diagrams for the 
March-May period of each year. In both cases a migration of the ozone-poor air masses from the Arctic southward 
was found to be the main reason of the observed ozone decreases in Southern Europe. Short scale structures in 
the distribution of ozone anomalies at the southernmost latitudes in the Hovmöller diagrams, suggests that short 
scale systems steer the meridional advection far from the vortex core.

Despite differences in the strength of 2011 and 2020 episodes, and differences in their evolution, the response of 
the mid-latitude ozone column was quite similar in both cases. Taking into account the role of atmospheric ozone 
in protection of the life on the Earth, the analysis in the present work highlights the importance of ozone layer 
monitoring in a changing climate.

Data Availability Statement
Total ozone column data from ground stations used to study the response of the ozone over Europe to the 2020 
Arctic ozone depletion are freely available at the World Ozone and Ultraviolet Data Centre (WOUDC, 2020); 
data from SAOZ (2020) spectrometers were also used. The GUV time series for Ny-Ålesund was provided by 
Svendby (2021), while the data from UV-RAD at the same station can be accessed at Exaodep-2020 (2021). Data 
of ozone column for the stations Trondheim and Bergen were provided by Johnsen (2022) and data for Stara 
Zagora by Werner (2022). ERA-5 reanalysis data were used for the study of the ozone behaviour at the three 
selected stratospheric levels and for construction of the Hovmöller diagrams (ECMWF (2021)). These diagrams 
were made by means of the NCAR Command Language NCL (2019). The map and underlying data at Figure 1 
was created using ArcGIS® software by Esri (2019).
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