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Abstract

:

Every year since the early 1980s, the ozone hole has appeared in late winter/spring over Antarctica. The ozone hole is expected to disappear due to the observed decrease in the concentration of ozone-depleting substances in the stratosphere, which is enforced by the 1987 Montreal Protocol and its subsequent amendments. However, large ozone holes have appeared four years in a row (2020–2023), which may be a signal that Antarctic ozone repair has stopped. Statistical analyses of ozone hole metrics (hole area, minimum total column ozone, ozone mass deficit, and ozone mass deficit per unit area of the hole) are presented to determine how adding the data from these years changes the ozone recovery pattern. Statistically significant trends in the hole metrics were revealed for the short period (2000–2019) but not for the longer period (2000–2023). The modeled time series of metrics from multiple regressions with standard chemical and dynamic explanatory variables indicate that the recovery has slowed since around 2010. Moreover, a sequence of extreme events (wildfires in Australia in the summer of 2019/2020 and the eruption of the Hunga Tonga volcano in January 2022) may have caused additional ozone losses in Antarctica that masked the repair of polar ozone for a while.
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1. Introduction


The depletion of the stratospheric ozone layer in extratropical regions due to man-made chlorine and bromine species has been a widely discussed issue since the early 1980s, which was triggered by the discovery of the so-called Antarctic ozone hole [1,2,3]. Every year in austral winter, a strong vortex is formed, which isolates Antarctica from warmer Southern Hemisphere (SH) mid-latitudes and results in extreme cooling in this region. During the Australian spring, a specific combination of low temperature (below 200 K), sunlight, polar stratospheric clouds (PSCs), and high concentrations of ozone-depleting substances (ODSs) in the stratosphere causes rapid catalytic destruction of lower stratospheric ozone [4].



The threat of increased harmful UV radiation at the surface prompted the signing of the Montreal Protocol (MP) in 1987 to control the production of long-lived halocarbons that decompose in the stratosphere, destroying the ozone layer. Under the MP and its subsequent amendments, there has been a significant decline in the production and use of ODSs [5]. Modeling studies show that declines in stratospheric ODS concentrations began in the mid-latitudes and Antarctica in the mid-1990s and early 2000s, respectively [6]. Since then, the beginning of ozone layer repair has been expected, including the disappearance of the ozone hole (i.e., hole recovery) [7,8].



Various metrics have been proposed by the National Aeronautics and Space Administration (NASA) Ozone Watch to monitor the state of the Antarctic ozone hole, including the polar cup (63°–90° S) total column ozone (TCO3), the area of the hole, the minimum TCO3 south of 40° S, and the ozone mass deficit [9]. The mass of the ozone deficit per unit area of the hole was also examined [10].



Numerous papers have indicated the first signs of the hole recovery related to lowering the concentration of ODSs in the stratosphere since the early 2000s [10,11,12,13,14,15]. Typically, changes in hole metrics have been associated with changes in equivalent effective stratospheric chlorine (EESC), which parameterizes ODS concentrations in the stratosphere weighted according to the ozone-depleting power of ODS species. EESC values are estimated from observed surface ODS emissions and modeled transport from the source regions in NH mid-latitudes to the lower stratosphere [16]. Since many ODSs have long residence times in the stratosphere, even the current full reduction in their production will result in the persistence of the hole for many decades to come. However, it cannot be ruled out that new substances with the potential to deplete ozone in the stratosphere that have not yet been banned by international legislation protecting the ozone layer will be used by industry, delaying the regeneration of the ozone hole.



Montzka et al. [17] proposed the ozone-depleting gas index (ODGI) to show the current state of pollution of the Antarctic atmosphere by ODSs. The ODGI represents the current change in EESC from its maximum value in 2001, expressed as a percentage of the change in EESC between 1980 (when the ozone hole was first observed) and 2001. The ODGI value in 2023 was 72.8%. This means that by this year almost 27.2% of the EESC had been removed from the Antarctic atmosphere since the EESC maximum in 2001. The current rate of change of the ODGI is about −1.3% per year, which means that EESC will return to its 1980 value around 2077 [17].



In 2019, the hole was unusually small due to the stratospheric warming that occurred in mid-September [18]. Thus, trend analyses for periods ending in 2019 provided evidence of an even more rapid recovery of the ozone hole than would result from the reduction in the stratospheric ODS concentration between 2000 and 2019 [10]. Averaging the daily values of the ozone mass deficit and the ozone mass deficit per unit area of the hole from September 1 to 30 and from September 15 to October 15, the rates of recovery by 2019 were about twice as fast as the corresponding rate of recovery of EESC. This resulted in a year of metric recovery at least 20–30 years earlier than the year in which EESC would return to its 1980 value.



In 2020, large wildfires were observed in Australia that might have influenced the SH stratospheric ozone [19,20]. Moreover, the Hunga Tonga volcano eruption in January 2022, which put a large amount of water vapor into the stratosphere [21], could also affect the SH polar vortex and the ozone destruction rate in the lower stratosphere during the ozone hole period. This year, on September 21, the area of the ozone hole reached 26 million km2, one of the largest holes ever observed on this day of the year, although the largest hole in history occurred in 2000 (29.9 million km2 on 9 September).



In this paper, we examine the long-term (1980–2023) changes in the Antarctic hole metrics, with a particular focus on the impact of metric fluctuations over the past four years (2020–2023) on the pattern of ozone recovery. The question is whether statistical analyses of the extended time series of the metrics from 1979 to 2023 will further support the recovery of ozone in Antarctica. This paper uses standard statistical methods to detect the slowdown in the ozone recovery based on time-series analyses of various ozone hole metrics.



This paper is organized as follows: Section 2.1 describes the data sets used, metrics of the hole, and potential variables explaining changes in the metrics. Section 2.2 presents the statistical models used to reveal the continuation (or slowdown) of the SH polar ozone recovery due to the inclusion of new data from the past four years. Long-term changes in the metrics and the effects of proxies are shown in Section 3. A discussion and conclusions are presented in Section 4.




2. Materials and Methods


2.1. Data


The long-term variability of Antarctic ozone is analyzed using the following metrics of the TCO3 distribution in the SH polar region: polar cup TCO3 (averaged TCO3 over the 63°–90° S region), ozone hole area (the area of the region with TCO3 < 220 DU), minimum TCO3 within the hole, mass of the ozone deficit (difference between actual TCO3 within the hole and the hole threshold of 220 DU integrated over the entire hole area), and mass of the O3 deficit per unit area (mass of the TCO3 deficit within the entire hole divided by its area).



Table 1 shows the details of the considered TCO3 data base. For the first considered metric, the data are taken from the Modern-Era Retrospective analysis for Research and Applications, Version 2 (MERRA-2) simulations of the global TCO3 field. The data set used is M2T1NXSLV_5_12_4_TO3 [22]. For other variables, the data sources are satellite TCO3 observations by the Total Ozone Mapping Spectrophotometer (TOMS), Ozone Monitoring Instrument (OMI), and Ozone Mapping and Profiler Suite (OMPS) instrument. More details of these data can be found on the NASA Ozone Watch (NO3W) website [9]. There were no satellite observations in 1993 and 1995. Therefore, a comparison between the statistical analyses of Polar_Cup_MERRA and Polar_Cup_SAT will allow a discussion of whether the lack of observations affected the pattern of long-term changes in the latter metric.



NO3W uses the Hole_Area, O3_min, and O3_Deficit metrics to monitor the state of the ozone hole on a daily basis [9]. The mean values of Hole_area and O3_min are calculated by averaging the size of the hole and the TCO3 minima for the periods of 7 September–13 October and 21 September–16 October, respectively. For O3_Deficit, the averaging period is 21 September–13 October. For Polar_Cup_MERRA and Polar_Cup_SAT, the averaging period is 13 September–5 October. These averaging periods are used by NO3W to present annual variations (1979–2023) in the SH polar ozone metrics. The last metric in Table 1, O3_Deficit_Dens, i.e., the ratio between the ozone mass deficit and the hole area, was proposed to monitor changes in the rate of ozone destruction within the hole [10]. The annual value of the O3_Deficit_Dens metric is shown as the average value taken from the daily O3_Deficit_Dens values for the period from 21 September to 13 October, the same period that NO3W selected for O3_Deficit.



In addition, the daily TCO3 values from the satellite overpasses of Halley Bay station (75.54° S, 27.41° W) for the period 1979–2023 are considered to obtain the corresponding late winter/early spring (7 September–13 October) TCO3 means. The SBUV Merged Ozone Data Set for the period 1979–2022 [23] and very recent (for 2023) TCO3 observations by the OMPS [24] are combined for this station.



Table 2 shows variables that are important for the discussion of the appearance of the ozone hole in Antarctica, i.e., the stratospheric temperature and PSC volume. These characteristics will be used in Section 3 to discuss sources of variability in the metrics in the period 1980–2023.



Variables that can be associated with ozone variability in Antarctica, i.e., the so-called explanatory variables, are used as inputs in the stepwise regression to model oscillations in the SH polar ozone metrics. The explanatory variables considered here are shown in Table 3.




2.2. Statistical Models


A standard least-squares linear regression is used to calculate trends in the SH polar ozone metrics for the periods 2000–2019 and 2000–2023. The trend comparison allows a discussion of the changes in the rate of ozone recovery in Antarctica that occur when data from the last four years (2020–2023) are added.



A prerequisite for using any variable in a regression is its independence from the variable being regressed. Ozone absorbs solar UV radiation, which warms the air and contributes to the formation of the stratosphere. The temperature effect due to the stratospheric ozone influences PSCs, as they appear when the temperature drops below 195 K (PSC NAT) and 188 K (PSC ICE). Therefore, the variables shown in Table 2 (Vol_PSC_NAT, Vol_PSC_ICE, TMIN,50hPa, and TMIN,100hPa) are not considered as potential independent explanatory variables; however, their long-term variability is important for understanding ozone trends and will be discussed further in the text (Section 3 and Section 4).



A stepwise regression is used to find the optimal set of explanatory variables containing only variables that significantly affect the response variable. The minimum value of the Akaike Information Criterion (AIC) is used when searching for this optimal set of explanatory variables. The EESC proxy is used to describe the chemical forcing on the metrics due to ODS changes. Other variables are used to account for the dynamical effects due to the teleconnection pattern (AAO, MEI, QBO, and DMI), proxies related to the strength of the polar vortex (HF70hPa, U_60S, and Vor_Area), external solar forcing (SF10.7cm), and aerosol effects (AOD750nm). The regression has the following form:


  M e t r i c s =  α 0  +     ∑   i = 1  N   a i   X i  + N o i s e  



(1)




where statistically significant explanatory variables,    X i   , are taken from the final output of the stepwise regression and N is the number of such variables. These variables are selected from the full set of variables (Table 3): EESC, SF10.7cm, AAO, MEI, QBO30hPa, QBO50hPa, DMI, HF70hPa, U_60S, Vor_Area, and AOD750nm.



Further in the text,    a 1  E E S C   and     ∑   i = 2  N   a i   X i    will be marked as EESC and combined non-EESC forcing, respectively. For any metric, if stratospheric aerosols do not appear in the list of statistically significant explanatory variables, the former and latter forcing variables represent the chemical and overall dynamical forcing, respectively.



Statistical calculations (trend coefficient, stepwise regression, and data smoothing) are based on S-PLUS software [25]. A lowess filter is used to smooth the time series [26].





3. Results


EESC has been declining almost linearly since the 2000–2001 peak (Figure 1a), and it can be expected that a corresponding increase in TCO3 should follow the EESC pattern. Satellite observations over the Antarctic Halley Bay station show that TCO3 has stabilized since the early 2010s (Figure 1a). Before the appearance of the ozone hole, in late winter and early spring, PSC NAT and PSC ICE were always present in the Antarctic stratosphere. A strong decline in ozone began around 1980, when EESC exceeded a threshold of about 2000 ppt. This decrease caused a cooling of the stratosphere, which affected the appearance of PSCs (Figure 1b), resulting in a further decrease in ozone. PSC volume was positively correlated with EESC until the early 2010s. Since then, an inverse correlation has emerged. At the end of the analyzed period, the cloud volume of both PSC NAT and PSC ICE was close to the maximum value reached around 2000.



Figure 2 shows additional cooling of the stratosphere at 100 hPa and 50 hPa over the last four years (2020–2023), allowing more PSC ICE to occur between the 100 hPa and 50 hPa levels. Conditions for PSC NAT existed throughout the entire analyzed period.



Figure 3 shows time series of the SH polar cup ozone based on the TCO3 observations (TOMS + OMI + OMPS, Figure 3a) and MERRA-2 simulations (Figure 3b). In both cases, the second overturning of the long-term TCO3 pattern occurred around 2010. The TCO3 values at the end of the series (2023) were only slightly higher than those near the first overturning around 2000. Similar long-term patterns were found using original MERRA-2 and satellite data (blue curves in Figure 3a,b).



The hole area in 1998 was 25.8 million km2, exceeding 23 million km2 for the first time (see the reference line of 23 million km2 in Figure 4a). This also happened in the next three consecutive years (1999–2001), corresponding to the period of the EESC maximum in Antarctica. Another such case was found in the period 2020–2023.



Hole areas over 23 million km2 were found in 13 of 26 years (1998–2023). This means that the probability of a hole >23 million km2 can be estimated at 0.5, and according to Bernoulli’s test, the probability of 4 years in a row with holes >23 million km2 is (0.5)4 = 0.0625, i.e., close to the 0.05 threshold commonly used in statistical significance calculations. Therefore, the appearance of this sequence by chance is unlikely, indicating unusual behavior of the ozone hole over the past four years.



Figure 4 also confirms the emergence of the second overturning for other ozone hole metrics. The solid and dashed smoothed curves (in blue) represent long-term variations in the analyzed series for the periods 1980–2023 and 1980–2019, respectively. The curves drawn for the shorter period have a parabolic shape similar to the EESC pattern, i.e., without the second extreme. Adding data from the additional four-year period (2020–2023) results in a second overturning. Solid and dashed lines (in red) are obtained from a standard linear regression using the least-squares method for the long (2000–2023) and short (2000–2019) data, respectively. The slopes of the lines for the shorter period are steeper than those obtained for the longer period, confirming the recent slowdown in ozone recovery in Antarctica.



The slope values, together with corresponding standard errors, are given in Table 4. For two metrics (O3_Min and O3_Deficit_Dens), statistically significant recovery (at 2 σ) was calculated in the 2000–2019 period. For three metrics (Polar_Cup_SAT, Hole Area, and O3_Deficit), recovery was found at the 1 σ level. In the longer period, ozone recovery was revealed for only one metric, O3_Deficit_Dens, at the 1 σ level.



Figure 5 shows the time series of the ozone metrics from satellite observations (TOMS + OMI + OMPS) and model (1) (left-hand side). The figures on the right illustrate the part of the modeled time series due to EESC changes and the total effects of other explanatory variables (linear combination of statistically significant dynamical proxies and/or the aerosol proxy). Table 5 shows the corresponding formulas for the linear combination of explanatory variables and the coefficient of determination, showing the quality of the fit of model (1) to the observed data. The determination coefficients are high for all metrics, i.e., about 0.9, which gives a multiple correlation coefficient of about 0.95. This high value of the coefficient of determination is due to the fact that the modeled metric pattern reproduces the large changes in metric values over the period 1980–2000 forced by the increase in ODS concentration in the lower Antarctic stratosphere.



The smoothed modeled time series, shown in Figure 5, do not contain a second overturning as observed in the original time series in the early 2010s. Instead, a stabilization in the modeled metrics has been found since then. This means that the superposition of non-EESC effects has offset the effect of the main driver, i.e., changes in the ODS concentration in the lower stratosphere, resulting in a continuous shrinking of the Antarctic ozone hole since the beginning of the 21st century and the recovery of ozone in the polar cup. The second overturning in the long-term pattern of the metrics appears to be due to other factors not included in the list of possible drivers (Table 3) of ozone changes in Antarctica. However, the model is able to reproduce the second overturning in the SH polar cup TCO3 from the satellite data (Figure 3a). This will be further discussed in Section 4.




4. Discussion and Conclusions


Large ozone holes over Antarctica with average (7 September–13 October) hole areas >23 million km2 appeared four years in a row (2020–2023). The first was observed in 1998, and a sequence of four years in a row with large holes was found between 1998 and 2001. The sequence reappeared after almost twenty years. The appearance of this sequence by chance is unlikely, with a probability of about 0.05. Adding four years of data to the 1980–2019 series completely changes the pattern of long-term changes in the analyzed SH polar ozone metrics. Previously (before 2020), it was parabolic with a maximum coinciding with the extreme ODS concentration in the stratosphere, but a second maximum was identified in the early 2010s (Figure 4) in the longer (1980–2023) time series. The comparison of the linear trend values of the metrics for the shorter (2000–2019) and longer (2000–2023) periods showed that the first signs of recovery (i.e., statistically significant trends) appeared in the shorter period but disappeared when the longer time series of the metrics were analyzed.



The time series of the metrics (listed in Table 1), which were derived from multiple linear regression model (1) using various chemical and dynamic explanatory variables, as shown in Table 5, showed that the recovery of SH polar ozone started around 2000 due to decreasing ODS concentrations in the lower stratosphere but stopped around 2010 (Figure 3 and Figure 5). The superposition of other non-EESC forcings on ozone has offset the sustained hole recovery driven by the regulations of the MP and its further amendments to protect the ozone layer. The linear modeling results did not reveal a second overturning in the smoothed patterns of some metrics (Figure 5), which was observed in the original data around 2010, but rather indicated a lack of a trend since then. Differences between the modeled and original long-term variability suggest that some very recent atmospheric processes have not yet been included in this statistical modeling.



Unusual perturbances in the SH atmosphere appeared in recent years. The summer of 2019–2020 brought exceptional Australian wildfires in terms of the number of fires, the area destroyed, and the fire strength [27,28,29]. Smoke particle concentrations were about 10 (in 2020) and 5 (in 2021) higher than the typical values observed in the Antarctic stratosphere, affecting PSC formation and ultimately enhancing the ozone hole [29]. The Hunga Tonga—Hunga Ha’apai submarine volcano (20.55° S, 175.38° W) eruption in January 2022 yielded a volcanic plume that reached about 60 km, the greatest height ever observed by satellites [30]. It injected a record amount of vaporized seawater into the stratosphere (~10% of the total global mean stratospheric burden) and a small amount of SO2 (~50 times less than the Mt. Pinatubo eruption) [31,32,33]. The large amount of sea vapor, along with sea salt and sulfur, injected into the stratosphere is a source of reactive forms of chlorine, bromine, and iodine, which deplete the ozone layer. The destruction of ozone was observed just 1 week after the eruption over the equatorial Indian Ocean [34]. Water vapor in the stratosphere can survive for 4–5 years, potentially altering O3 chemistry [34]. A decrease in the stratospheric temperature over the SH polar cup (Figure 2) and more water vapor resulted in larger volumes of PSC NAT and PSC ICE (Figure 1b), leading to an increase in the area of the hole and greater ozone loss within the hole between 2020 and 2023. If the Australian wildfires and the Hunga Tonga eruption had not occurred, the ozone holes would likely have been smaller in recent years.



Kessenich et al. [35] identified a new mechanism to strengthen the ozone hole in Antarctica since the early 2000s. It is related to dynamic changes in the mesospheric air descending into the core of the ozone hole, resulting in lower ozone levels regardless of recent fires and volcanic effects. At this point, we can speculate that this mechanism is also responsible for the second overturning seen in the smoothed pattern of the SH polar ozone metrics.



In conclusion, it appears that the recovery of the ozone hole is still underway due to the strong forcing caused by the decrease in ODS concentrations in the lower stratosphere (as seen on the right-hand side of Figure 5). The long-term patterns of all analyzed metrics of SH polar ozone show another overturning around 2010 after the first one in 2001 related to the beginning of ODS removal from the stratosphere due to the MP and its subsequent amendments. Particular atmospheric dynamics in recent years and extreme events such as the fires in Australia and the eruption of the Hunga Tonga volcano masked the recovery of the hole for a while. Any possible estimate of the timing of the full recovery of Antarctic ozone based on the predicted steady removal of ODSs from the stratosphere, which began in the early 2000s, should be treated with caution, as the analyses presented here do not confirm the continuation of the recovery trends of the commonly used SH polar ozone metrics since about 2010.
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Figure 1. Annual time series for the period 1979–2023: (a) EESC (in red) and TCO3 at Halley Bay (averaged over the period 7 September–13 October, in blue); (b) PSC NAT volume (in blue) and PSC ICE volume (in red). The solid circles and the curve of the same color represent annual values and their smoothed course, respectively. 
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Figure 2. Temperature at 50 hPa (in blue) and 100 hPa (in red) averaged over the SH polar region (63°–90° S) for the period 7 September–13 October. The solid circles and the curve of the same color represent annual values and their smoothed course, respectively. Horizontal lines show the threshold temperatures for PSC emergence (195 K for PSC NAT and 188 K for PSC ICE). 
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Figure 3. SH polar cup TCO3: (a) satellite observations (the full circles and the curve in blue); (b) MERRA-2 data (the full circles and the curve in blue). The corresponding model results are in red. 
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Figure 4. Time series of the annual SH polar ozone metrics (solid circles in blue) and straight lines showing standard least-squares fit to the 2000–2019 (dashed line in red) and 2000–2023 (solid line in red) data. The dashed curve and the solid curve (both in blue) show the smoothed patterns of the metrics for the periods 1980–2019 and 1980–2023, respectively. (a) Ozone hole area; (b) TCO3 minimum within SH polar cup; (c) mass of ozone deficit; (d) mass of ozone deficit per 1 km2 of the ozone hole. 
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Figure 5. (left): Original time series (in blue) and time series modeled by the regression (in red) of the metrics for the period 1980–2023. Solid circles and the corresponding curves show the annual values and their smoothed patterns, respectively. (a) Hole area; (c) minimum of TCO3 within the SH polar cup; (e) mass of the ozone deficit. (right): Modeled forcing (annual values and their smoothed patterns) on the metrics by EESC (black) and superposition of non-EESC proxies (magenta, listed in Table 5). (b) Hole area; (d) minimum of TCO3 within the SH polar cup; (f) mass of the ozone deficit. 
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Table 1. Metrics of the SH polar total column ozone.
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	Metrics
	Unit
	Short Name
	Period





	Mean TCO3 in polar cup from MERRA-2 reanalysis
	DU
	Polar_Cup_MERRA
	1980–2023



	Mean TCO3 in polar cup from satellite data
	DU
	Polar_Cup_SAT
	1979–2023



	Ozone hole area
	km2
	Hole_Area
	1979–2023



	TCO3 minimum in SH
	DU
	O3_Min
	1979–2023



	Mass of TCO3 deficit
	ton
	O3_Deficit
	1980–2023



	Mass of ozone deficit per 1 km2 area of hole
	ton km−2
	O3_Deficit_Dens
	1980–2023










 





Table 2. Variables associated with the metrics shown in Table 1.
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	Variables
	Unit
	Short Name
	Data Source





	PSC Type 1 (NAT) Volume
	km3
	Vol_PSC_NAT
	“Volume PSC NAT” subset from

https://ozonewatch.gsfc.nasa.gov/meteorology/temp_2023_MERRA2_SH.html



	PSC Type 2 (ICE) Volume
	km3
	Vol_PSC_ICE
	“Volume ICE” subset from

https://ozonewatch.gsfc.nasa.gov/meteorology/temp_2023_MERRA2_SH.html



	Minimum Air Temperature at 50/100 hPa
	K
	TMIN,50hPa

and

TMIN,100hPa
	“Minimum temperature” subset from

https://ozonewatch.gsfc.nasa.gov/meteorology/temp_2023_MERRA2_SH.html










 





Table 3. Explanatory variables used in the stepwise regression of the SH polar ozone metrics.
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	Variables
	Unit
	Short Name
	Data Source





	Equivalent effective stratospheric chlorine
	ppt
	EESC
	https://gml.noaa.gov/odgi/



	10.7 cm solar flux
	Wm−2
	SF10.7cm
	https://climexp.knmi.nl/data/isolarradioflux.dat



	Antarctic Oscillation Index
	−
	AAO
	https://www.cpc.ncep.noaa.gov/products/precip/CWlink/daily_ao_index/aao/aao.shtml



	Multivariate ENSO Index
	−
	MEI
	https://www.psl.noaa.gov/enso/mei



	Quasi-Biennial Oscillations Index at 30 hPa and 50 hPa
	ms−1
	QBO30hPa and QBO50hPa
	https://www.cpc.ncep.noaa.gov/data/indices/qbo.u30.index

https://www.cpc.ncep.noaa.gov/data/indices/qbo.u50.index



	Zonal wind at 70 hPa level along 60° S
	ms−1
	U_60S
	https://acd-ext.gsfc.nasa.gov/Data_services/met/ann_data.html



	Stratospheric Aerosol Optical Depth at 750 nm for 80° S
	−
	AOD750nm
	www.columbia.edu/~mhs119/StratAer/

and after 1984

https://fmi.b2share.csc.fi/records/8bfa485de30840eba42d1d407f4ce19c



	45-Day Mean 45°–75° S Heat Flux at 70 hPa level
	Kms−1
	HF70hPa
	https://ozonewatch.gsfc.nasa.gov/meteorology/flux_2023_MERRA2_SH.html



	SH vortex area at 460 K level
	km2
	Vor_Area
	https://ozonewatch.gsfc.nasa.gov/meteorology/pv_2023_MERRA2_SH.html



	Dipole Mode Index
	K
	DMI
	https://climexp.knmi.nl/data/idmi_ersst.dat







“−” indicates dimensionless variable. All web addresses were accessed on 1 December 2023.













 





Table 4. Linear trends and corresponding standard deviations from a standard least-squares regression applied to SH polar ozone metrics for the periods 2000–2019 and 2000–2023. Short names of the metrics are taken from Table 1.
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Metrics (Short Names)

	
Linear Trends

	
Trend Coefficient

Dimension




	
2000–2019

	
2000–2023






	
Polar_Cup_SAT

	
2.00 ± 1.37 *

	
0.47 ± 1.02

	
DU/yr




	
Hole_Area

	
–0.26 ± 0.17 *

	
–0.08 ± 0.13

	
million km2/yr




	
O3_Min

	
1.40 ± 0.67 **

	
0.36 ± 0.54

	
DU/yr




	
O3_Deficit

	
–0.61 ± 0.37 *

	
–0.20 ± 0.28

	
million ton/yr




	
O3_Deficit_Den

	
–0.20 ± 0.10 **

	
–0.08 ± 0.08 *

	
ton km−2/10 yr








* and ** denote statistically significant results at the 1 σ and 2 σ levels, i.e., corresponding to the significance levels of about 68% and 95%, respectively, assuming a normal distribution.













 





Table 5. Formulas for regression model (1) of SH polar ozone metrics and the corresponding determination coefficients (R2). Short names of the metrics and explanatory variables are taken from Table 1 and Table 3, respectively.   E E S  C Δ    means the difference between EESC value and its value in 1979.






Table 5. Formulas for regression model (1) of SH polar ozone metrics and the corresponding determination coefficients (R2). Short names of the metrics and explanatory variables are taken from Table 1 and Table 3, respectively.   E E S  C Δ    means the difference between EESC value and its value in 1979.





	Metrics (Short Names)
	Regression Model
	R2





	Polar_Cup_SAT
	  487.6 − 0.0531 · E E S  C Δ  + 7.593 · A A O − 3.785 · M E I −  

   4.770 · U _ 60 S − 1.317 · V o r _ A r e a − 2.995 · H  F  70 h P A    
	0.92



	Hole_Area
	  − 0.7952 + 0.0109 · E E S  C Δ  + 46.45 · A O  D  750 n m   +  

   0.3037 · U _ 60 S + 0.6121 · H  F  70 h P A    
	0.89



	O3_Min
	  412.1 − 0.0506 · E E S  C Δ  + 0.0701 · S  F  10.7 cm   + 6.035 · A A O −  

   3.476 · M E I − 3.880 ·   U _ 60 S − 1.611 · V o r _ A r e a  
	0.91



	O3_Deficit
	  − 67.15 + 0.0198 · E E S  C Δ  − 2.242 · A A O + 1.385 · M E I +  

   1.256 ·   U _ 60 S + 0.490 · V o r _ A r e a + 0.5822 · H  F  70 h P A    
	0.88



	O3_Deficit_Dens
	  − 2.579 − 0.6744 ·   10   − 3   · E E S  C Δ  − 0.0835 ·   10   − 2   · S  F  10.7 c m   −  

   0.092 · A A O + 0.0442 · M E I + 0.048 · U _ 60 S + 0.0208 · V o r _ A r e a  
	0.89
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