
1. Introduction
After the discovery of the Antarctic ozone hole by Farman et al. (1985), the question arose why a similar 
phenomenon was not observed in the Arctic. In contrast to the Antarctic, ozone depletion in the Arctic is 
typically much less pronounced and shows a higher interannual variability. This is caused by the signifi-
cantly higher stratospheric temperatures and higher dynamical activity in the Northern Hemisphere, which 
are associated with a more pronounced Brewer-Dobson circulation and more downwelling (e.g., Manney 
et al., 2011; Solomon, 1999; Solomon et al., 2014; Tegtmeier et al., 2008). In addition to less pronounced 
chemical depletion, ozone loss is more likely to be masked by transport of ozone in the Northern Hemi-
sphere. On average, the variability of chemistry and transport contributes about equally to the interannual 
variability in Arctic polar ozone (Tegtmeier et al., 2008).

The Arctic stratospheric winter 2019/2020 was characterized by an unusually strong and long-lasting polar 
vortex and was the coldest winter ever observed in the Arctic stratosphere (e.g., Dameris et al., 2021; Law-
rence et al., 2020; von der Gathen et al., 2021; Wohltmann et al., 2020). The winter showed the lowest ozone 
mixing ratios ever measured in the Arctic polar vortex (e.g., Manney et al., 2020; Wohltmann et al., 2020). In 
the most depleted parts of the vortex, mixing ratios as low as 0.13 ppm were observed locally (Wohltmann 
et al., 2020), which is comparable to typical minimum mixing ratios of 0.01–0.1 ppm detected in the Antarc-
tic ozone hole (e.g., Solomon et al., 2014). Vortex-averaged ozone loss was one of the largest ever observed in 
the Arctic and only rivaled by the ozone loss in the cold winter 2010/2011 (Grooß & Müller, 2021; Manney 
et al., 2011, 2020; Wohltmann et al., 2020).
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Conditions in individual cold winters can counteract the effect of the slow decline of ozone-depleting 
substances, which has reduced the stratospheric chlorine loading in 2020 by about 10% compared to the 
peak values observed around the year 2000 (e.g., WMO, 2018). A tendency of the coldest Arctic winters 
to become colder in recent decades has been suggested by several studies (Rex et al., 2004, 2006; Sinnhu-
ber et al., 2011; Tilmes et al., 2006; von der Gathen et al., 2021), although this is controversial (e.g., Ivy 
et al., 2014; Lawrence et al., 2018; Rieder & Polvani, 2013). Large interannual variability in temperatures 
and the occurrence of similarly cold winters are expected to extend into the future (e.g., Bednarz et al., 2016; 
Langematz et al., 2014; von der Gathen et al., 2021). While estimates suggest that stratospheric ozone levels 
will return to pre-1980 conditions around 2035 in the Arctic and 2060 in the Antarctic (Dhomse et al., 2018; 
WMO, 2018), it is expected that individual cold winters can still lead to substantial ozone depletion in the 
future (Bednarz et al., 2016; von der Gathen et al., 2021). There is, however, considerable uncertainty in the 
future trend of Arctic stratospheric temperatures (e.g., Butchart et al., 2010; Langematz et al., 2014; von der 
Gathen et al., 2021). In the light of these results, it is of interest to examine how similar the conditions in 
2019/2020 were to typical conditions in Antarctic winters or in average Arctic winters.

We examine the chemical evolution of the winter 2019/2020 using simulations of the global ATLAS Chem-
istry and Transport Model (CTM; Wohltmann & Rex, 2009; Wohltmann et al., 2010, 2017). Results are com-
pared to simulations of the Arctic winters 2004/2005, 2009/2010, and 2010/2011 and of the Antarctic win-
ters 2006 and 2011 to assess the differences in chemical evolution in winters with different meteorological 
conditions. Chlorine and bromine released from decomposition of man-made chlorofluorocarbons and oth-
er ozone-depleting substances in the upper atmosphere are responsible for anthropogenic ozone depletion 
(e.g., Solomon, 1999; WMO, 2018). Chlorine is transformed from inactive reservoir gases (HCl and ClONO2) 
to active chlorine species on the surfaces of polar stratospheric clouds, which only form at very low temper-
atures in polar winter. With the return of sunlight, ozone is depleted by photochemical catalytic cycles. We 
will have a closer look at these processes and assess the differences in the winters examined.

In addition, we look at the causes of the pronounced ozone minimum of less than 0.2 ppm at about 450 K 
potential temperature that was observed in about 20% of the polar vortex area in 2019/2020 at the end of 
March and beginning of April (Wohltmann et al., 2020).

Section 2 contains the model description and presents the setup of the model runs. Sections 3 and 4 give 
a short overview of the measurement data and the meteorological situation. In Section 5, we discuss the 
chemical evolution of the winter 2019/2020 in comparison to other Arctic and Antarctic winters. In Sec-
tion 6, we have a look at the causes of the pronounced ozone minimum observed in 2019/2020. Section 7 
presents the conclusions.

2. Model
Simulations are performed with the global Lagrangian CTM ATLAS (Wohltmann & Rex, 2009; Wohltmann 
et al., 2010, 2017). The model includes a gas-phase stratospheric chemistry module, heterogeneous chem-
istry on polar stratospheric clouds, a particle-based Lagrangian denitrification module, and a dehydration 
parameterization. The chemistry module comprises 47 active species and more than 180 reactions. Absorp-
tion cross sections and rate coefficients are taken from recent Jet Propulsion Laboratory recommendations 
(Burkholder et al., 2019). In addition to the binary background aerosol, the model simulates three types of 
polar stratospheric clouds, that is, supercooled ternary HNO3/H2SO4/H2O solutions, and clouds composed 
of solid nitric acid trihydrate (NAT) particles or ice.

Model runs are driven by meteorological data from the European Center of Medium-Range Weather Fore-
casts (ECMWF) ERA5 reanalysis (provided on a 1.125° × 1.125° horizontal grid, 3 h temporal resolution, 
and 137 model levels; Hersbach et al., 2020). The model uses a hybrid vertical coordinate that is identical 
to a pure potential temperature coordinate for a pressure lower than 100 hPa. Diabatic heating rates from 
ERA5 are used to calculate vertical motion. The vertical range of the model domain is 350–1,900 K and the 
horizontal resolution of the model is 150 km (mean distance between air parcels). Vertical resolution is 
about 40 K potential temperature in the lower stratosphere.
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The model run for 2019/2020 starts on September 1, 2019 and ends on May 1, 2020. Model data before 
October 1, 2019 are not used to allow for a spin up of the mixing in the model. Additional runs with the 
same setup are performed for the Arctic winters 2004/2005, 2009/2010, and 2010/2011 and for the Antarctic 
winters 2006 and 2011. All Arctic runs start on September 1 of the respective starting year, and all Antarctic 
runs start on April 1 and do not use data before May 1.

The chemical species are initialized on October 1 of the respective starting year for the Arctic runs and on 
May 1 for the Antarctic runs. O3, H2O, HCl, N2O, HNO3, and CO are initialized from all individual measure-
ments of the Microwave Limb Sounder (MLS) satellite instrument (version 4.2 data, Livesey et al., 2020) on 
the day of the model initialization by interpolation. ClONO2 is initialized from a climatology (2004–2013) of 
the ACE-FTS satellite instrument as a function of pressure and equivalent latitude for the month of October 
(Arctic runs) or May (Antarctic runs; Koo et al., 2017). We did not correct ClONO2 for the trend in Cly be-
tween 2004 and 2013 and the respective years of the model runs. The corresponding correction would have 
been smaller than 0.1 ppb in all cases and was deemed to be negligible. The change in total chlorine in the 
time period 2004–2020 is about 5% (WMO, 2018) and is mostly taken into account by the initialization with 
actual measurements of HCl by MLS. Even if this change was not taken into account, it would have only a 
small effect on the results.

BrONO2 is assumed to contain all Bry, which is taken from a Bry-CH4 relationship from ER-2 aircraft and 
Triple balloon data (Grooß et al., 2002). All Bry values are scaled with a constant factor to give maximum 
values of 19.9 ppt for the year of measurement (2000; Dorf et al., 2008). Then, Bry is scaled to take into 
account the trends in Bry and CH4 between the measurement date and the start dates of the model runs 
(WMO, 2018). CH4 and NOx are initialized as described in Wohltmann et al. (2017). The setup for the pa-
rameters of the polar stratospheric cloud model (e.g., number densities, supersaturation, and nucleation 
rate) is the same as described in Wohltmann et al. (2017).

A well-known deficiency of most CTMs is a marked discrepancy between measured and modeled HCl 
mixing ratios in the polar vortices (e.g., Brakebusch et al., 2013; Grooß et al., 2018; Solomon et al., 2015; 
Wohltmann et al., 2017), which is particularly pronounced in the Antarctic vortex. This points to a lack 
of understanding of the processes determining HCl in the polar vortices (Grooß et al., 2018; Wohltmann 
et al., 2017). To improve the agreement between model and measurements, a temperature offset of −3 K for 
the calculation of the Henry constant of HCl is used as an empirical correction. It is important to note here 
that while this correction improves the agreement between measurements and model (see Figures 21 and 
22 of Wohltmann et al., 2017), discrepancies remain (see discussion in the following sections). The under-
lying causes for the discrepancy are still unknown (Grooß et al., 2018; Wohltmann et al., 2017), and the cor-
rection can only be empirical. The effect on ozone loss is small (Grooß et al., 2018; Wohltmann et al., 2017).

3. Measurement Data
In Section 6, we use the same set of 52 ozone sonde profiles measured inside the polar vortex from March 17 
to April 17, 2020 as in Wohltmann et al. (2020). The precision of the ozone sondes is ±(3–5)% and the accu-
racy is ±(5–10)% (Smit et al., 2007). For small values of the ozone mixing ratio, the background current of 
the sonde and its subtraction handling become important. An assumed 20% uncertainty in the background 
subtraction in the minimum region converts to a range of 0.002–0.02 ppm, which is usually in the range of 
±(5–10)% and below.

In addition, we use satellite observations of ozone, HCl, HNO3, and ClO from MLS for validation (version 
4.2 data, Livesey et al., 2020). The accuracy of the measurements is indicated in the respective figures. For 
the vortex averages, the random errors of the MLS measurements are negligible.

4. Overview of the Meteorological Evolution of the Winter 2019/2020
Detailed accounts of the evolution of the polar vortex, temperatures, and measured chemical species in the 
stratospheric Arctic winter 2019/2020 can be found in Lawrence et al. (2020) and Manney et al. (2020), and 
we will only give a short overview. A discussion of the temperatures and meteorological conditions of the 
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other winters examined in this manuscript can be found in, for example, Lawrence et al. (2020), Wohltmann 
et al. (2020) (e.g., Figure 1), or Wohltmann et al. (2017).

Figure 1 shows the evolution of the vortex-averaged temperatures and sunlit portion of the vortex for the 
winter 2019/2020. The vortex edge is assumed at 36 PVU potential vorticity at 475 K (e.g., Rex et al., 1999). 
The vortex edge criterion was extended to other altitudes by the modified potential vorticity of Lait (1994). 
The winter 2019/2020 was characterized by an unusually strong, long-lasting, and cold polar vortex (Law-
rence et  al.,  2020). Temperatures dropped below the upper temperature limit for the formation of NAT 
clouds (TNAT) around December 1 and remained below TNAT in significant parts of the vortex until the end 
of March. At this date, the cold region reached from 370 to 550 K. At the end of March, temperatures rose 
quickly above TNAT, leading to an abrupt end of conditions favorable for chlorine activation and ozone de-
pletion. Temperatures below the threshold for ice cloud formation (Tice) were occasionally observed. The 
lowest temperatures in 2020 were detected around February 1. This led to the formation of ice clouds visible 
as a decline in the MLS water vapor measurements (Manney et al., 2020).

5. Chemical Evolution of the 2019/2020 Winter and Comparison to Other 
Winters
In this section, we discuss the chemical evolution of the 2019/2020 winter and compare the results to other 
Arctic and Antarctic winters. In most cases, we limit our study to polar vortex means and the 54 hPa pres-
sure level to keep the discussion at a reasonable length. The 54 hPa level is in a representative altitude for 
anthropogenic ozone depletion and is one of the levels studied in Wohltmann et al. (2017), which allows 
direct comparison to figures in Wohltmann et al.  (2017) that show additional years and results for both 
the Northern and Southern Hemisphere. 54 hPa is not a material surface and this implies that we look 
at different air masses at different points of time. However, other choices such as a potential temperature 
surface or a surface following the mean descent in the vortex are not material surfaces either, and there is 
no straightforward way to follow the same air masses over the course of a complete winter (and, e.g., to 

Figure 1. Vortex-averaged temperature (blue), vortex minimum temperature (dashed blue), and fraction of the 
vortex area in sunlight (yellow) at 54 hPa for the Arctic winter 2019/2020. The upper thin blue line shows the upper 
temperature limit for the formation of nitric acid trihydrate (NAT) clouds inferred from the ATLAS model and the 
lower thin blue line shows the same for ice clouds.
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stay inside the vortex and in a reasonable altitude range at the same time). A similar approach is taken, for 
example, in Solomon et al. (2014).

The results for the Arctic winter 2019/2020 are compared to the Arctic winters 2004/2005, 2009/2010, and 
2010/2011. While the winters 2004/2005 and 2009/2010 are examples of winters with average temperatures 
and ozone depletion for the past 15 years, the winter 2010/2011 was the second coldest Arctic stratospheric 
winter after the 2019/2020 winter (Lawrence et al., 2020; Wohltmann et al., 2020) and showed a comparable 
amount of vortex-averaged ozone depletion (Manney et al., 2020; Wohltmann et al., 2020). Results are also 
compared to the Antarctic winters 2006 and 2011 to examine how different the conditions in the Arctic 
winters were from Antarctic conditions.

The vortex edge is assumed to be at a modified potential vorticity of 36 PVU at 475  K in the Northern 
Hemisphere and at −36 PVU at 475 K in the Southern Hemisphere. We only discuss vortex means before 
the breakup date of the vortex. The approximate breakup date of the vortex is calculated as the first date in 
spring when the area of the vortex at 54 hPa decreases below 15 million km2. In the Antarctic winters, the 
breakup date is later than the last date shown in the plots. Since there are often notable differences between 
the vortex core and the vortex edge, which is more affected by sunlight and mixing, we show both averages 
over the complete vortex and the core of the vortex. To accomplish this, we initialize a “vortex tracer” as an 
artificial species on December 10 in the Northern Hemisphere and on June 10 in the Southern Hemisphere, 
which is set to 1 inside the vortex and to 0 outside the vortex. The vortex tracer is then transported and 
mixed in the model and can take any value between 0 and 1. We only include air parcels in the mean for the 
vortex core for which the vortex tracer has a value greater than 0.7 (see Wohltmann et al., 2017). Figure 2 
shows the fraction of the vortex area that meets the condition of being in the vortex core at 54 hPa for the 
discussed Arctic and Antarctic winters.

Figure 2. Fraction of the vortex area that meets the condition of being in the vortex core according to the definition 
in the text (values of the “vortex tracer” greater than 0.7) at 54 hPa for the Arctic winters 2004/2005, 2009/2010, 
2010/2011, and 2019/2020 and for the Antarctic winters 2006 and 2011. Antarctic values are shifted by half a year. Dots 
show the approximate breakup date of the Arctic polar vortex (see Section 5).
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5.1. Chlorine Activation and Deactivation

Figure 3 shows the modeled vortex-averaged mixing ratios of active chlorine ClOx (a, b) at 54 hPa for the dif-
ferent Arctic and Antarctic winters. In addition, the figure shows the reservoir gases HCl (c, d) and ClONO2 
(e, f). Figures 3a, 3c and 3e show vortex means and Figures 3b, 3d and 3f show means over the vortex core. In 
2019/2020, significant vortex-averaged chlorine activation (>0.1 ppb) was seen in the model from November 
24 to March 29 at 54 hPa (Figure 3a). Chlorine activation in November is unusually early and is normally 
not observed before the start of December in other Arctic winters (Figure 3a, see also Manney et al., 2020). 
The early chlorine activation was caused by record low temperatures in November and early December 
(Lawrence et al., 2020; Wohltmann et al., 2020). In the inner parts of the vortex, ClOx reached peak values 
of 2.4 ppb at 54 hPa (Figure 3b). Chlorine activation is also indicated by the decreasing mixing ratios of HCl 
and ClONO2 (Figures 3c–3f).

The temporal increase in ClOx is more pronounced in the average Arctic winters than in the Antarctic 
winters in the vortex core (see Figure 3b), likely because of stronger downwelling by the Brewer-Dobson 
circulation. The winter 2019/2020 showed a stable and cold vortex with weak transport (e.g., Lawrence 
et al., 2020). Nevertheless, simulated ClOx values are higher in 2019/2020 than in any other simulated Arc-
tic winter, presumably because of the colder conditions. In general, simulated ClOx values in the Northern 
Hemisphere are higher than or comparable to the values in the Southern Hemisphere during the period 
when there is a stable vortex in the Northern Hemisphere (Figures 3a and 3b). This may be caused not only 
by differences in downwelling but also by more severe overestimation of HCl in the model in the Southern 
Hemisphere. This is discussed in more detail at the end of this section and in Section 5.3. However, for the 
amount of ozone depletion, the time period when high ClOx values are observed is of critical importance 
(e.g., Solomon et al., 2014), and in average Arctic winters, this time period is several weeks to months short-
er than in the Southern Hemisphere (Figures 3a and 3b).

Figure 4 shows the chemical reaction rates of all reactions involving HCl and ClONO2 averaged over the 
vortex core for the winter 2019/2020. In a first activation phase ending in December, HCl and ClONO2 
were transformed into ClOx by the reaction HCl + ClONO2 until most available ClONO2 was consumed. In 
individual air masses, this step proceeds rather rapidly, usually within less than 1 day (e.g., ATLAS simu-
lations on example trajectories in Figures 8–13 by Nakajima et al., 2016). The second phase, which started 
in mid-January and lasted until mid of March, was characterized by a competition between activation and 
deactivation (see also, e.g., Portmann et al., 1996; Solomon et al., 2015). There are both activation and de-
activation reactions that depend on sunlight and their rates increase with increasing illumination. Note 
that under certain conditions, activation and deactivation reactions may not be independent of each other 
and may exactly cancel out (Müller et al., 2018). Activation by the reactions HCl + ClONO2 and HOCl + 
HCl was about equally important in this phase. In this respect, the winters 2019/2020 and 2010/2011 (not 
shown) were a hybrid between Arctic and Antarctic conditions: In the Southern Hemisphere, activation 
later in winter is normally dominated by HOCl + HCl because of a lack of NOx, while in average winters 
in the Northern Hemisphere, like 2004/2005, HOCl + HCl usually plays a smaller role because of the less 
severe denitrification (e.g., Crutzen et al., 1992; Grooß et al., 2011; Prather, 1992; Wohltmann et al., 2017). 
The activation in this time period (until mid-March) was nearly balanced by deactivation. Deactivation in 
this time period via Cl + CH4 into HCl and via ClO + NO2 into ClONO2 was about equally important in 
the vortex core (Figure 4). The mixing ratios of HCl and ClONO2 did not change significantly because of 
the quick reactivation into active chlorine (green lines in Figures 3d, 3f and 4). Figures corresponding to 
Figure 4 that complement these results for additional years, for the northern and Southern Hemisphere, 
and for different altitude levels can be found in Wohltmann et al. (2017) (e.g., their Figures 13a, 13b, 17a, 
and 17b and supplement).

Figures 3a and 3b show that a significant decrease of ClOx starts around mid-March in 2019/2020. A quick 
rise of temperatures at the end of March led to an abrupt end of chlorine activation and a quick deactiva-
tion of chlorine into the reservoir gases, see also Manney et al. (2020). Both deactivation into HCl and into 
ClONO2 are seen (Figures 3c–3f). Typically, chlorine deactivation in the Arctic proceeds into ClONO2 via the 
reaction ClO + NO2, while chlorine deactivation into HCl by the reaction Cl + CH4 is the predominant deac-
tivation pathway under low ozone levels and denitrified conditions in the Antarctic ozone hole (e.g., Doug-
lass et al., 1995; Oelhaf et al., 1994; Portmann et al., 1996; Wohltmann et al., 2017). Figures 3c–3f show that 
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Figure 3. Modeled mixing ratios of active chlorine ClOx (a and b), HCl (gas phase, c, d), and ClONO2 (e and f) in the polar vortex at 54 hPa for the Arctic 
winters 2004/2005, 2009/2010, 2010/2011, and 2019/2020 and for the Antarctic winters 2006 and 2011. (a, c, e) Vortex means and (b, d, f) Means over the polar 
vortex core. Antarctic values are shifted by half a year. Dots show the approximate breakup date of the Arctic polar vortex (see Section 5).



Journal of Geophysical Research: Atmospheres

WOHLTMANN ET AL.

10.1029/2020JD034356

8 of 25

for the average Arctic winters 2004/2005 and 2009/2010 deactivation mainly proceeds into CIONO2 while for 
the Antarctic winters in the vortex core, deactivation mainly proceeds into HCl (Figures 3d and 3f). There is 
also some deactivation into CIONO2 in Antarctic winters at the vortex edge, which might be due to transport 
of NOx into the vortex (Figure 3e). Some of the increase in HCl in the Northern Hemisphere in spring is due 
to transformation of CIONO2 into HCl (Figure 4).

Again, the winters 2010/2011 and 2019/2020 show conditions somewhere in between average Arctic win-
ters and Antarctic winters: In these years, deactivation into both CIONO2 and HCl is observed in the model. 
This is particularly apparent in the CIONO2 mixing ratios in the vortex core (Figure 3f). It is likely that 
deactivation proceeds into HCl at some locations and into CIONO2 at other locations in these winters. Deac-
tivation into HCl requires low ozone values and denitrified conditions, while deactivation into CIONO2 re-
quires NOx. To some extent, these conditions for the deactivation pathways exclude each other. Even though 
we are looking at vortex averages, this is visible in Figures 3c–3f. The vortex core shows more deactivation 
into HCl and less into CIONO2 than the complete vortex. This is due to higher values of ozone and NOx at 
the vortex edge. Examples for deactivation into HCl and CIONO2 for individual trajectories are shown in 
Section 6 (Figure 17).

Figure 3d shows minimum HCl mixing ratios in the vortex core of about 0.5 ppb in the Antarctic. These are 
significantly higher than the mixing ratios of below 0.2 ppb simulated for the Arctic winters 2010/2011 and 
2019/2020. The high HCl mixing ratios in the Antarctic are unrealistic and are related to the well-known 
discrepancy between HCl measurements and simulations in most CTMs (e.g., Brakebusch et  al.,  2013; 
Grooß et al., 2018; Solomon et al., 2015; Wohltmann et al., 2017). Even though an empirical correction for 
this has been applied in the model runs (see model description), a discrepancy remains in the model (which 
would be even larger without the correction, see Wohltmann et  al.,  2017, Figures 21 and 22). Figure  5 
shows a comparison of simulated vortex-averaged HCl mixing ratios with MLS observations. Simulated 
vortex averages show an overestimate of up to 0.4 ppb in the Northern Hemisphere compared with MLS 
measurements and of up to 0.6 ppb in the Southern Hemisphere. Local differences between model and 
measurements in the Antarctic vortex core can reach 1 ppb (not shown). However, the effect on ozone loss 
is small (Grooß et al., 2018; Wohltmann et al., 2017) and the effect on active chlorine is less than expected 
(see Section 5.3 for more detailed discussion).

Figure 4. Chemical reaction rates of HCl and ClONO2 in the polar vortex core at 54 hPa for the Arctic winter 2019/2020 with production/loss for each reaction 
added on to the previous one shown. (a) Vortex-averaged chemical reaction rates involving HCl. Production reactions show positive values and are separated 
by a line in the legend from the loss reactions, which show negative values. The net change of HCl is shown as a green line. (b) Same for ClONO2. The net 
production rate of the fast cycle ClO + NO2 + M → ClONO2 + M/ClONO2 + hν → products is shown. This cycle is separated by a line in the legend from the 
loss reactions.
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5.2. HNO3 and Denitrification

Denitrification and the amount of HNO3 in the polar vortex can have a significant impact on the amount 
of ozone loss, for example, by impeding deactivation of active chlorine into ClONO2. Figure 6 shows the 
modeled vortex-averaged mixing ratios of gas-phase HNO3 at 54 hPa for the different Arctic and Antarctic 

Figure 5. Modeled and observed HCl mixing ratios in the polar vortex at 54 hPa for the Arctic winters 2004/2005, 2009/2010, 2010/2011, and 2019/2020 and 
for the Antarctic winters 2006 and 2011. Modeled vortex averages (black) compared to corresponding vortex averages of the Microwave Limb Sounder (MLS) 
instrument (red, bars show the accuracy of the measurements). The gray line shows the approximate breakup date of the Arctic polar vortex (see Section 5).

Figure 6. Modeled mixing ratios of gas-phase HNO3 in the polar vortex at 54 hPa for the Arctic winters 2004/2005, 2009/2010, 2010/2011, and 2019/2020 and 
for the Antarctic winters 2006 and 2011. (a) Vortex means and (b) Means over the polar vortex core. Antarctic values are shifted by half a year. Dots show the 
approximate breakup date of the Arctic polar vortex (see Section 5).
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winters. Figure 6a shows vortex means and Figure 6b shows means over the vortex core. The general de-
crease of HNO3 in all of the winters is mainly driven by denitrification by sedimenting PSC particles in 
the model (e.g., Wohltmann et al., 2017). At the end of the winter, vortex-averaged HNO3 mixing ratios are 
comparable for the cold Arctic winters 2010/2011 and 2019/2020 and the Antarctic winters (about 3–5 ppb). 
However, these low values are approached much more quickly in the Southern Hemisphere (after about 
1 month) than in the cold Arctic winters (after 4–5 months). The average Arctic winters show mixing ratios 
that are considerably higher (7–8 ppb).

In general, HNO3 mixing ratios are lower in the vortex core than in the complete vortex. This is caused 
by the more pronounced denitrification due to the lower temperatures and by less in-mixing of air. In the 
Antarctic winters, the vortex core is almost completely denitrified with HNO3 mixing ratios of about 2 ppb 
for more than 4 months, while the average Arctic winters show minimum HNO3 values of 5–8 ppb. Once 
again, the winters 2010/2011 and 2019/2020 show conditions somewhere in between, with minimum HNO3 
values around 3.5 ppb at the end of the winter.

Figure 7 shows a comparison of simulated vortex-averaged gas-phase HNO3 mixing ratios to MLS obser-
vations. In all years, the modeled vortex averages agree well with the MLS observations, which shows that 
denitrification is captured well by the model. The most notable difference is an underestimation of HNO3 
by the model in March and April 2020 by about 2 ppb.

5.3. Ozone

Figures 8a and 8b show the evolution of the vortex-averaged ozone mixing ratios at 54 hPa in the different 
Arctic and Antarctic winters. Initial mixing ratios on November 1 (or May 1, respectively) are about 2.5 ppm 
in all winters. By the end of the winter, vortex-averaged mixing ratios in the Antarctic winters and the cold 
Arctic winters decrease to values of 1–1.7 ppm, while the warmer Arctic winters show values of about 3.1–
3.2 ppm. In the vortex core, mixing ratios fall even lower, with the Antarctic winters showing mixing ratios 

Figure 7. Modeled and observed gas-phase HNO3 mixing ratios in the polar vortex at 54 hPa for the Arctic winters 2004/2005, 2009/2010, 2010/2011, and 
2019/2020 and for the Antarctic winters 2006 and 2011. Modeled vortex averages (black) compared to corresponding vortex averages of the Microwave Limb 
Sounder instrument (red, bars show the accuracy of the measurements). The gray line shows the approximate breakup date of the Arctic polar vortex (see 
Section 5).
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of 0.6–0.7 ppm and the cold Arctic winters showing mixing ratios of about 1.1 ppm. Figure 9 shows a com-
parison of the simulated ozone mixing ratios to MLS observations. In all years, the modeled vortex averages 
agree with vortex averages observed by MLS within 0.4 ppm (corresponding to 20% maximum difference 
in the Northern Hemisphere and 30% in the Southern Hemisphere). Typically, ATLAS overestimates ozone 
somewhat at the end of the winter.

Figure 8. Ozone mixing ratios in the polar vortex at 54 hPa for the Arctic winters 2004/2005, 2009/2010, 2010/2011, and 2019/2020 and for the Antarctic 
winters 2006 and 2011. (a) Vortex means and (b) Means over the polar vortex core. Antarctic values are shifted by half a year. Dots show the approximate 
breakup date of the Arctic polar vortex (see Section 5).

Figure 9. Modeled and observed ozone mixing ratios in the polar vortex at 54 hPa for the Arctic winters 2004/2005, 2009/2010, 2010/2011, and 2019/2020 
and for the Antarctic winters 2006 and 2011. Modeled vortex averages (black) compared to corresponding vortex averages of the Microwave Limb Sounder 
instrument (red, bars show the accuracy of the measurements). The gray line shows the approximate breakup date of the Arctic polar vortex (see Section 5).
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Figure 10 shows the chemical ozone depletion rates in the vortex core at 54 hPa for the winter 2019/2020 
and the contribution of the different catalytic ozone depletion cycles. Ozone depletion can be divided into 
two phases: In December, a moderate depletion of about 10 ppb/day was observed. After a minimum at 
the start of January due to a lack of sunlight, depletion began to increase steadily from values near zero to 
depletion rates of up to 70 ppb/day in March. This increase is caused by the increase in sunlight, since tem-
peratures were consistently low enough for chlorine activation in this time period. Ozone depletion ended 
quite abruptly at the end of March with the rise of temperatures. An increase in ozone depletion rates can 
also be caused by an increase in ClOx by transport during the winter, but 2019/2020 showed a stable and 
cold vortex with weak transport (e.g., Lawrence et al., 2020) and relatively constant ClOx values (Figure 3b).

The ClO-ClO cycle contributes about 60% to the ozone loss, while the ClO-BrO cycle contributes about 
30%. This is comparable to values found in other studies (e.g., Frieler et al., 2006; Kuttippurath et al., 2010; 
Wohltmann et al., 2017). Again, figures corresponding to Figure 10 for additional years, for the northern 
and Southern Hemisphere, and for different altitude levels can be found in Wohltmann et al. (2017) (e.g., 
their Figure 20a, and supplement).

Figure 11 shows the chemical ozone depletion rates in the vortex at 54 hPa for different winters. Ozone 
depletion rates are generally higher in the vortex core than in the complete vortex (up to 70 ppb/day com-
pared to 50 ppb/day). Significant ozone depletion in 2019/2020 (more than 5 ppb/day) is first observed at 
the beginning of December, which is unusually early (Manney et al., 2020), and lasts until the end of March. 
The high ozone depletion rates in December are caused by record low temperatures in November and early 
December in 2019 (Lawrence et al., 2020; Wohltmann et al., 2020). Ozone depletion rates for the Antarctic 
winters and the cold Arctic winters 2010/2011 and 2019/2020 are of comparable magnitude in most of the 
considered time period. While ozone depletion rates for the average winters 2004/2005 and 2009/2010 are 
similar to the rates of the other years in early winter, they are considerably lower in late winter compared 
to the cold Arctic and Antarctic winters (mainly because of the earlier breakdown of the vortex and the 
preceding temperature increase). The similar ozone depletion rates for Arctic and Antarctic winters may 
seem surprising at first sight. There are several points to note here:

Figure 10. Chemical ozone depletion rates in the polar vortex core at 54 hPa for the Arctic winter 2019/2020. The 
green line shows the net chemical change rate of ozone, which nearly equals the change rate of odd oxygen at this 
altitude. The contribution of different catalytic cycles to the ozone loss is shown by the reaction rates of their rate-
limiting step. Only the three most important cycles are shown. Ozone production is shown in cyan.
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1.  There is a good agreement between the modeled and observed ozone mixing ratios (Figure 9). This sup-
ports the validity of the modeled ozone loss rates, unless there are competing transport effects that lead 
to discrepancies. The difference between modeled and observed ozone in the Southern Hemisphere and 
in the cold Arctic winters is in fact smaller than in the warmer Arctic winters.

2.  The vertical range where ozone depletion leads to very low mixing ratios (<0.2 ppm) is much larger in 
the Southern Hemisphere (about 350–510 K, e.g., Kuttippurath et al., 2018; Solomon et al., 2014) com-
pared to the Arctic winter 2019/2020 (425–485 K, Wohltmann et al., 2020). This leads to much larger 
ozone loss in the total column in the Southern Hemisphere.

3.  Our model may underestimate the ozone depletion rates in the Southern Hemisphere because of the 
difficulties in modeling HCl correctly (Figure 5). There is, however, evidence that the discrepancy in 
HCl does not translate to as large a discrepancy in ozone depletion rates. Modeled ClO and observed ClO 
agree better than expected from the discrepancy in HCl. Typically, the local underestimation of modeled 
ClO values compared to MLS is 0.2–0.4 ppb for peak values measured in sunlight (not shown). Assuming 
a partitioning of 70% for ClO in ClOx (Wohltmann et al., 2017), this translates to an underestimation of 
ClOx of 0.3–0.6 ppb. This is less than the observed differences in HCl of up to 1 ppb. The effect of the 
empirical correction of the HCl discrepancy in the model on ozone loss is small and on the order of mag-
nitude of a few 0.1 ppm at 54 hPa (Grooß et al., 2018; Wohltmann et al., 2017).
 When trying to correct for the HCl discrepancy, there were several options (see Wohltmann et al., 2017). 
We chose to change the HCl solubility for the particular reason that while HCl does not agree well with 
measurements, ozone and ClOx seem to be less affected. Our empirical correction hides HCl inside the 
PSCs and HCl in PSCs will not be observed by instruments that measure gas-phase HCl. At the same 
time, it does not significantly change the rest of the chemistry in the model.

4.  In most Arctic winters of the last decades, the period of significant ozone loss (at most several weeks) 
was much shorter than in the Southern Hemisphere (typically more than 2 months).

Remarkably, the last point is not true for the Arctic winters 2010/2011 and 2019/2020 at 54 hPa. These 
winters show periods of significant ozone depletion that are comparable in length to those in the Southern 
Hemisphere and also show a similar magnitude of chemical ozone depletion rates.

Figure 11. Chemical rate of change of ozone in the polar vortex at 54 hPa for the Arctic winters 2004/2005, 2009/2010, 2010/2011, and 2019/2020 and for the 
Antarctic winters 2006 and 2011. (a) Vortex means and (b) Means over the polar vortex core. Dots show the approximate breakup date of the Arctic polar vortex 
(see Section 5).
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5.4. Ozone Changes by Transport Versus Ozone Changes by Chemistry

The evolution of the ozone mixing ratios is not only determined by ozone loss. Changes by transport and 
chemistry both contribute to the overall change. Changes by transport are more important in the Northern 
Hemisphere, where they contribute about equally to the interannual variability in polar ozone (e.g., Tegt-
meier et al., 2008). Typically, a cold and stable vortex is associated with decreased downwelling, less mixing 
across the vortex edge, a weaker Brewer-Dobson circulation, a later vortex breakup and lower ozone (e.g., 
Newman et al., 2001; Randel et al., 2002; Tegtmeier et al., 2008), and the opposite for a warm and disturbed 
vortex. We will now have a closer look at the chemical and transport contributions to the overall change.

Figures  12a and  12b show the accumulated chemical change from Figure  11 (i.e., the integral over the 
curves), with a common start date of December 10 or June 10 (initialization dates of the vortex tracer). 
Figures 12c and 12d show the same for the accumulated change due to transport. The accumulated change 
due to transport is calculated as the difference between the accumulated total simulated change of ozone 
and the accumulated chemical change. The accumulated chemical change at 54 hPa is not identical to the 

Figure 12. Accumulated change of ozone mixing ratio due to chemistry and due to transport in the polar vortex at 54 hPa for the Arctic winters 2004/2005, 
2009/2010, 2010/2011, and 2019/2020 and for the Antarctic winters 2006 and 2011. (a, b) The accumulated chemical ozone change (integral of Figures 11a 
and 11b). (c, d) The same for accumulated ozone change due to transport (same vertical scale, but vertical axis shifted). (a, c) Vortex means and (b, d) Means 
over the polar vortex core. Antarctic values are shifted by half a year. Dots show the approximate breakup date of the Arctic polar vortex (see Section 5).
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overall chemical loss experienced by a given air mass, since 54 hPa is not a material surface and we look at 
different air masses at different points of time. In all years, the chemical ozone loss is masked by transport 
of ozone from above and across the vortex edge. In warm years, this can lead to an increase in ozone, even 
though there is ozone loss (see Figure 8), while in colder years, the simulated change is somewhat less than 
expected from ozone depletion alone.

For the cold Arctic winters and the Antarctic winters, the vortex-averaged accumulated chemical loss is 
remarkably similar and amounts to about 2.3–2.6 ppm at the end of winter (defined as vortex breakup in 
the Northern Hemisphere and October 20 in the Southern Hemisphere; Figure 12a). In the vortex core, the 
corresponding values are 2.9–3.1 ppm (Figure 12b). The average Arctic winters 2004/2005 and 2009/2010 
show lower vortex-averaged values of about 1.5 and 0.8 ppm, respectively (Figure 12a). The smaller loss at 
the end of winter for the average Arctic winters is mainly caused by the earlier breakup of the vortex and 
the shorter time period of ozone loss (and not so much by differences in loss rates).

The change by chemistry is partially offset by the accumulated change by transport at the end of the winter. 
The vortex-averaged rate of change by transport at a given point in time is larger for the average Arctic win-
ters 2004/2005 and 2009/2010 than for the other winters, as expected from the larger downwelling by the 
Brewer–Dobson circulation in warm winters (Figure 12c). The Antarctic winters and the cold Arctic winters 
2010/2011 and 2019/2020 show similar rates of change by transport (Figure 12c) and a similar vortex-aver-
aged accumulated change by transport of 0.9–1.2 ppm at the end of winter. It has already been noted that 
the Arctic winter 2010/2011 was characterized by an exceptionally low contribution of transport and mixing 
to the ozone change (e.g., Balis et al., 2011; Lawrence et al., 2020; Strahan et al., 2013), and the Arctic winter 
2019/2020 was very similar to 2010/2011 in this respect.

The higher rate of ozone change by transport in warm winters is partially compensated by a shorter time of 
change due to an earlier vortex breakup. The warm Arctic winter 2009/2010 shows an accumulated ozone 
change due to transport of 1.1 ppm at the end of the winter, that is similar to the corresponding value in 
cold winters (Figure 12c) because of these compensating effects. An exception for the years considered in 
this study is the Arctic winter 2004/2005, which shows a vortex-averaged change by transport of 2.1 ppm. 
The winter 2004/2005 was remarkable for having a weak polar vortex and unusually large mixing (e.g., 
Manney et al., 2006; Schoeberl et al., 2006). Moreover, the vortex breakup date is later in 2004/2005 than in 
2009/2010.

In the vortex core, the winters 2010/2011 and 2019/2020 show a slightly higher positive accumulated change 
by transport than the Antarctic winters at the end of the winter (Figure 12d). This is caused by higher rates 
of change by transport in some parts of the considered time period. The accumulated negative change by 
chemistry for cold Arctic winters is similar or slightly lower compared to the Antarctic at the end of winter 
(Figure 8b). Taken together, this leads to higher simulated mixing ratios in the vortex core for the cold Arctic 
winters compared to Antarctic winters at the end of the winter (Figure 8b). In addition to the earlier vortex 
breakup, higher ozone mixing ratios at the start of December also play a role for the higher values in the 
Arctic winter 2010/2011 compared to 2019/2020 (Figure 8b). The higher mixing ratios are partly caused by 
the early ozone loss in December in 2019/2020, which was not evident in 2010/2011.

5.5. Ozone Loss Estimates in the Same Air Mass

The quantitative estimation of ozone loss in the same air mass (as opposed to the accumulated loss in 
different air masses at a given pressure level discussed so far) in the winter 2019/2020 is covered in detail 
elsewhere (e.g., Feng et al., 2021; Grooß & Müller, 2021; Manney et al., 2020; Wohltmann et al., 2020), and 
we will only give a short comparison of our results to other studies. The maximum in the simulated ozone 
loss profile averaged over the vortex obtained with a passive ozone tracer (see Wohltmann et al., 2020) is 
2.3 ppm at about 450 K on April 1. The corresponding value for the vortex core is 2.7 ppm. The vortex-aver-
aged partial column loss (370–550 K) is 123 DU on April 1. Grooß and Müller (2021) report values for the 
CLaMS model of 2.74 ppm in the vortex north of 75° equivalent latitude on March 30 and 131 DU partial 
column loss (370–550 K) north of 75° on April 4. Wohltmann et al. (2020) compare the ATLAS passive trac-
er to sondes and obtain an ozone loss of 2.8 ppm for sondes showing less than 0.2 ppm in the most depleted 
part of the vortex (March 23 to April 10) with a corresponding partial column loss of 124 DU (370–550 K). 
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Manney et al. (2020) give a value of 2.8 ppm for the MLS match approach and a vortex-averaged descent 
approach. Feng et al. (2021) give a value of 108 DU for the maximum ozone loss in the vortex total column 
on March 18 from the SLIMCAT model. This is lower than the other estimates but may miss some loss after 
March 18.

6. The Depleted Layer Observed in 2020
Observations of ozone sondes and satellites show a layer of highly depleted ozone centered around 450 K po-
tential temperature in about 20% of the polar vortex area in March and April 2020 (Wohltmann et al., 2020). 
Typically, mixing ratios below 0.2 ppm were observed, with individual measurements showing values as low 
as 0.13 ppm (Wohltmann et al., 2020). Such a pronounced minimum in the vertical profile has never been 
observed in the Arctic before, with lowest observed ozone mixing ratios in any previous winter not lower 
than 0.5 ppm in 2011 (e.g., Solomon et al., 2014; Wohltmann et al., 2020). A detailed account of these obser-
vations and the associated ozone loss is given in Manney et al. (2020) and Wohltmann et al. (2020). Here, we 
take an additional look at the depleted layer from the perspective of the ATLAS model.

We use the same set of 52 ozone sonde profiles measured inside the polar vortex from March 17 to April 
17, 2020 as in Wohltmann et al. (2020). Figure 13 shows examples of simulated and measured ozone sonde 
profiles. ATLAS is able to reproduce the shape and magnitude of the ozone minima in the sonde meas-
urements, which confirms that the minima can be reproduced with our current understanding of ozone 
chemistry. Figure 13 indicates that significant ozone loss is observed between 370 and 550 K (difference 
between the black and red lines).

6.1. More Time Spent at Low Temperatures and in Sunlight Leads to More Ozone Depletion

For a better qualitative understanding of the mechanisms leading to this minimum, we examine the his-
tory of the air masses measured at the sonde locations. Ozone loss has two basic requirements: The first 
is temperatures below the upper temperature limit for the formation of polar stratospheric clouds, so that 
active chlorine is set free from chlorine reservoir gases. The second requirement is sunlight, which is need-
ed for the catalytic photochemical ozone depletion cycles. Once there is sunlight, low temperatures are 
also required to stop active chlorine from being deactivated. Under these conditions, both activation and 
deactivation reactions proceed and chlorine remains activated, see discussion in Section 5.1, or for example, 
Portmann et al. (1996) and Solomon et al. (2015). In order to quantify the occurrence of PSCs and sunlight, 
we calculated backward trajectories from the position and time of the ozone soundings. For each trajectory, 
we determined the accumulated length of the time periods in which the corresponding air masses had not 
only been below the upper temperature limit for the formation of polar stratospheric clouds composed of 
NAT, but also in sunlight. In the following, we will call this quantity Δtpsc+sun. This approach was inspired 
by a similar approach for the relationship between PSC volume in the vortex and overall ozone loss (e.g., 
Rex et al., 2004, 2006), which is refined by taking sunlight into account in some studies (e.g., Pommereau 
et al., 2018).

6.2. Calculation of Δtpsc+sun

We start backward trajectories from the location and time of the sonde measurements from 370 to 550 K 
in 1 K steps to calculate Δtpsc+sun. The trajectories are run backward for 4 months with a 10 min time step 
and are calculated with the trajectory module of the ATLAS model. The model uses meteorological data 
and diabatic heating rates from ERA5 to calculate the vertical motion. The upper temperature limit TNAT 
for the formation of NAT clouds is calculated as in Hanson and Mauersberger (1988) along the trajectories. 
Mixing ratios of HNO3 are taken from measured MLS profiles closest to the trajectory location on the day 
of the respective trajectory time step. All 10 min time periods that show a temperature below TNAT and a 
solar zenith angle below 90° are summed for each individual trajectory. Trajectories that spent a significant 
time far outside the polar vortex are discarded. This is accomplished by rejecting any trajectories that show 
a modified potential vorticity smaller than 25 PVU at any point in time.
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Figure 13. Examples of ozone sonde profiles measured at end of March and beginning of April 2020, as a function of potential temperature. Blue lines show 
individual ozone sonde measurements. Black lines show the simulated ozone of the ATLAS model interpolated to the position of the sonde measurement. Red 
lines show a passive ozone tracer from the ATLAS model interpolated to the position of the sonde measurement. Values for the passive ozone tracer are only 
reliable below 550 K (Wohltmann et al., 2020). The difference between the passive tracer and ozone is the chemical ozone loss. The 54 hPa level is indicated 
(first subplot). Profiles were measured at Alert (al, 82.5°N, 62.3°W), Eureka (eu, 80.0°N, 85.9°W), Ittoqqortoormiit (Scoresbysund; sc, 70.5°N, 22.0°W), Ny-
Ålesund (na, 78.9°N, 11.9°E), Resolute (rs, 74.7°N, 94.9°W), and Sodankylä (so, 67.4°N, 26.6°E) and above the Polarstern vessel in the Arctic Ocean (ps, 86.2°N, 
15.8°E) during the MOSAiC expedition (von der Gathen & Maturilli, 2020).
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6.3. Linear Relation of Ozone Loss and Δtpsc+sun

To a first-order approximation, the relation between Δtpsc+sun and the accumulated ozone loss is linear. 
Ozone is depleted by the catalytic ClO-ClO and ClO-BrO cycles (Figure 10). The rates of these catalytic loss 
cycles are not dependent on the ozone mixing ratio. That means, that as long as ClOx is approximately con-
stant, ozone is depleted with an approximately constant rate. Assuming that all available chlorine is fully 
activated into ClOx when PSCs are present and when there is sunlight, and that it is quickly deactivated or 
that there is no ozone loss after the disappearance of PSCs or when there is a lack of sunlight, leads to a lin-
ear relationship between Δtpsc+sun and the accumulated ozone loss. Notably, the detailed reaction pathways 
for activation (e.g., by ClONO2 + HCl or HOCl + HCl) or deactivation (e.g., by Cl + CH4 or ClO + NO2) 
are not relevant for this relationship. However, chlorine activation during the time covered by Δtpsc+sun may 
stop if one of the chlorine reservoir gases is depleted (and cannot be regenerated or substituted by another 
reaction partner fast enough).

6.4. Minimum Ozone Mixing Ratios

Typical observed minimum mixing ratios in the ozone hole in the Antarctic vortex are about 0.01–0.1 ppm, 
which approaches the detection limit of ozone sondes and satellite instruments (e.g., Solomon et al., 2014; 
Wohltmann et al., 2020). Lowest observed values in the Arctic winter 2020 are about 0.1–0.2 ppm. Taking 
this together, we define 0.05 ppm as a reasonable threshold value for “near zero ozone” in the following.

6.5. Results

Figure 14a shows the average of all sonde measurements with a minimum mixing ratio below 0.2 ppm 
from March 17 to April 17, 2020 in red. The average of all other sonde measurements in this time period is 
shown in blue. Figure 14b shows the corresponding averages of Δtpsc+sun for the air masses measured by the 
sondes. The average of the sondes partly accounts for the “butterfly” effect, where small differences in the 
initial conditions of the trajectories can grow exponentially, and tends to cancel out the uncertainties caused 
by this. The basic assumption made is that while the results for individual trajectories will be meaningless 
for longer time periods, the result for the average will be a suitable approximation. The results for adjacent 
potential temperature levels also give an indication of these uncertainties.

Figures 13 and 14 indicate that the vertical extent of the ozone minimum and of ozone depletion correlates 
well with Δtpsc+sun along the backward trajectories. Higher values of Δtpsc+sun are typically correlated with 

Figure 14. (a) Ozone sonde profiles inside the polar vortex averaged from March 17 to April 17, 2020. The red line 
is the average of all sondes with a minimum mixing ratio below 0.2 ppm; the blue line shows the average of all other 
sondes. Shading shows minimum and maximum values. The mean position of the 54 hPa level is indicated. Shading 
shows minimum and maximum values. (b) Average of the length of the accumulated time periods spent below the 
upper temperature limit for the formation of NAT clouds (TNAT) and in sunlight for the air masses measured by the 
sondes. Shading shows minimum and maximum values.
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lower ozone mixing ratios and more ozone loss. The vertical range of ozone depletion is limited by the tem-
perature profile of the stratosphere in combination with the strong altitude dependence of TNAT.

The sondes with a minimum below 0.2 ppm show mixing ratios that are on average 0.3–0.4 ppm lower 
than the mixing ratios of the other sondes. At the same time, the air parcels measured by these sondes 
spent about 28 h more time below TNAT and in sunlight than the other sondes (mean over 430–470 K). This 
suggests that the lowest observed mixing ratios were caused by exceptionally long periods with low temper-
atures in sunlight in the history of these air masses.

Figure 15a shows that the relation between Δtpsc+sun and measured ozone also holds for individual sondes 
in a statistical sense. The figure shows a scatter plot of the ozone mixing ratio of individual sondes averaged 
over 430–470 K and the corresponding averages of Δtpsc+sun for the air masses measured by the sondes. The 
430–470 K range is a compromise between reducing the uncertainty in Figure 15 and a sufficiently small 
vertical range. A change in measured ozone of 153 ± 58 ppb per 24 h spent below TNAT and in sunlight can 
be deduced from the slope of a regression line fitted through the points in Figure 15a. Uncertainty limits 
represent the 95% confidence interval obtained from the distribution of the fitted slopes in a bootstrap ap-
proach by resampling of the residuals.

However, the slope of the regression line through the observed ozone mixing ratios is no direct measure of 
the relation of ozone loss and Δtpsc+sun: the observed ozone mixing ratios depend not only on ozone loss but 
also on the initial ozone mixing ratios at the onset of ozone loss and on mixing processes. The latter two may 
correlate with the position of the air parcels in the vortex and thus also with Δtpsc+sun. For this reason, Fig-
ure 15b shows the corresponding relation between Δtpsc+sun and ozone loss. Ozone loss is determined as the 
difference in mixing ratios between the sonde measurements and a passive ozone tracer from the ATLAS 
run interpolated to the locations of the sondes and initialized on December 10 (see Wohltmann et al., 2020). 
Note that Figure 15a is solely based on measurements, while ozone loss is also based on model results. A 
chemical ozone loss rate of 123 ± 44 ppb per 24 h spent below TNAT and in sunlight can be deduced from the 
slope of a regression line fitted through the points in Figure 15b (not to be confused with the ozone loss rate 
per calendar day, which is e.g., shown in Figure 11). This means that only an additional 21–46 h below TNAT 
and in sunlight would have been necessary to reduce ozone from 0.2 ppm to near zero values (0.05 ppm) 
based on a simple extrapolation of the loss rates.

6.6. Discussion

There is some subjectivity in choosing an initial mixing ratio from where the calculation of the addition-
al loss for the simple extrapolation (Figure 15b) should start, but it seems reasonable to use the value of 

Figure 15. (a) Ozone mixing ratio measured by individual sondes averaged over 430–470 K versus the corresponding 
average of the accumulated time spent below the upper temperature limit for the formation of NAT clouds in sunlight 
for the air masses measured by the sondes. Shading shows uncertainty for the regression line (95% confidence interval 
obtained from a bootstrap approach by resampling of the residuals). Sondes with a minimum mixing ratio below 
0.2 ppm are shown in red. (b) Same, but showing ozone loss instead of ozone mixing ratios. Ozone loss is determined 
as the difference between the sonde measurements and a passive ozone tracer from the ATLAS run interpolated to the 
locations of the sondes.
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0.2 ppm stated earlier for the approximate minimum values in about 20% of the vortex, since we are interest-
ed in the question when ozone is depleted to near zero values in the most depleted part of the vortex. Addi-
tionally, we assume for simplicity that the linear relationship between ozone loss and Δtpsc+sun is maintained 
when ozone decreases and holds for all ozone values greater than zero. Under these assumptions, 21–46 h 
below TNAT and in sunlight are needed to decrease ozone to 0.05 ppm when using the uncertainty limits for 
the slope from above.

The ozone sonde measurements used in Figure 14 were performed during a period of 4 weeks. As ozone 
declines and Δtpsc+sun increases (or stays constant) with time, spurious effects in Figure 14 could arise if the 
time sampling of the sonde measurements with ozone below 0.2 ppm was different from the time sampling 
of the sonde measurements with ozone above 0.2 ppm. However, temperatures were too high for the for-
mation of polar stratospheric clouds after end of March, so that contributions to Δtpsc+sun (and also to ozone 
loss) arise from a time interval shorter than the 4 weeks mentioned above, which reduces the opportunities 
for spurious effects.

A closer inspection of the correlation between Δtpsc+sun and ozone loss shows that the correlation is mainly 
caused by the conditions after January 15. Figure 15 would look similar if rather than the full backward 
trajectories (which go back to beginning of December), only the parts after January 15 were used. This is 
mainly caused by the lack of sunlight before January 15 (see Figure 1, and see also the low ozone loss rates 
in Figure 10). This means that differences in the accumulated time periods below TNAT before January 15 are 
not very relevant and that the accumulated time periods below TNAT in late winter and spring are important, 
when both activation and deactivation reactions proceed (see Figure 4).

Using only the data after January 15 does also change the fitted slopes. The change in measured ozone in-
creases to 196 ± 58 ppb per 24 h spent below TNAT and in sunlight, and the chemical ozone loss rate increases  
to 150 ± 45 ppb per 24 h spent below TNAT and in sunlight. With these values, 18–34 h below TNAT and in 
sunlight are needed to decrease ozone to 0.05 ppm. These differences can be considered part of the system-
atic uncertainty of the approach. For the ozone loss, it seems to be more reasonable to use the complete time 
period and not only the time period after January 15 to calculate the ozone loss rates per 24 h spent below 
TNAT and in sunlight, since the passive ozone tracer was initialized on December 10.

6.7. Example Trajectories

Figures 16a–16f show the meteorological conditions, the accumulated time periods in sunlight, and the 
accumulated time periods below TNAT along two exemplary ensembles of backward trajectories. As an ex-
ample for low ozone, we choose the sonde measurement of 0.16 ppm at 445 K in Ny-Ålesund on March 
27, 2020, and as an example for high ozone, we choose the sonde measurement of 1.6 ppm at 445 K at the 
same location on March 25, 2020. In each case, nine ensemble trajectories were started from 441 to 449 K to 
account for uncertainty in trajectory evolution, where small differences in the initial conditions can cause 
trajectories to diverge exponentially. Figure 17 shows the measured ozone profiles (a) and the chemical evo-
lution along the trajectories interpolated to the position of the trajectories from the results of the ATLAS run 
(b–f). The calculation of TNAT for Figures 16d and 16f are based on the modeled values of HNO3 (Figure 17c) 
and H2O along the trajectories.

The potential vorticity along the trajectories in Figure 16a shows that the air measured on March 27 (low 
ozone) was located closer to the vortex core in the last 3 months before the measurement than the air meas-
ured on March 25 (high ozone). In turn, the trajectories with low ozone experienced lower temperatures 
(Figures 16b and 16d) and less sunlight (Figure 16e) than the trajectories with high ozone. This means two 
competing changes compared to the trajectories with high ozone: The accumulated time periods with a so-
lar zenith angle below 90° are shorter (Figure 16e), but the accumulated time periods below TNAT are longer 
(Figure 16d). The result for the Δtpsc+sun metric is that it is smaller for the trajectories with low ozone until 
mid-February but that it is higher in March (Figure 16f).

These results are reflected in the evolution of the mixing ratios of key species along the trajectories in the 
ATLAS model (Figures  17b–17f). The figures show the daily average over all ATLAS air parcels within 
250 km horizontal distance and 20 K vertical distance of the current trajectory locations (first calculated 
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for each of the nine trajectories individually, and then mean, minimum, and maximum were applied). The 
evolution of ozone is relatively similar until the end of February, when values around 1.5 ppm are reached, 
but after this date values for the trajectories with low ozone start to fall to values around 0.2 ppm, while the 
trajectories with high ozone stay at approximately constant values (Figure 17b). The trajectories with low 
ozone start under more denitrified conditions because of the lower temperatures (Figure 17c). This impedes 
deactivation into ClONO2 (Figure 17f). In fact, one of the most striking differences between the trajectories 
is that the trajectories with low ozone show deactivation into HCl (Figure 17e), while the trajectories with 
high ozone show deactivation into ClONO2 (Figure 17f). The differences between the trajectories are also 
apparent in the mixing ratios of ClOx (Figure 17d), which show significantly higher values for the trajecto-
ries with low ozone in February and March.

7. Conclusions
The winter 2019/2020 showed the lowest ozone mixing ratios ever observed in the Arctic winter stratosphere 
and was characterized by an unusually strong, long-lasting, and cold polar vortex. We performed simula-
tions with the ATLAS model to study the chemical evolution and ozone depletion in the winter 2019/2020. 
We compared the results to simulations of the Arctic winters 2004/2005, 2009/2010, and 2010/2011 and of 
the Antarctic winters 2006 and 2011 to assess whether the chemical evolution and chemical processes in 
2019/2020 are more characteristic of typical conditions in Antarctic winters or in average Arctic winters. 
Our study puts an emphasis on polar vortex means and the 54 hPa pressure level to keep the discussion 
focused.

Results show that in some respects, the winter 2019/2020 (and also the winter 2010/2011) was a hybrid be-
tween Arctic and Antarctic conditions. While deactivation of active chlorine usually proceeds into ClONO2 
in the Northern Hemisphere and into HCl in the Southern Hemisphere, deactivation into both ClONO2 and 
HCl was modeled in 2019/2020 and 2010/2011. Significant activation of chlorine via HOCl + HCl, which is 

Figure 16. Meteorological conditions, accumulated time periods of sunlight, and accumulated time periods below TNAT along two ensembles of exemplary 
backward trajectories. As an example for high ozone, we choose the sonde measurement of 1.6 ppm at 445 K at Ny-Ålesund on March 25, 2020 (blue). Nine 
ensemble trajectories were started from 441 to 449 K to account for uncertainties in trajectory evolution. As an example for low ozone, we choose the sonde 
measurement of 0.16 ppm at 445 K at Ny-Ålesund on March 27, 2020 (red). The panels show time series along the trajectories for (a) Modified potential 
vorticity, (b) Temperature, (c) Potential temperature, (d) Accumulated time period below TNAT, (e) Accumulated time periods in sunlight, and (f) Accumulated 
time periods below TNAT and in sunlight. The lines are the ensemble mean; the shading shows minimum and maximum values.
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usually only observed in the Antarctic, was simulated in 2019/2020 and 2010/2011. In addition, denitrifica-
tion and HNO3 mixing ratios were also between the values for average Arctic winters and Antarctic winters.

Vortex-averaged chemical ozone loss rates at 54 hPa in 2010/2011 and 2019/2020 were comparable to typi-
cal loss rates in the Antarctic. In addition, the time period of significant chemical ozone loss in 2010/2011 
and 2019/2020 was comparable to that in the Antarctic, leading to a similar accumulated chemical loss at 
54 hPa. Slightly higher modeled ozone mixing ratios in the vortex core in 2010/2011 and 2019/2020 than in 
the Antarctic winters were found to be caused by more dynamical resupply of ozone by the Brewer-Dobson 
circulation.

However, there remain considerable differences between the conditions in the Arctic and Antarctic, even 
for the winters 2010/2011 and 2019/2020. The vertical extent and the area of low ozone values (less than 
0.2 ppm) in the Antarctic are much larger, there is more loss in the column, and the area of low column 
values (below 220 DU) inside the vortex is larger (e.g., Dameris et al., 2021; Manney et al., 2020; Wohltmann 
et al., 2020). Observed local minimum values are an order of magnitude smaller in the Antarctic. This is re-
lated to the fact that temperatures in the Antarctic vortex are lower and that low temperatures cover a larger 
part of the vortex (e.g., Solomon et al., 2014), see also, for example, Figure 1 of Wohltmann et al. (2020).

In addition, we examined the causes for the pronounced ozone minimum of less than 0.2 ppm at about 
450 K potential temperature that was observed by ozone sondes in about 20% of the vortex area in spring 
2020 (Wohltmann et  al.,  2020). Backward trajectory calculations show that the lowest observed mixing 
ratios were caused by exceptionally long periods with low temperatures in sunlight in the history of these 
air masses. Chemical ozone loss rates of 123 ± 44 ppb per 24 h spent below the upper temperature limit 
for the formation of NAT clouds and in sunlight can be deduced from ozone sonde measurements and the 
history of the measured air masses. This is not to be confused with the ozone loss per calendar day. Only 
an additional 21–46 h below the upper temperature limit for the formation of NAT clouds and in sunlight 
would have been necessary to reduce ozone to near zero values (0.05 ppm) in these parts of the vortex based 
on a simple extrapolation of the observed loss rates.

Figure 17. Chemical evolution along the two exemplary backward trajectory ensembles from Figure 16. (a) The measured ozone profiles in Ny-Ålesund 
on March 25, 2020 (blue) and March 27, 2020 (red). The starting altitude of the backward trajectories is marked by a black line. (b–f) Time series along the 
trajectories interpolated to the position of the trajectories from the results of the ATLAS run for (b) Ozone, (c) HNO3 (total, thick line, and gas-phase, thin line), 
(d) ClOx, (e) HCl, and (f) ClONO2. The lines are the ensemble mean, the shading shows minimum and maximum values.
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Data Availability Statement
Ozone sonde data are available from the World Ozone and Ultraviolet Radiation Data Center (WOUDC) 
at https://woudc.org and the Network for the Detection of Atmospheric Composition Change 
(NDACC) at https://www.ndacc.org. Ozone sonde data from the MOSAiC expedition are available at 
https://doi.org/10.1594/PANGAEA.919538. MLS data are available at https://disc.gsfc.nasa.gov/datasets?.
page=1&keywords=AURA  MLS. ECMWF ERA5 data are available at https://cds.climate.copernicus.eu/
cdsapp#!/home.
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