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Abstract In the winter and spring of 2019/2020, the unusually cold, strong, and stable polar vortex
created favorable conditions for ozone depletion in the Arctic. Chemical ozone loss started earlier than
in any previous year in the satellite era and continued until late March, resulting in the unprecedented
reduction of the ozone column. The vortex was located above the Polar Environment Atmospheric
Research Laboratory in Eureka, Canada (80°N, 86°W) from late February to the end of April, presenting
an excellent opportunity to examine ozone loss from a single ground station. Measurements from a suite
of instruments show that total column ozone was at an all-time low in the 20-year data set, 22-102 DU
below previous records set in 2011. Ozone minima (<200 DU), enhanced OCIO and BrO slant columns,
and unusually low-HCl, CIONO,, and HNO; columns were observed in March. Polar stratospheric clouds
were present as late as 20 March, and ozonesondes show unprecedented depletion in the March and
April profiles (to <0.2 ppmv). While both chemical and dynamical factors lead to reduced ozone when
the vortex is cold, the contribution of chemical depletion (based on the variable correlation of ozone and
temperature) was exceptional in spring 2020 when compared to typical Arctic winters. Mean chemical
ozone loss over Eureka was estimated to be 111-126 DU (27%-31%) using April measurements and
passive ozone from the SLIMCAT chemical transport model. While absolute ozone loss was generally
smaller in 2020 than in 2011, percentage ozone loss was greater in 2020.

Plain Language Summary While an ozone hole forms over Antarctica every year, the Arctic
typically does not experience such dramatic ozone loss. The chlorine and bromine (halogen) reactions
that destroy ozone require very low temperatures that are rarely observed in the Arctic stratosphere. The
winter and spring of 2019/2020, however, was unusually cold in the Arctic, and consequently, a large
amount of ozone was destroyed by halogen chemistry. To understand the behavior of ozone in spring
2020, we use measurements from the Polar Environment Atmospheric Research Laboratory in Eureka,
Canada. Eureka (at 80°N) is one of the northernmost research stations in the world, and thus an ideal
location to observe ozone loss. Spring 2020 ozone minima were lower than any in the 20-year data set,
and ozone destruction was ongoing until the end of March, which is rare in the Arctic. While ozone
concentrations are largely determined by circulation patterns in the Arctic stratosphere, chemistry in
spring 2020 was a much larger factor than usual. Halogen chemistry destroyed 27%-31% of the total
ozone, compared to about 10% in a typical winter. The only year on record with comparable ozone loss is
2011, and a larger percentage of the ozone column was lost in 2020.

1. Introduction

During the spring of 2020, ozone loss in the Arctic stratosphere reached levels previously observed only
in spring 2011 (Manney et al., 2020). Ozone loss was near complete at some altitudes, reminiscent of the
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Antarctic ozone hole (Wohltmann et al., 2020). Ozone depletion in the Arctic is typically less severe and
more variable than in the Antarctic stratosphere, due to the large interannual variability of the Arctic polar
vortex (e.g., WMO, 2018). The Arctic vortex is generally warmer, weaker, and more irregular, largely be-
cause of greater wave activity than in the Antarctic stratosphere. Combined with the significant impact of
stratospheric dynamics on ozone variability (e.g., Tegtmeier et al., 2008), these conditions often generate a
springtime column ozone maximum in the Arctic.

In order for significant chemical ozone loss to take place in the Arctic, the vortex needs to be strong and
stable (undisturbed) throughout the winter and spring. The strong circulation isolates the airmass inside
the vortex, and during the winter, temperatures can drop below the (pressure-dependent) thresholds for
polar stratospheric cloud (PSC) formation. HNO; might be incorporated into supercooled ternary solution
(STS) droplets or frozen nitric acid trihydrate (NAT) particles below ~195 K in the lower stratosphere (Type
I PSCs). Water ice particles form below ~188 K (Type II PSCs) (e.g., WMO, 2014). PSCs (and other cold
aerosols) then provide surfaces for the heterogeneous release of active chlorine from its reservoir species,
HCI and CIONO, (Solomon et al., 1986). PSCs might also grow large enough to sediment, removing HNO;
(a reservoir for NO,) from the stratosphere. This leads to the denitrification of the vortex and hinders chlo-
rine deactivation via NO, (Salawitch et al., 1989; WMO, 2014). With the return of sunlight in the spring,
active chlorine is rapidly photolyzed, and ozone depletion proceeds through the self-reaction of C10 (Mo-
lina & Molina, 1987) and the cross-reaction of ClO with BrO (McElroy et al., 1986; Tung et al., 1986). In
the absence of NO, to deactivate chlorine, ozone loss can continue as long as the vortex remains cold and
continues to act as a transport barrier. The Arctic vortex, however, is often weak or already broken down by
early March (e.g., Lawrence et al., 2018; Manney, et al., 2011, and references therein), preventing large-scale
ozone depletion. For significant ozone loss to occur, the interplay of several factors is required, such that the
vortex becomes strong, cold, and long-lasting.

The winter of 2019/2020 stands as the best example of such conditions to date (e.g., Lawrence et al., 2020;
Manney et al., 2020). While the size of the vortex was close to the average for much of the winter, it main-
tained a more or less constant size to become one of the largest by April. Potential vorticity gradients, a
qualitative measure of the vortex stability in the lower stratosphere, set all-time records from February to
April, indicating that the vortex acted as an exceptionally strong barrier to mixing and transport (Lawrence
et al., 2020). Temperatures inside the vortex remained below the threshold for Type I PSCs (Tyar) from
early December to late March (the longest on record). As a result, chlorine activation was apparent by late
November 2019, with high ClO concentrations persisting until the end of March (Manney et al., 2020).
Lawrence et al. (2020) argued that given the exceptional conditions outlined above, the winter of 2019/2020
had the greatest ozone loss potential ever observed. While various methods of estimating ozone loss have
large uncertainties (e.g., Griffin et al., 2019; Manney et al., 2020), and dynamical contributions to low ozone
columns need to be considered (Tegtmeier et al., 2008), measurements suggest that spring 2020 set new re-
cords for ozone depletion in the Arctic. Minimum lower stratospheric ozone concentrations observed from
satellites (Manney et al., 2020) and ozonesondes (Wohltmann et al., 2020) were far smaller than previously
seen, approaching levels typical for the Antarctic ozone hole. Ozone columns were anomalously low across
the Arctic (Bernhard et al., 2020; Groof; & Miiller, 2020; Inness et al., 2020; Lawrence et al., 2020).

The previous winter with the most significant ozone loss was 2010/2011 (Adams, Strong, Zhao, et al., 2012;
Balis et al., 2011; Hommel et al., 2014; Kuttippurath et al., 2012; Lindenmaier et al., 2012; Manney, Santee,
et al., 2011; Pommereau et al., 2013; Sinnhuber et al., 2011; Solomon et al., 2014; Strahan et al., 2013). The
two seasons were similar in many respects, with a persistent, strong, and cold vortex (Lawrence et al., 2020).
Ozone depletion, however, started later in 2010/2011 than in 2019/2020 (Manney et al., 2020). In addition,
the minimum ozone values in 2011 did not drop as low as in 2020, and the minima occurred at higher alti-
tudes. As a result, the total ozone column was affected less in 2011 than in 2020 (Manney et al., 2020; Wohlt-
mann et al., 2020). Estimates of vortex-averaged chemical loss in the ozone column for 2011 vary based on
the methods, instruments, and altitude ranges used, with reported values ranging from 84 to 130 DU in the
lower stratosphere (Kuttippurath et al., 2012; Sinnhuber et al., 2011; Strahan et al., 2013) and 120 to 170 DU
for the total column (Manney, Santee, et al., 2011; Pommereau et al., 2013).

Significant Arctic ozone loss was also observed in the springs of 1996, 2000, and 2005 (Feng et al., 2007; Man-
ney et al., 2006; Rex et al., 2004, 2006; Tilmes et al., 2006). The vortex during these winters was particularly
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cold, but ozone depletion ceased much earlier than in 2011 (Manney, Santee, et al., 2011) or 2020. The
duration of the cold period is key for large-scale ozone depletion, and the only year other than 2011 and
2020 with a large portion of the vortex below Txar going into March was 1997 (Coy et al., 1997; Manney
et al., 1997; Newman et al., 1997). The polar vortex in 1997 (along with the vortex in 2020) was the largest
on record for the March to early May period. Temperatures below Tyar persisted until late March, but the
volume of cold air was very limited until mid-January. This effectively delayed the depletion season by over
a month compared to 2019/2020. As a result, ozone loss in 1997 was less than in any of the aforementioned
years (Manney, Santee, et al., 2011). The 2015/2016 season started with record-breaking low temperatures,
the formation of ice PSCs, and significant dehydration of the vortex. An early final warming, however, broke
up the vortex by early March, preventing ozone loss on the scale of 2011 or 2020 (Johansson et al., 2019;
Manney & Lawrence, 2016; Matthias et al., 2016).

Given the large interannual variability of the polar vortex, long-term measurements are necessary to assess
stratospheric ozone depletion. Measurement stations in the Arctic provide valuable data, but only when
the vortex position is favorable. Here, we report measurements from the Polar Environment Atmospheric
Research Laboratory (PEARL) (Fogal et al., 2013) in Eureka, Canada (80°N, 86°W). Measurements inside
the spring 2011 vortex have been used in several studies to assess ozone depletion (Adams, Strong, Zhao,
et al., 2012; Adams et al., 2013; Lindenmaier et al., 2012; Pommereau et al., 2013), and in 2020, the vor-
tex was located above Eureka longer than in any previous year in the measurement record. The data sets
used here include long-term measurements of springtime trace gas columns from zenith-scattered-light
differential optical absorption spectroscopy (ZSL-DOAS) instruments, a Fourier transform infrared (FTIR)
spectrometer, a Brewer spectrophotometer, and a Pandora spectrometer. In addition, we use measurements
from a Rayleigh-Mie-Raman lidar to identify PSCs and simulations from the SLIMCAT chemical transport
model to quantify chemical ozone loss.

This paper aims to assess the unprecedented spring 2020 ozone depletion in the context of the 20-year time
series from PEARL, with an emphasis on the similarities and differences between 2020 and 2011. The paper
is organized as follows: the data sets are described in Section 2. The time series of 0zone and other trace gas-
es are discussed in Section 3.1. Dynamical contributions to low ozone columns are examined in Section 3.2,
and estimates of chemical ozone loss are discussed in Section 3.3. Our conclusions are given in Section 4.

2. Data Sets and Methods

The DOAS and FTIR instruments used in this study are located in the PEARL Ridge Lab (610 m asl, 80.05°N,
86.42°W). The Ridge Lab (known as the Arctic Stratospheric Ozone Observatory prior to 2005) is one of the
three facilities that make up PEARL and is operated by the Canadian Network for the Detection of Atmos-
pheric Change (CANDAC). The Ridge Lab is located 15 km from the Environment and Climate Change
Canada (ECCC) Eureka Weather Station (EWS, 79.99°N, 85.94°W), while the other two PEARL facilities
are within or near the EWS. PEARL is part of the Network for the Detection of Atmospheric Composition
Change (NDACC), and the ZSL-DOAS and FTIR instruments follow standards and best practices outlined
by the relevant NDACC working groups.

Springtime measurements at PEARL are supported by the Canadian Arctic ACE/OSIRIS Validation Cam-
paigns (Kerzenmacher et al., 2005), organized yearly since 2004. For the purposes of this paper, we use data
from the first measurement date to May 5, in each year. Any yearly or overall averages refer to this period,
unless specified otherwise. The measurement periods, data products, and mean uncertainties for each in-
strument are shown in Table 1, and the details are given in the following sections.

2.1. ZSL-DOAS Measurements

The GBS (ground-based spectrometer) data set (ozone and NO,) is composed of measurements from two
instruments, the University of Toronto GBS (UT-GBS) and the PEARL-GBS (Fraser et al., 2009). Both in-
struments are ultraviolet-visible (UV-vis) triple-grating spectrometers, with cooled charge-coupled device
(CCD) detectors and a ~1° field-of-view. Springtime UT-GBS measurements are available for 1999-2020 (ex-
cept for 2001 and 2002), and springtime PEARL-GBS measurements are available for 2007-2020. The data
sets have been merged to create a single GBS data set (Bognar et al., 2019). The SAOZ (Systéme d'Analyze
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Table 1
Trace Gas Measurements Used in This Study, With Mean Relative Uncertainties for Each Data Product

Data products and mean uncertainty (%)

Instrument Availability O3 BrO OCIO HC1 CIONO, NO, HNO;
GBS 1999-2020 6.3 26.0% 24.2° = = 20.2 -
SAOZ 2005-2020 5.9° - - - - 13.9° -
FTIR 2007-2020 5.4 = = 2.1 12.0 8.4 19.7
Brewer 2001-2020 0.5° - - - - - -
Pandora 2019-2020 0.4° - - - - - -

Note. Measurements up to May 5 in each year are included in the averages. The ozone and NO, products from the
DOAS instruments (GBS, SAOZ) are total columns and 12-60 km partial columns, respectively. The BrO and OCIO
products are dSCDs. Data products from the FTIR, Brewer and Pandora instruments are direct-sun total columns.

*UV dSCDs (2007-2020), only including data over the detection limit. "Estimates, see text. ‘Random uncertainty only,
see text.

par Observation Zénithale) instruments are part of a global network of similar instruments (Pommereau &
Goutail, 1988). SAOZ instruments are UV-vis spectrometers with a fixed grating, an uncooled 1,024-pixel
linear photodiode array detector, and a ~20° field-of-view. The data set is constructed from measurements
of two identical instruments, SAOZ-15 (2005-2009) and SAOZ-7 (2010-2020) (Bognar et al., 2019). The
instruments utilize the DOAS technique (Platt & Stutz, 2008) to retrieve stratospheric trace gas concen-
trations, using the retrieval settings recommended by the NDACC UV-vis Working Group (http://ndacc-
uvvis-wg.aeronomie.be/, see also Hendrick et al., 2011). The DOAS analysis for the GBS and SAOZ data
sets differs in the reference spectrum selection (daily and yearly, respectively), and in the wavelength range
for the NO, retrieval (425-490 nm and 410-530 nm, respectively). The ZSL-DOAS ozone columns are total
columns, while ZSL-DOAS NO, columns are 12-60 km partial columns. For a more detailed description of
the ZSL-DOAS instruments and retrieval procedures, as well as comparisons of the GBS and SAOZ data, see
Bognar et al. (2019).

In addition to ozone and NO, measurements in the visible range, the GBS instruments also measure in
the UV. OCIO and BrO differential slant column densities (dSCDs) were retrieved in the 350-380 nm and
345-359 nm ranges (Adams, Strong, Zhao, et al., 2012; Zhao, Strong, et al., 2016, respectively), using spectra
averaged in 0.5° solar zenith angle (SZA) bins. The dSCDs were then averaged between 89° and 91° SZA.
Based on the mean DOAS fitting error and the standard deviation of dSCDs in the 89-91° SZA range, the 3¢
detection limits were estimated to be 4.87 x 10" molec cm™ for OCIO and 1.10 x 10" molec cm ™ for BrO.
OCIO and BrO dSCDs are only reported when 90° SZA is available (until mid-April).

Uncertainty calculations for the ZSL-DOAS instruments are described in Bognar et al. (2019). The mean
uncertainties for the measurement period (Table 1) are 6.3%, 20.2%, 24.2%, and 26.0% for the GBS ozone
total columns, NO, partial columns, and OCIO, and BrO dSCDs, respectively. The SAOZ uncertainties only
include the DOAS fitting error. The total uncertainty of SAOZ ozone data was estimated to be 5.9% by
Hendrick et al. (2011). SAOZ NO, measurements have an estimated precision of 1.5 x 10** molec cm™ and
accuracy of 10%. Combined in quadrature, this yields a total uncertainty of 13.9% for the SAOZ NO, meas-
urements used here.

2.2. Direct-Sun Measurements

The CANDAC Bruker IFS 125HR FTIR spectrometer (Batchelor et al., 2009) measures solar absorption
spectra using liquid-nitrogen-cooled detectors (either a mercury cadmium telluride or an indium antimo-
nide detector) and a potassium bromide beamsplitter. The measurements cover 600-4,300 cm ™" with a res-
olution of 0.0035 cm™". No apodization is applied to the measurements. Springtime FTIR measurements
are available for 2007-2020. The FTIR uses the SFIT4 version 0.9.4.4 retrieval algorithm (based upon the
methods of Pougatchev et al., 1996) with the HITRAN 2008 spectroscopic line lists (Rothman et al., 2009) to
retrieve volume mixing ratios (VMRs) of trace gases. The ozone, HCI, CIONO,, and HNO; retrievals use the
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settings recommended by the NDACC Infrared Working Group (https://www2.acom.ucar.edu/irwg), and
the NO, retrieval settings are described in Bognar et al. (2019). The retrievals are performed on a 47-layer
grid (0.61-120 km), and only the integrated total columns are used here.

A full error analysis for all species was performed following Rodgers (2000). The mean uncertainties for
the retrieved total columns of ozone, HCl, CIONO,, NO,, and HNO; are 5.4%, 2.1%, 12.0%, 8.4%, and 19.7%,
respectively (Table 1). For a detailed description of the error budget calculations, see Batchelor et al. (2009).
The averaging kernels indicate that for each trace gas, the retrievals have good sensitivity to the lower strat-
osphere (Batchelor et al., 2009; Lindenmaier et al., 2012), with mean degrees of freedom for signal (DOFS)
of 3.3, 2.7, 1.1, and 2.7 for ozone, HCIl, CIONO,, NO,, and HNO;, respectively. Results for all species were
filtered using an RMS:DOFS filter, and retrievals with negative VMRs were rejected. One exception is HCI,
where negative VMRs were accepted in order to increase the number of valid measurements in low-HCI
conditions (2011 and 2020). Negative VMRs rarely occur in retrievals for the other species.

Brewer spectrophotometers measure the intensity of direct sunlight in narrow wavelength bands in the UV
range using a holographic grating (Kerr, 2002). Ozone total columns are calculated from relative intensities
at 310.1, 313.5, 316.8, and 320 nm. While multiple Brewers are located in Eureka, only data from Brewer
#69 are used here, since that instrument has the longest data set of all the Brewers that have measurements
for 2020. Brewer #69 is a Mark V single monochromator that took measurements from 2001 to 2020 from
the roof of the EWS building. Ozone columns are calculated from an average of five successive measure-
ments. To avoid straylight, which affects single Brewers at high SZA, data with air mass factors greater than
5 (SZA > 79.5°) and standard deviations greater than 2.5 DU were excluded. The random uncertainty of
Brewer measurements was estimated to be 0.5% by Zhao et al. (2021), and the mean of the reported standard
deviations in the filtered Brewer #69 data set is 0.3%.

A Pandora spectrometer (#144) has been deployed at the PEARL Ridge Lab since February 2019. This
instrument is the first Pandora spectrometer deployed in the polar regions (https://www.pandonia-glob-
al-network.org/). The Pandora instruments use a temperature-stabilized grating spectrometer and a CCD
detector (Herman et al., 2009; Tzortziou et al., 2012). While Pandora #144 utilizes a combination of view-
ing geometries (including direct sun, direct-moon, zenith-sky, and multiaxis), only the direct-sun ozone
measurements are used here. Other Pandora measurements at Eureka will be a subject of a separate study.
The direct-sun spectra are analyzed using the total optical absorption spectroscopy technique (Cede, 2019),
and ozone is retrieved in the 310-330 nm range. The Pandora standard ozone column data products have
a temperature dependence (Herman et al., 2015; Zhao, Fioletov, et al., 2016). This temperature depend-
ence introduces a 1%-3% seasonal bias between the Pandora and the Brewer standard data products (Zhao
et al., 2021). Thus, the Pandora ozone data are corrected by an empirical method with the ozone-weighted
effective temperature (Zhao, Fioletov, et al., 2016). The random uncertainty of Pandora ozone measure-
ments was estimated to be 0.4% by Zhao, Fioletov, et al. (2016).

2.3. Additional Data Sets and Trend Correction

The CANDAC Rayleigh-Mie-Raman Lidar (CRL) is a ground-based zenith-pointing lidar located at the
Zero-altitude PEARL auxiliary laboratory (OPAL) at Eureka. The CRL transmits 532 and 355 nm light gen-
erated by coaligned Nd:YAG lasers. A 1 m telescope and eight photomultiplier tubes capture backscattered
light in seven wavelength channels. A complete description of the original configuration of the CRL is avail-
able in Nott et al. (2012), and an updated description of the depolarization system is given in McCullough
et al. (2017). The CRL focuses on tropospheric cloud and aerosol measurements at high temporal and verti-
cal resolution (1 min X 7.5 m; see McCullough et al., 2019). Binning the data (e.g., 30 min X 150 m) allows
the CRL to also provide data products well into the stratosphere. Two elastic backscatter channels (at 532
and 355 nm) can be used to detect PSCs.

Ozonesondes are launched on a weekly basis from the EWS (Tarasick et al., 2016). During the intensive
phase of the Canadian Arctic ACE/OSIRIS Validation Campaigns (2004-2020, typically early March),
ozonesondes are launched daily, weather permitting. In addition to providing information for the estima-
tion of ozone loss, ozonesondes were used in the GBS retrievals (Bognar et al., 2019) and to initialize the
photochemical box model used for NO, diurnal scaling (Section 3.1). Radiosondes are launched twice daily,
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weather permitting, from the EWS. Radiosonde temperature profiles were used to verify that candidate PSC
cases identified by CRL (Section 3.1) were found within temperature regimes consistent with PSC forma-
tion: regions above the first tropopause, and with temperature less than the threshold temperature for Type
I PSC formation (Txar)- The first tropopause was identified as the lowest altitude at which the lapse rate
was less than 2 K km™, and for which the average lapse rate over the following 2 km also did not exceed
2K km™ (WMO, 1957).

To select measurements inside the polar vortex, we used derived meteorological products (DMPs) (Man-
ney et al., 2007) from the second Modern-Era Retrospective analysis for Research and Applications
(MERRA-2) (Gelaro et al., 2017; GMAO, 2015). Values of scaled potential vorticity (sPV) (Dunkerton
& Delisi, 1986; Manney et al., 1994) and temperature were calculated along the line of sight of the
ground-based instruments (for each individual measurement time), and vertically for SLIMCAT col-
umns and radiosondes, using the Jet and Tropopause Products for Analysis and Characterization pack-
age (Manney, Hegglin, et al., 2011). The line-of-sight calculations for the direct-sun measurements are
based on solar geometry, and the calculations for the ZSL-DOAS instruments are described in Adams,
Strong, Batchelor, et al. (2012). It should be noted that unlike for direct-sun measurements, exact line-
of-sight calculations are not possible for the ZSL-DOAS instruments, due to the multiple paths taken
by scattered sunlight before reaching the detectors. The approximate nature of the ZSL-DOAS DMPs,
combined with the long integration times corresponding to each vertical column (2-4 h, 30°-60° change
in the solar azimuth), means the ZSL-DOAS results should be interpreted with caution when the vortex
edge is near Eureka.

For the purposes of this study, the inner edge of the vortex was defined as sPV = 1.6 x 10™* 57", and the
outer edge as sPV = 1.2 x 10™*s™" (Manney et al., 2007). To filter out measurements that potentially sample
through the vortex edge, sPV criteria were tested at 16, 18, and 20 km (the altitude range of maximum ozone
concentrations) along the line of sight of each individual measurement. Measurements were considered to
be inside (outside) the vortex if the sPV at all three altitudes was greater (less) than the inner (outer) vortex
edge threshold. Measurements not matching these criteria were assumed to be on the vortex edge and were
excluded from the analysis in this paper.

To investigate ozone loss inside the vortex, we use output from the TOMCAT/SLIMCAT (hereafter SLIM-
CAT) three-dimensional offline chemical transport model (Chipperfield, 2006; Chipperfield et al., 2015;
Dhomse et al., 2016, 2019). The model is forced by ERAS5 analyses provided by the European Center for
Medium-Range Weather Forecasts (Hersbach et al., 2020), and the chemistry component is performed sep-
arately for each time step. SLIMCAT includes both active ozone, for which the full chemistry and dynamics
are considered, and passive ozone, which is dynamical tracer with no chemistry. Passive ozone is set equal
to active ozone on December 1 of each year. Passive ozone can be used to estimate chemical ozone loss
as the difference between passive and active (or measured) ozone (e.g., Adams, Strong, Zhao, et al., 2012;
Dhomse et al., 2016; Feng et al., 2007; Lindenmaier et al., 2012; Singleton et al., 2005, 2007). Here, we use
6-hourly model output for 2000-2020 (2.8° x 2.8° spatial resolution), interpolated to the geolocation of Eu-
reka. Column values were calculated from trace gas VMR profiles using modeled pressure and temperature
profiles.

Some of the trace gases considered here show significant trends in the Arctic stratosphere (e.g., Griffin
et al., 2017). Given the long data record used in this study, potential trends need to be considered for mean-
ingful year-to-year comparisons. To estimate long-term trends in the data, we calculated yearly springtime
average columns for each trace gas (except OCIO and BrO), using only the measurements outside the polar
vortex (after Griffin et al., 2017). The springtime averages were then fitted using a robust fitting method, and
the significance of the trends was assessed, as described in Bognar et al. (2019). There are no statistically
significant trends in any of the ozone and NO, time series. For the FTIR data (2007-2019; no out-of-vortex
measurements in 2020), there is no significant trend in the CIONO, time series. HCI columns, on the oth-
er hand, show an increase of 4.4 + 3.6 x 10" molec cm ™2 year™" (0.9 + 0.7% year " relative to 2007), and
HNO; columns show an increase of 5.0 + 4.1 X 10" molec cm ™ year™" (1.9 + 1.5% year ). To correct for
these trends, the lines of best fit (yearly values) were subtracted from the yearly HCl and HNO; time series,
using 2007 as the baseline. Note that for comparisons to SLIMCAT results, the uncorrected HCl and HNO;
columns were used.
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Figure 1. (a) Measurements of total column ozone (DU) from the GBS, SAOZ, FTIR, Brewer, and Pandora instruments. Measurements outside the vortex in
the time series of all instruments (up to 2019) are represented by the gray shaded area (daily mean and standard deviation) and the gray dashed lines (daily
minima and maxima). The colored datapoints represent measurements inside the vortex, in years when the vortex was located above Eureka for a substantial
part of the measurement period. In addition, 2020 measurements outside the vortex are plotted separately in dark gray. (b) Ozone mixing ratio profiles (ppmv)
from 2020 ozonesonde measurements. Only sondes that reached altitudes above 18 km are shown. GBS, ground-based spectrometer; SAOZ, Systeme d’Analyze
par Observation Zénithale; FTIR, Fourier transform infrared.

3. Results and Discussion
3.1. The Spring 2020 Measurements in Context

The polar vortex was located above or near Eureka for much of spring 2020. All instruments sampled con-
tinuously inside the vortex from February 25 through March 31. Before that, the earliest SAOZ measure-
ments (February 20-22) were inside the vortex, and the ZSL-DOAS instruments sampled through the vortex
edge on February 23-24. In April and May, the vortex location was more variable. The instruments meas-
ured inside the vortex for April 9-18 and 27-30, mostly through the vortex edge for April 1-7 and 19-26,
and on the edge or outside the vortex from May 1 on. The exceptional longevity of the vortex (Lawrence
et al., 2020) is evidenced by the fact that April 30 is the latest in-vortex measurement (by 2 weeks) in the
20-year data set presented here. It should be noted that the number of in-vortex measurements depends on
the location of the vortex, and also on the measurement coverage of the individual instruments. Direct-sun
measurements require clear conditions, and unfavorable weather can significantly reduce measurement
coverage, especially for the early spring (high SZA). ZSL-DOAS instruments, on the other hand, measure
in cloudy conditions as well but provide data for twilights only. Measurements in 2020 faced additional
challenges as a result of the COVID-19 pandemic. The FTIR and SAOZ measurements ended on March 26
and 30, respectively, due to lack of on-site support. GBS measurements, however, continued for the rest of
the spring, and Brewer measurements (which typically start in late March) provided direct-sun data for the
rest of the spring. Pandora direct-sun measurements are limited to a few days in spring 2020, due in part to
the lack of on-site support.

Figure 1a shows measurements of ozone columns inside and outside the vortex for the full time series of
all instruments. The 2020 measurements are exceptional, both considering the duration of in-vortex meas-
urements, and the record low ozone columns. Ozone values inside the vortex show a clear decline through
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March, and all instruments recorded the all-time lowest values in their respective time series in the second
half of March 2020. The GBS time series has the best coverage in spring 2020, and the lowest ozone values
appear in this data set, with ozone columns near or below 200 DU (minimum of 187 DU) for March 16-19.
SAOZ measurements show a minimum (221 DU) on March 16, although SAOZ has no measurements for
March 17-19. FTIR ozone columns were in the 240-250 DU range for March 16-19, while the minimum
value (240 DU) was reached on March 26. The GBS and SAOZ instruments also measured column values
between 210 and 250 DU in late March. The Brewer and Pandora data sets start on March 30 and 23, re-
spectively, and the minimum values (218 and 222 DU, respectively) were measured on March 31 for both
instruments. The scatter between the various instruments is expected, and the GBSs generally measure the
least ozone among the various instruments (Adams, Strong, Batchelor, et al., 2012; Bognar et al., 2019).
The GBS and Brewer time series continue (with good coverage) through April and early May and show the
gradual increase of ozone inside the vortex. The vortex was still strong (and ozone columns inside were still
below background levels) by the end of April.

The decline of ozone columns inside the vortex in early March was similar to that in 2011, the only previous
year with comparable ozone columns in the data set. Minimum values in 2020, however, were much lower
than those observed in 2011. GBS, SAOZ, and FTIR measurements all reached their minima on March 18
2011. In 2020, minimum ozone columns measured by the same instruments were lower by 56, 43, and 22
DU, respectively. Minimum ozone in the Brewer data set was 102 DU lower in 2020 than in 2011, although
the Brewer generally has few measurements inside the vortex. While the vortex moved away from Eureka in
late March of 2011, there is no indication that ozone columns reached minima similar to 2020. Other years
when the vortex spent a significant amount of time above Eureka do not show ozone columns comparable
to 2011 and 2020 (nearest minima are 93-143 DU higher than the lowest 2020 values). Ozone supply, how-
ever, is variable from year to year (e.g., Tegtmeier et al., 2008), and a cold stratosphere generally corresponds
to reduced ozone columns even without chemical depletion. Part of the record low column ozone in 2020 is
likely related to dynamics, and this is examined further in Section 3.2.

Figure 1b shows ozone profiles measured by ozonesondes in spring 2020. The gradual depletion of ozone in
the 16-20 km altitude range is apparent by early March, and the same altitude range shows exceptionally
low mixing ratios in late March and April. Mixing ratios were consistently below 0.5 ppmv in a wide alti-
tude range (with minima below 0.2 ppmv), indicating near-complete depletion of ozone. Such low values
are unprecedented in the Arctic: even in 2011, mixing ratios did not drop below 0.5 ppmv (e.g., Solomon
et al., 2014). Ozonesonde profiles from Eureka and other Arctic sites paint a consistent picture of ozone
depletion that is unprecedented in the Arctic and is more similar to Antarctic winters than any previously
observed Arctic winter (Wohltmann et al., 2020). The altitude of the depleted layer likely explains some
of the differences between the column measurements in Figure la. Estimated scattering heights for ZSL-
DOAS instruments are below 16 km (Adams, Strong, Batchelor, et al., 2012). As a result, path lengths in
the 16-20 km altitude range are several times longer for ZSL-DOAS instruments than for direct-sun meas-
urements. The increased sensitivity to the region of depleted ozone likely contributes to the lower ozone
columns measured by the ZSL-DOAS instruments.

Figure 2 shows complementary measurements from the GBSs, SAOZ, and the FTIR, along with tempera-
tures from DMPs and radiosondes. BrO and OClIO dSCDs retrieved from GBS measurements (Figures 2a
and 2b) were significantly above background levels in 2020. This indicates ongoing chlorine activation from
the earliest measurements (March 5) to late March, with occasional enhancements in early April. BrO and
OCIO enhancements in 2011 were similar to 2020, although the 2011 time series is much shorter. There
are no other years in the data record with persistent enhancements of both BrO and OCIO. The highest
BrO dSCDs were recorded in 2015, but these correspond to smaller OCIO enhancements (and much higher
ozone columns) than either 2011 or 2020.

Extremely low values of chlorine reservoirs HCl and CIONO, in the FTIR data set (Figures 2c and 2d) are
consistent with the elevated OCIO values in the GBS data and indicate chlorine activation and heteroge-
neous chemistry on PSCs. Trend-corrected HCI column values were consistently very low in March, with
the exception of a few measurements in late February. CIONO, measurements follow the same pattern,
with an additional minor peak mid-March. Both HCl and CIONO, show signs of a gradual recovery from
around March 20 to the end of the FTIR measurements (March 26). This increase corresponds to a gradual
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Figure 2. (a and b) Twilight measurements of BrO and OCIO dSCDs from the GBS data set. The approximate detection limits are indicated by the dashed
lines. (c and d) Measurements of HCI (trend-corrected) and CIONO, columns from the FTIR. (e) NO, partial columns from GBS and SAOZ data, and NO,
total columns from the FTIR (all scaled to local noon). (f) Trend-corrected HNO5 columns from the FTIR. (g) Temperature at the 18 km level along the line of
sight of the FTIR and GBS instruments, as well as T, from 2020 radiosonde measurements. The dashed line indicates Tyar (195 K). Plot colors and shading
as in Figure 1a. dSCD, differential slant column density; GBS, ground-based spectrometer; FTIR, Fourier transform infrared; SAOZ, Systeme d'Analyze par

Observation Zénithale.

decrease in the OCIO dSCDs, consistent with conversion of active chlorine back into its reservoir species.
These observations are generally consistent with satellite measurements of HCl and CIONO, presented by
Manney et al. (2020). Data from 2011 tell a similar story, with low-HCl and CIONO, column values into
March, and recovery in late March. HCl and CIONO, minima were slightly higher in 2011 compared to 2020
(the opposite is true for HCI if no trend correction is applied, although the column values show only small
changes). CIONO, recovery started later in 2020, likely due in part to the slow increase of NO, concentra-
tions (discussed below). In the rest of the measurement record, HCl and CIONO, show a marked decrease
only in 2015, consistent with moderate enhancements of OCIO.

NO, columns from the GBS, SAOZ, and FTIR data sets (Figure 2e) were scaled to local noon using a photo-
chemical box model (Brohede et al., 2007; McLinden et al., 2000). For more details on the scaling procedure,
see Bognar et al. (2019) and Adams, Strong, Batchelor, et al. (2012). NO, columns were generally low in
2020, aside from the peak in late February mentioned above. Unlike other trace gases, NO, measurements
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Figure 3. Range-scaled signal (at 532 nm) from the CRL for March 16-20, during a period of PSC activity. Possible PSCs (indicated by gray arrows) are
particularly clear on March 17 as distinct features (~0.5 km vertical extent) at 14 and 16 km, which are brighter than surrounding areas by a factor of
approximately 2.5. Other regions showing possible PSCs are visible above 12 km. As per radiosonde temperature profiles, the PSC regions are all above the first
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12 km. CRL, CANDAC Rayleigh-Mie-Raman Lidar; PSC, polar stratospheric cloud.

did not reach record lows in early spring: in-vortex NO, in 2011 was consistently below 2020 values. This is
likely related to dynamics, as discussed in Section 3.2. The diurnal increase of NO,, on the other hand, was
at its all-time minimum in both the GBS and SAOZ data sets in 2020. As a result, the usual seasonal recovery
of NO, concentrations in the vortex proceeded much more slowly than in any other year in the measure-
ment record. The diurnal increase of NO, only returned to background values in late March, coincident
with the increase of CIONO, values (Figure 2d). In 2011, NO, columns were consistently lower than in 2020,
but the diurnal increase was slightly above 2020 values. NO, concentrations recovered rapidly during the
2011 vortex breakup (Adams et al., 2013), while the increase was more gradual in 2020. The only other year
with consistently low in-vortex NO, was 2015, but NO, values increased rapidly in mid-March, following
similar trends in temperature and other trace gases. In other years, NO, in the vortex was generally above
background levels.

Low HCI and CIONO, columns point to the presence of PSCs, and accordingly, the trend-corrected HNO;
columns (Figure 2f) were below the out-of-vortex average, with the exception of a minor peak in mid-March
(also seen in the CIONO, data). On March 16-19, HNO; columns dropped to the lowest values by far in the
FTIR data record. Lower stratospheric temperatures from radiosondes and along the line of sights of the
GBS and FTIR measurements (Figure 2g) show that the same mid-March period saw the lowest temper-
atures in 2020. Tig ym Was well below Tyar, creating prime conditions for PSC formation. CIONO, values
reached their minimum in this cold period, but there was no discernible increase in the OCIO dSCDs.
Ozone columns also reached their minima on March 16-19. CRL data indicate the presence of PSCs over
Eureka during March 16-20. Figure 3 shows the 532 nm attenuated backscatter coefficient from the CRL for
the 0-20 km altitude range. The features between 12 and 16 km that are narrow in their altitude extent are
most likely PSCs. These are particularly visible on March 17 at 14 and 16 km, again on March 18 at 15 km,
and on March 16 and 18 at 13-16 km. These features return signals brighter than the surrounding molecu-
lar background by a factor of approximately 2.5. In early March, temperatures hovered near (but generally
above) Tyar, consistent with the relatively larger HNO; columns observed by the FTIR. As expected for
temperatures above Txar, there are no PSC candidates detected in March CRL data before March 16. Coin-
cident high OCIO values and low-HCl, CIONO,, and HNO; columns indicate that PSCs were likely present
elsewhere in the vortex (as shown by DeLand et al., 2020, for example), and the discrepancies are likely
explained by the different time scales for vortex mixing (~5-7 days) and chlorine deactivation (weeks) (e.g.,
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Adams, Strong, Zhao, et al., 2012). It should be noted that the vertical distribution of HNO; was different
in 2011 and 2020, and HNO; values in the vortex were anomalously high before PSC formation started in
2019/2020 (Manney et al., 2020). This is consistent with the uncorrected HNO; time series, in which 2020
column values are generally larger than those in 2011.

From mid-March into April, the 2020 vortex was the coldest among any year with measurements inside
the vortex. Temperatures remained near Tyar until the end of March and only reached background values
by the end of April. This slow warming correlates with the slow increase of ozone inside the vortex, as ex-
amined further in Section 3.2. While the vortex temperatures hovered around Tyar for the entire month of
March, the first observations in 2020 reveal higher temperatures in late February. This increase corresponds
to peaks in the HCI, CIONO,, NO,, and HNOj; data. DMPs show that these measurements were taken near
the vortex edge. The potential impact of mixing through the vortex edge manifests as an increase of the
ozone columns (Figure 1a), as well as an increase in SLIMCAT passive ozone in the vortex (Section 3.3).
Temperatures followed a different pattern in 2011. The lowest temperatures were observed around March
10, T15xm increased gradually to early April, and then increased rapidly as the vortex moved away from Eu-
reka. HNO; measurements in mid-March were similar in 2011 and in 2020, although this is in part due to
the trend correction for HNO;. Chlorine reservoirs and OCIO showed show similar behavior in both years,
indicating the role of mixing in the vortex. Temperatures in 2015 were also quite low, hovering near Tyar in
March. The cold conditions did not last, however, and Ts , increased rapidly after March 12.

In summary, all instruments used in this study measured record low ozone column values in spring 2020.
The GBS, SAOZ, and FTIR instruments all measured the smallest (or close to the smallest) ozone columns
(187-240 DU) in their respective time series on March 16-19, well below 2011 minima. The same late March
period also saw very low values of chlorine reservoirs HCl and CIONO,, alongside temperatures below
Tnat and an extraordinary drop in HNO; concentrations. These observations indicate the presence of PSCs
(confirmed by CRL observations), and, combined with elevated OCIO and BrO dSCDs, point to significant
chemical ozone depletion. Ozonesonde profiles later in March (and well into April) showed unprecedented
depletion of ozone in the 16-20 km altitude range, with mixing ratios below 0.2 ppmv. While the vortex was
cold throughout the spring, Tis xm Was consistently above Tyar in the early spring, and again past March
21. HCI, CIONO,, and NO, gradually recovered by late March, and OCIO dSCDs decreased below the de-
tection limit. This indicates that chemical ozone loss inside the vortex likely stopped by the end of March
(perhaps slightly later than in 2011). The vortex above Eureka appeared less denitrified in 2020 than in
2011, although this is likely related to differences in transport. Ozone columns in 2020 remained well below
seasonal averages until the end of April. Dynamical and chemical contributions to these record low ozone
columns are discussed in the following sections.

3.2. The Impact of Dynamics

Accurate assessment of chemical ozone depletion in the Arctic is hindered by the fact that dynamical and
chemical contributions to low ozone columns are difficult to separate. Approximately half of the variability
in springtime ozone is due to interannual differences in ozone replenishment from above (Chipperfield &
Jones, 1999; Tegtmeier et al., 2008). Since this replenishment is due to diabatic descent, resupply of ozone
is generally smaller in cold winters, when diabatic descent is weaker. Mixing through the vortex edge also
contributes to ozone variability, and less mixing in cold winters contributes to reduced ozone columns, es-
pecially in March (Salby & Callaghan, 2007). These factors (among others, see e.g., supplementary informa-
tion of Manney, Santee, et al., 2011, and references therein) result in a good correlation between ozone and
lower stratospheric temperature inside the vortex. On the other hand, since PSC formation is temperature
dependent, chemical ozone depletion also leads to a good correlation between ozone and temperature (e.g.,
Rex et al., 2006; Tilmes et al., 2006). The exact correlation, however, will depend on the balance of contribut-
ing factors, and so we might expect to see different relationships between ozone and temperature depending
on the relative importance of chemistry and dynamics.

Figure 4 shows the relationship of in-vortex ozone columns and T'j5 ., for the GBS, SAOZ, FTIR, and Brewer
data sets. The black dots and black dashed lines show the correlation for what might be considered “typi-
cal” springtime conditions. These years (including early measurements in 2011 and 2020) all experienced
a similar balance of chemical depletion and dynamical factors. The R* values are similarly high for all data
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Figure 4. Ozone columns inside the vortex as a function of Ty, for (a) the GBS, (b) SAOZ, (c) FTIR, and (d) Brewer. In-vortex measurements for “typical”
years (alongside measurements from early spring 2011 and 2020) are shown in black, with a corresponding linear fit and R* value. In-vortex measurements for
2015 (and the corresponding linear fits and R® values) are plotted in gray. Measurements that start to deviate from the typical correlation (black dashed line) are
plotted in blue for 2011, and with a color scale representing dates for 2020. For 2020, squares and dots correspond to March and April data, respectively. The red
dashed lines show the linear fit for April 2020. GBS, ground-based spectrometer; SAOZ, Systéme d'Analyze par Observation Zénithale; FTIR, Fourier transform

infrared.

sets, and the slopes vary only slightly, in accordance with the differences between ozone columns from each
instrument. Even the limited number of points for the Brewer follow this correlation. Measurements from
2015 follow a different correlation, indicated by the gray dots and gray dashed lines in Figure 4. The slopes
are approximately parallel to the correlation for typical years discussed above, but with a significant positive
offset. R values are also high, but with more variability between the instruments. As shown in Figures 1a
and 2g, 2015 was a relatively cold year with anomalously high ozone. The reasons for this are examined in
detail by Manney et al. (2015). A minor warming in January 2015 caused unusually strong descent and high
ozone values, with minimal chemical ozone destruction. It is then reasonable that the correlation of ozone
and temperature would be different from typical years, since the contribution of chemical depletion was
largely absent in 2015, tipping the balance toward the dynamical factors.

Measurements in spring 2020 are another special case. While measurements up to March 6 still keep to the
correlation for typical years, data for the rest of March clearly follow a different trajectory. This is shown by
the color scale squares in Figure 4. March ozone columns decrease more rapidly than expected for temper-
atures near and below Tyar, and this behavior is consistent across all instruments that have data in March.
This indicates that chemistry was much more dominant than usual. Once chemical depletion stops in late
March, ozone columns start increasing with temperature, but following a trajectory that is different from
the correlation for typical years. The exceptionally long-lived vortex presents an opportunity to observe
this recovery. The trajectory of ozone columns in April (color scale dots and red dashed lines in Figures 4a
and 4d) follows a line approximately parallel to the typical correlation, but with a significant negative offset.
This offset (calculated at Tigxm = 210 K) is 84 and 93 DU for the GBS and Brewer data sets, respectively, and
might be interpreted as the approximate amount of additional chemical ozone destruction in 2020 compared
to more typical Arctic winters. While adding late March data to the linear fits results in a very similar corre-
lation, only April data were included, for consistency with the ozone loss estimates discussed in Section 3.3.
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2011 measurements follow a trajectory similar to 2020 (see also Adams, Strong, Zhao, et al., 2012). Ozone
columns start to clearly deviate from the typical correlation from March 13 onward. The few late-season
measurements in 2011 correspond to the rapid increase of ozone on April 4-6 (Figure 1a) and follow a
trajectory with a negative ozone offset on the correlation plots. While direct comparisons are difficult given
that the instruments mostly measured outside the vortex after March 23, 2011, the ozone offset in Figures 4a
and 4d is generally larger in 2020 than in 2011. These offsets highlight that chemical ozone destruction in
both 2011 and 2020 was exceptional in the context of the data record presented here.

Measurements of HF from the FTIR can be used as another dynamical tracer. Since HF is long-lived and
chemically unreactive, it can be used as a tracer of vertical motion (Mankin et al., 1990; Toon et al., 1992).
HF columns increase when the air column is descending with replenishment at the top with air from neigh-
boring columns. As a result, HF columns are generally larger in the vortex than outside the vortex (Fig-
ure Sla in the supporting information, hereafter “SI”). HF shows an increasing trend in the stratosphere
(e.g., Griffin et al., 2017), and this trend has been accounted for before scaling with the HF columns (see
SI). Inside the vortex, the smallest trend-corrected HF columns were measured in 2011, 2014, and 2020,
and the largest columns were measured in 2015. This indicates unusually strong descent in 2015, consistent
with Manney et al. (2015). To remove some of the dynamical effects from the FTIR data set, we normal-
ized the measurements of ozone, HCI, CIONO,, NO,, and HNOj; with the HF columns (after Lindenmaier
et al., 2012, but with trend-corrected HF columns). The results are shown in Figures S1b-S1f in the SI. Since
column values of HF and other trace gases would change in unison if the main driver was dynamics, we
assume that any decrease in the HF ratios is largely the result of chemistry. It should be noted that the trend
correction changes the HF columns but does not substantially impact the year-to-year variability of the HF
ratios described below.

The 2020 time series of HF-normalized HCI and CIONO, show the same evolution as the columns in Fig-
ures 2c and 2d, with consistently low values in March and a gradual increase past March 20. The 2011 ratios
are also similar to the column values, indicating that the extremely low columns of HCI and CIONO, in
both years were primarily due to heterogeneous chemistry and not variability of transport. HF-normalized
NO, columns show that when accounting for dynamical differences, NO, levels were similarly low in 2020
and 2011. The slow increase of NO, columns in 2020 is apparent in the HF-normalized time series as well.
The evolution of HF-normalized HNO; follows the same patterns as seen in Figure 2f, but the differences
between individual years are smaller. The large drop in HNOj; concentrations on March 16-19, 2020 is still
apparent in the HF-normalized time series, confirming that HNO; was taken up on PSC particles.

Compared to Figure 1a, the HF-normalized ozone time series tells a very similar story. HF-normalized
ozone was smaller in 2020 than in any previous year, with the minimum values recorded on March 26 (con-
sistent with the FTIR ozone minima). Differences between 2020 and other years are reduced in the HF-nor-
malized time series, as expected since transport generally plays a significant role in maintaining higher
ozone concentrations inside the vortex. The trend-corrected HF columns indicate that vertical motion was
likely similar in 2011 and 2020. The fact that HF-normalized ozone still reached all-time minima in 2020
further highlights the role of chemical ozone depletion. This is examined in more detail in the next section.

3.3. Estimates of Chemical Ozone Loss

The narrow altitude region of depleted ozone seen in the ozonesonde profiles (Figure 1b), the sharp devi-
ations from the typical relationship of ozone and temperature (Figure 4), and record low HF-normalized
ozone all indicate that chemical ozone loss played a large role in spring 2020. Since our instruments do
not measure during the winter (polar night), we have no in-vortex measurements from periods with no
chemical ozone depletion and therefore cannot estimate ozone loss from the measurements alone. In order
to quantify chemical ozone loss, we use the passive tracer method. Absolute ozone loss is calculated by
subtracting measured ozone from SLIMCAT passive ozone, and relative ozone loss is calculated as absolute
loss over passive ozone. It should be noted that empirical ozone loss estimates have large uncertainties, and
passive subtraction could potentially overestimate ozone loss (Griffin et al., 2019, and references therein).

Comparisons between SLIMCAT results and measurements are included in the SI. SLIMCAT active ozone
inside the vortex shows good agreement with all instruments (Figures S2 and S3), with mean relative
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Figure 5. (a) SLIMCAT passive ozone. The gray shaded area shows statistics of passive ozone (after Figure 1) for years when the vortex was not present over
Eureka. The colored points show in-vortex data for 2011 and 2020. (b) Absolute and (c) relative ozone loss inside the vortex for 2011 and 2020, calculated as
described in the text. The datapoints show daily average loss for the measurements, and the black lines show 6-hourly values using SLIMCAT active ozone.

differences (SLIMCAT minus measurements) of 1.4%, —3.9%, —8.9%, and —4.0% for the GBS, SAOZ, FTIR,
and Brewer data, respectively (in-vortex measurements for all years). The larger differences with respect
to the FTIR data set are partly due to spatial mismatch in late February (high-SZA measurements, see SI).
HCl and CIONO, agree well with the uncorrected FTIR measurements inside the vortex (—4.0% and 0.6%,
respectively), while HNO; columns show a negative bias (—18.1%). The underestimation of HNOs is likely
related to the simple equilibrium denitrification scheme in the model (e.g., Feng et al., 2011). To assess
SLIMCAT passive ozone, we used ozonesonde total columns from December of each year. The mean differ-
ence between passive ozone and the ozonesonde columns is 4.8 + 9.6 DU (2.0% =+ 2.7%, mean and standard
error) for 2000-2018, indicating that SLIMCAT successfully simulates observed ozone before chemical de-
pletion starts.

The passive ozone time series inside the vortex for 2020 is shown in Figure 5a. Passive ozone hovered
around 300-350 DU for all of March, well below typical springtime values when the vortex is not present
over Eureka (gray shading in Figure 5a). This indicates that dynamical mechanisms, as discussed above,
are in part responsible for the exceptionally low column values observed in the spring. Passive transport of
ozone alone would have caused a year with ozone minima that were surpassed only by 2011, as indicated by
the very low values of out-of-vortex ozone measured in early April (gray points in Figure 1a). Passive ozone
in 2011 was as low as in 2020 until early March, but the two time series start to diverge after March 10. Pas-
sive ozone in 2011 increased sharply in late March and again in early April. These increases correspond well
to the increases in the measured ozone columns (Figure 1a).

Figures 5b and 5c show daily averages of absolute and relative ozone loss for all the instruments. SLIMCAT
passive ozone was linearly interpolated to the measurement times, using only the datapoints that were in-
side the vortex based on vertical DMPs corresponding to the SLIMCAT ozone columns. Ozone loss values
were taken to be inside the vortex only if both the measurement and the corresponding SLIMCAT column
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were inside the vortex. In 2020, chemical ozone loss was apparent by the end of February, and its magnitude
gradually increased until the end of March. Loss estimates for individual instruments show some scatter, in
accordance with the differences between ozone columns (Section 3.1). The GBS instruments measured the
lowest ozone column values (Figure 1a), and therefore differences from passive ozone are most pronounced
for this data set. Absolute differences fell below 100 DU by mid-March and reached 150 DU in April (max-
imum of 158 DU on April 18). Relative differences show a similar pattern, with values well below 30% in
the second half of March and in April. The maximum relative difference of 38% was reached on March 18.
SAOZ measurements are irregular past March 14, and the last in-vortex measurement was on March 29.
The maximum difference of 95 DU (29%) occurred on the second to last measurement day, March 26. FTIR
measurement coverage is weather dependent, and the in-vortex measurements ended on March 26. The
maximum difference of 81 DU (25%) was reached on that day. Brewer measurements started on March 30,
and consistently measured ozone more than 100 DU smaller than SLIMCAT passive ozone. The maximum
absolute difference of 123 DU occurred on April 28, while 29% relative difference was observed on both
March 31 and April 17. The Pandora instrument has only 6 days of in-vortex measurements. The maximum
absolute and relative differences of 117 DU and 32% were observed on April 18 and March 31, respectively.

Our loss estimates are generally similar for 2020 and 2011. Results using SLIMCAT active ozone (black lines
in Figures 5b and 5c) show that absolute loss was slightly higher in 2011. Relative loss was very similar,
although ozone loss continued longer (to the end of March) in 2020, resulting in more overall relative loss.
The measurements tell a similar story. The absolute differences generally overlap for 2011 and 2020, but the
peak losses are greater for 2011. The daily peak loss from the GBS, SAOZ, FTIR, and Brewer data sets was
176, 129, 108, and 124 DU, respectively, compared to 158, 95, 81, and 123 DU in 2020. Peak relative loss, on
the other hand, was smaller in 2011 for all instruments, with values of 36%, 28%, 24%, and 24%, compared
to 38%, 29%, 25%, and 29% in 2020. Overall, column ozone loss was similar between 2011 and 2020 despite
the smaller VMRs reached in 2020 ozonesonde profiles (Manney et al., 2020; Wohltmann et al., 2020). This
is largely explained by the higher passive ozone simulated by SLIMCAT for 2011 (Figure 5a).

For the spring of 2011, previous studies report a range of ozone loss estimates. Adams, Strong, Zhao,
et al. (2012) and Lindenmaier et al. (2012) used data from Eureka with methods similar to this paper.
Adams, Strong, Zhao, et al. (2012) estimated a mean ozone loss of 99-108 DU (27%-29%) for March 12-20
(GBS and SAOZ data), while Lindenmaier et al. (2012) estimated 35% for all in-vortex measurements
(FTIR data). The corresponding values for 2011 in this paper are 92-77 DU (26%-21%), and 13%, respec-
tively. The large differences are due in part to the updated chemistry and transport in the SLIMCAT sim-
ulations used here. Adams, Strong, Zhao, et al. (2012) corrected SLIMCAT passive ozone to December
ozonesonde columns, while Lindenmaier et al. (2012) did not implement a correction. Given the updat-
ed SLIMCAT simulations, and because of the diversity of methods (and sampling of data sets) used in
previous studies, loss estimates presented here are not necessarily directly comparable to the literature.
Estimates of ozone loss from the present data set are therefore a better basis of comparison. Using equiva-
lent periods in March for 2011 and 2020, estimates of absolute loss are generally similar or smaller, while
relative loss is greater, in 2020 than in 2011, for all instruments. This is consistent with the peak daily loss
results discussed above.

Quantifying overall chemical ozone loss from a single ground station is challenging, given the variability
of both vortex location and measurement coverage. For the best estimate, the vortex should be stable and
remain above the station, after chemical ozone destruction ceased. This was not the case in 2011, while the
spring of 2020 fits these requirements best among all winters in the measurement record presented here.
According to all indicators (trace gas measurements, correlation of ozone with temperature, and SLIMCAT
simulations), ozone depletion stopped by late March 2020. The GBS and Brewer instruments measured
inside the vortex for the majority of April. Mean ozone loss in April is then a good indicator of overall
chemical ozone loss inside the vortex above Eureka. The mean loss calculated from the GBS measurements
is 126 DU (31%), while the same value is 111 DU (27%) using measurements from the Brewer. Some of these
differences are likely related to the different viewing geometries, since DOAS path lengths in the 16-20 km
altitude region are several times longer than those for direct-sun measurements. Our ozone loss estimate of
111-126 DU (27%-31%) is consistent with values of 125-135 DU from Wohltmann et al. (2020) and Groof3
and Miiller (2020), who also used the passive tracer method, but with different chemical transport models.
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4. Conclusions

The unusually cold, strong, and persistent polar vortex in the winter and spring of 2019/2020 created the
greatest potential for ozone depletion ever observed in the Arctic. Accordingly, ozone columns across the
Arctic reached record lows, surpassing previous records set in 2011. The GBS, SAOZ, FTIR, Pandora, and
Brewer instruments at Eureka, Canada, all observed record low ozone columns (187, 221, 240, 222, and
218 DU) in their respective time series. Persistent enhancements of BrO and OCIO dSCDs in the GBS data
set indicate that chlorine activation was ongoing until late March, and consistently low HCl and CIONO,
columns from the FTIR point to heterogeneous chemistry on PSC particles. HNO; columns were well below
typical in-vortex values (similar to 2011), although lower stratospheric temperatures were slightly above
Tnar for most of the spring. CRL measurements indicate the presence of PSCs (at 14-16 km altitude) on
March 16-20, coincident with a significant drop in temperatures and HNO; columns. The smallest ozone
column values were observed during the same period as well. Ozonesondes measured ozone mixing ratios
below 0.5 ppmv (with minima below 0.2 ppmv) in the 16-20 km altitude range in late March and through-
out April. These values are unprecedented in the Arctic and are more similar to values commonly observed
in the Antarctic ozone hole. While the vortex remained cold and stable throughout April, chlorine activa-
tion largely stopped by the end of March, as evidenced by increasing concentrations of chlorine reservoirs
and NO,. NO, measurements indicate that the vortex above Eureka was less denitrified than in 2011, al-
though this is in large part due to dynamical differences.

Dynamical contributions to ozone variability must be considered for an accurate assessment of chemical
ozone loss. Passive ozone from the SLIMCAT chemical transport model indicates that ozone column val-
ues in 2020 would likely have been unusually low even without chemical processing. Ozone columns are
usually smaller in cold winters, and Eureka ozone measurements inside the vortex generally show good
correlation with lower stratospheric temperature. This relationship, however, was substantially different in
2020 (and in 2011) compared to what is observed for more typical years. This indicates that chemical ozone
depletion played an exceptionally large role and contributed to significant additional ozone loss, in 2020
when compared to typical Arctic winters. FTIR measurements normalized by HF total columns confirm the
major role of chemistry in shaping the 2020 trace gas time series.

Chemical loss inside the vortex was estimated using measurements at Eureka and SLIMCAT simulations
of passive ozone. Using consistent data sets for the entire time series, we showed that all instruments ob-
served smaller daily peak absolute loss in 2020 (81-158 DU) than in 2011 (108-176 DU). The absolute loss
time series generally overlap, but the daily peaks were higher in 2011. Daily peak relative loss, on the other
hand, was greater in 2020 (25%-38%) than in 2011 (24%-36%) for all instruments. While overall ozone loss
is difficult to estimate from a single ground station due to the variable position of the vortex, spring 2020
measurements have good coverage inside the vortex after chemical depletion stopped. Using Brewer and
GBS measurements throughout April, the mean chemical ozone loss inside the vortex was estimated to be
111-126 DU (27%-31%) over Eureka. As the Arctic stratosphere changes in response to climate change,
long-term data sets remain essential for assessing unusual springtime conditions and ozone depletion. The
spring of 2020 was exceptional in the context of the 20-year data set presented here, but similar (or even
more extreme) conditions could arise given the large interannual variability of the Arctic vortex and the
slow decline of ozone-depleting substances.

Data Availability Statement

UT-GBS and PEARL-GBS ozone and NO, data, as well as the FTIR measurements of ozone, HCI, ClO-
NO,, HNO;, and HF are available from the NDACC database at http://www.ndaccdemo.org/stations/
eureka-canada. The SAOZ ozone and NO, data can be found at http://saoz.obs.uvsq.fr/SAOZ_consol_
v3.html. Ozonesonde and Brewer measurements are available on the World Ozone and Ultraviolet Ra-
diation Data Centre (https://woudc.org/data/explore.php?lang=en, Station: Eureka [315]). Radiosonde
data are available through the University of Wyoming Upper Air Database (http://weather.uwyo.edu/up-
perair/sounding.html, Station Number: 71917). Other data sets, such as the OCIO and BrO dSCDs, the
HCI (unfiltered) and NO, measurements form the FTIR, the corrected Pandora ozone, the CRL backscat-
ter coefficients, and the SLIMCAT profiles, are available through the Scholars Portal Dataverse (Bognar
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