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Abstract: The tropospheric impact of Arctic ozone loss events is still debatable. In this study we investigate that question, using the ERA5
reanalysis and long-term integration by a climate-chemistry coupled model (CESM2-WACCM). We begin with the frequency of Arctic
ozone loss events. On average, such events occur once in early spring every 14—15 years in ERA5 data and in the model, both of which
estimate that roughly 40% of the strong polar vortex events in March are coupled with Arctic ozone loss, the remaining 60% being
uncoupled. The composite difference between the two samples might be attributed to the pure impact of the Arctic ozone loss — that is,
to ozone loss alone, without the concurrent impact of strong polar vortices. Arctic ozone loss is accompanied by an increase in total
ozone in midlatitudes, with the maximum centered in the Central North Pacific. Contrasting Arctic ozone loss events with pure strong
polar vortex events that are uncoupled with ozone loss, observations confirm that the stratospheric Northern Annular Mode reverses
earlier for the former. For pure strong vortex events in early spring (without Arctic ozone loss), the cold anomalies can extend from the
stratosphere to the middle troposphere; when such events are strong, the near surface warm anomalies are biased toward the
continents. In contrast, during the other 40% of strong early-spring polar vortex events, those coupled with ozone loss, a concurrent and
delayed warming of the near surface over the Arctic and its neighboring areas is observed, due to vertical redistribution of solar radiation

by the change in the ozone.
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1. Introduction

Ozoneis an extremely important trace gas in the Earth's atmo-
sphere (Turnock et al,, 2019), and its variations have significant im-
pacts on ecosystems, climate, and the environment (Rex et al.,
2004; Ashmore, 2005; Fowler et al., 2009). Most atmospheric
ozone is concentrated in “the ozone layer” inside the stratosphere,
which protects life on Earth by absorbing most of the sun’s dam-
aging ultraviolet radiation (Rowland, 2006; Douglass et al., 2014).
Stratospheric ozone converts the absorbed ultraviolet radiation to
heat, warming the atmosphere, thus accounting for the observa-
tion that temperature increases with height in the stratosphere;
ozone thus plays a significant role in maintaining the static stabil-
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ity of the stratosphere (Cheung et al., 2014; Bai XY et al., 2021).

Since the 1980s, Antarctic total column ozone has experienced a
rapid decrease in the austral spring, a phenomenon that has come
to be known as the “Antarctic ozone hole” (Stolarski et al., 1986;
Douglass et al., 2014). The Antarctic ozone hole has appeared
annually every austral spring since then (Farman et al., 1985;
Solomon et al.,, 1986; Chipperfield et al., 2015). Antarctic strato-
spheric ozone content is not expected to recover fully to pre-
Ozone Hole levels until the second half of the 21st century (World
Meteorological Organization, 2002). It is well documented that
the Antarctic ozone hole has an impact on the Southern Annular
Mode (SAM) and stratosphere-troposphere coupling, which in
turn affects surface climate change in the Southern Hemisphere
(Thompson and Solomon, 2002; Thompson et al,, 2011; Ivy et al.,
2017; Smith and Polvani, 2017). The effect of ozone depletion on
the stratospheric SAM is explained by the increased frequency of
extreme anomalies due to ozone depletion, reduced absorption
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of incident shortwave radiation by stratospheric polar ozone, and
increased meridional temperature gradients (Dennison et al.,
2015). The impact of the Antarctic ozone hole on the SAM has led
to a series of significant Southern Hemisphere surface climate
changes in such regions as Antarctica, the Southern Oceans, New
Zealand, Patagonia, Southern Australia (Solomon, 1999; Renwick,
2002; Marshall et al., 2006; Hendon et al., 2007), and even the far
Southern Tropics (Thompson et al., 2011).

Recent studies have reported that ozone loss events are not ex-
clusive to the Antarctic, but occur irregularly also in the Arctic
(Newman et al., 1997; Bernhard et al., 2013; Manney et al., 2020).
Three such extreme low-ozone events in early spring (March) have
been observed since 1979: in 1997, 2011, and 2020 (Newman et
al., 1997; Arnone et al., 2012; Zhang Y et al., 2013; Manney et al.,
2020; Rao J and Garfinkel, 2020, 2021). Compared with the annual
austral spring ozone loss over Antarctic, these three sporadic
ozone loss events in the Arctic have been relatively weak (Rex et
al., 2006; Arnone et al., 2012). Significant ozone loss over the Arc-
tic has occurred only when the stratospheric polar vortex per-
sisted into spring and the lower stratospheric temperatures were
unusually low (Arnone et al,, 2012). Each of these three extreme
ozone loss events was coupled to the strong and cold stratospheric
polar vortex, and the Northern Annular Mode (NAM) also develop-
ed toward extreme positive polarity (Rao J and Garfinkel, 2020).

However, none of the observational evidence directly indicates a
clear relationship between Arctic ozone loss and surface climate
(Karpechko et al., 2014; Harari et al., 2019; Rao J and Garfinkel,
2020). Harari et al. (2019) reported that the superficial tropospher-
ic response to Arctic ozone loss may related dynamically to the
strong polar vortex. Rao J and Garfinkel (2020) found that better
prediction of the Arctic ozone loss is not directly related to im-
proved predictability of surface conditions. The link between the
2011 lower Arctic stratospheric ozone anomaly and tropospheric
climate reported in a model study by Karpechko et al. (2014) was
stable only when the ozone anomaly coincided with the sea sur-
face temperature anomaly.

This paper will explore the impact on the stratosphere-tropo-
sphere coupling and surface climate when the strong polar vor-
tex is coupled to Arctic ozone loss. By comparing the impact of
strong polar vortex events, coupled and uncoupled to the Arctic
ozone loss, we seek to isolate the direct impact of the Arctic ozone
loss from the dynamical impact of the strong polar vortex state.

Organization of the paper is as follows. Following the introduc-
tion, Section 2 describes data and methods. The frequency of the
Arctic ozone loss events in the limited reanalysis and long-term
simulation by a chemistry-climate coupled model is presented in
Section 3. Section 4 discusses the possible impact on the surface
climate of strong stratospheric polar vortex events coupled to the
Arctic ozone loss. In order to exclude the effect of the strong po-
lar vortex state from that of the ozone loss, Section 5 compares
the impacts of strong polar vortex events with and without their
being coupled to an Arctic ozone loss. The difference between the
coupled and uncoupled cases is hypothesized to be the direct im-
pact of the Arctic ozone loss, on the assumption that the impacts
of the strong polar vortex and the Arctic ozone loss can be super-

imposed linearly. Finally, conclusions and discussion are provided
in Section 6.

2. Data and Methods

2.1 ERAS5 Reanalysis Dataset

ERAS5 is the fifth-generation reanalysis product released by the
European Centre for Medium-Range Weather Forecasts (ECMWF).
Monthly circulation and total ozone column (TO;) data at 0.5° x
0.5° horizontal resolution is available from the Copernicus Cli-
mate Change Service Climate Data Store after registration (https://
cds.climate.copernicus.eu). ERA5 assimilates 19 different ozone
observation sources at different times since 1979 (Hersbach et al.,
2020), so it is reasonable to use TO3 from the modern reanalysis as
the reference state.

2.2 Model and Simulations

Historical simulations provided by a climate-chemistry—coupled
model, CESM2-WACCM, are employed in the study. CESM2 is ab-
breviated from Community Earth System Model version 2, de-
veloped by the National Center for Atmospheric Research (NCAR).
CESM2 is a state-of-the-art fully coupled model that includes in-
teracting ocean (POP), land (CLM), sea ice (CICE), and atmospheric
components with interacting chemistry (Thiéblemont et al., 2016).
As a global three dimensional “troposphere-stratosphere-meso-
sphere—thermal bottom” atmospheric model developed by NCAR
in recent years, the Whole Atmosphere Community Climate Mod-
el version 6 (WACCM®) is the chosen atmospheric component for
CESM2-WACCM. Different versions of WACCM were used to study
the impacts of the stratospheric ozone hole on the following: cli-
mate (Eyring et al., 2007, 2010), geoengineering (Tilmes et al.,
2018), ENSO pathways in the stratosphere (Zubiaurre and Calvo,
2012; Rao J and Ren RC, 2016), and sudden stratospheric warm-
ings (Thiéblemont et al., 2016; Cao C et al., 2019; Liu SM et al.,
2019).

CESM2-WACCM participated in Phase 6 of the Coupled Model In-
tercomparison Project (CMIP6), whose goals were to better under-
stand past, present, and future climate changes that are caused by
natural, unforced variability or response to changes in radiative
forcing in a multi-modal context (Eyring et al., 2016). Three CMIP6
experiments by CESM2-WACCM are used in this study, forced by
observed emissions from 1850 to 2014. These three historical runs
start from different initial conditions but with the same dynamic
and physical frame in the model. The monthly outputs for ozone
content, air temperature, geopotential height, and surface tem-
perature are collected from the CMIP6 database (https://esgf-
node.linl.gov/search/cmip6/). Historical runs by CESM2-WACCM
have a horizontal resolution of 0.9° x 1.25° (latitude x longitude),
spanning the period from January 1850 to December 2014.

The total column ozone (TOs) is not a standard output for CMIP6,
but can be estimated by vertically integrating the ozone concen-
tration from surface to the model’s top (Tang Z et al,, 2019; Rao J
and Garfinkel, 2020, 2021). First, the ozone metric in units of mol-
ar ratio (i.e,, the volume ratio as per Avogadro’s law) from historic-
al simulations is converted to a mass mixing ratio (ROs) by mul-
tiplying the molecular weight ratio between ozone and the well-
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mixed atmosphere (i.e., 48/29). Second, a vertical integration of
the ozone mass mixing ratio by pressure is performed to obtain

the total column ozone (TO3), TO; = %/PSRosdp, where P is the
0

surface pressure and g is the gravitational acceleration constant (g
= 9.8 m/s?). Finally, the units of TO; are converted from kg/m? to
the Dobson Unit (DU) with a rough estimation of 1 DU = 2.1415 x
10-° kg/m? (Zhang ZM et al., 2019).

2.3 Methods

Time series of the Arctic total column ozone, area-averaged over
65-90°N in March, is calculated as the “Arctic ozone index” to
identify major ozone loss events in early spring. Such anomalous
Arctic ozone loss events are identified in the three historical runs
when the ozone index drops below the run’s average value by at
least 1.5 times its standard deviation. This study uses a lead/lag
composite analysis of the selected Arctic ozone loss events, dia-
gnosing the circulation and ozone in the leading and following
months for each major March Arctic loss event.

To separate the direct impact of the Arctic ozone loss from the dy-
namic influence of the strong polar vortex, all strong polar vortex
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events in early spring are selected if the polar cap (65-90°N)
height anomaly at 10 hPa in March is larger than its standard devi-
ation. (Choosing the polar cap height to be 50 or 70 hPa instead of
10 hPa does not significantly change the selection of strong polar
vortex events.) Arctic ozone loss events are a subset of the strong
polar vortex events, and the composite results for the Arctic
ozone loss events are actually a combined response. The differ-
ence between Arctic ozone loss events and strong polar vortex
events uncoupled to Arctic ozone loss might reasonably be due to
the pure contribution by the ozone decrease in the Arctic strato-
sphere. The Student'’s t-test at two tails is used to test the signific-
ance level of the composite anomaly and difference.

3. How Often Does the Arctic Ozone Loss Happen?

3.1 Verification of the Total Column Ozone Simulation in
Early Spring

Northern Hemisphere total column ozone distributions for the cli-

matology in March at the time of an Arctic ozone loss event are

shown in Figure 1. In early spring as the polar night ends and dir-

ect sunlight reaches the Arctic, the Arctic total column ozone usu-
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Figure 1. Distribution of the March total column ozone in the Northern Hemisphere extratropics (units: DU) for (a, ) long-term mean
(climatology) and (b, d) Arctic ozone loss events from the ERA5 and the historical run from CESM2-WACCM. An ozone loss example is simulated in
March 1993 from the first historical run by CESM2-WACCM (c). The observed Arctic ozone loss events occurred in March of 1997, 2011, and 2020;

only the 2011 case is shown for an observational example (d).
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ally recovers to >310 DU in the polar region. Two maximum total
ozone centers are evident in both CESM2-WACCM and ERA5 data
(Figures 1a and 1c): one over the Sea of Okhotsk (>360 DU), the
other over Baffin Island (>340 DU). The wave pattern of the clima-
tological ozone is well reproduced by the model: the high lobes
are over East Asia and East North America, and the relative lows
are over Western Siberia and West North America. The tropo-
spheric column total ozone profiles for typical Arctic ozone loss
events are compared for CESM2-WACCM and ERA5 in Figure 1b
and 1d. Although the Northern Hemisphere total ozone in mid-to-
high latitudes is even anomalously higher, the ozone over the Arc-
tic is extremely low during Arctic ozone loss events in both the
model and ERA5. Previous studies have revealed that the Arctic
total ozone loss is a consequence of weak dynamic transport of
ozone-rich air into the Arctic and chemical loss due to the ex-
tremely cold state of the stratospheric polar vortex (Manney et al.,
2020; Rao J and Garfinkel, 2020). Reproducibility of the ozone loss
events by CESM2-WACCM verifies the quality of the model and
the usability of the historical simulation for ozone loss events.

3.2 Frequency of the Arctic Ozone Loss Events

In the ERA5 reanalysis of data since 1979, three ozone loss events
over the Arctic are identified (i.e., 1997, 2011, and 2020). Based on
this limited record, an Arctic ozone loss event appears to occur
approximately once in 14 years, on average, in the present-day cli-

60

mate system. Using the long-term historical runs, in this subsec-
tion we revisit the questions of the frequency of simulated Arctic
ozone loss events.

The time series of total column ozone anomalies over the Arctic in
March, from 1850 to 2014, is shown in Figure 2 for three historical
simulations by CESM2-WACCM. The Arctic ozone in early spring
exhibits strong interannual variability; the standard deviation of
March ozone is commonly around 20 DU in the three historical
simulations. Such strong variability of the Arctic ozone in early
spring is caused mainly by the large year-to-year variation of the
stratospheric polar vortex. For example, the timing of the final
warming can range from March in some years (early warming) to
May in others (late warming) (Rao J and Garfinkel, 2020). Late final
warmings have strong consequences for polar ozone loss, where-
as early final warmings lead to a rapid recovery of the Arctic ozone
due to the warm conditions in the Arctic stratosphere (Manney et
al., 2020; Rao J and Garfinkel, 2020).

All major Arctic ozone loss events selected by using the 1.5 stand-
ard deviations threshold are shown in Table 1. Nine such Arctic
ozone loss events are identified in the 165-yr simulation for the
first historical run, suggesting an occurrence frequency of approx-
imately every 18 years. Similarly, the average frequency is once
every 12 years for the second run and once every 18 years for the
third run. A total of 32 Arctic ozone loss events are selected from
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Figure 2. Time series of Arctic total column ozone content anomalies averaged over 65-90°N (units: DU) in March from 1850 to 2014 (model
year) in three historical runs by CESM2-WACCM. Reference lines for each historical run are zero and £1.5 times that run’s standard deviation of the

March total ozone.
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Table 1. Selected March Arctic ozone loss events in each historical run by CESM2-WACCM.

Historical run Selection standard Sample Sample size
rl Within each historical run, 1887, 1890, 1899, 1913, 1982, 1992, 1993, 2001, 2002 9
2 atieast 15 sncard devations from 1853, 1856, 1859 1872 1873, 1878, 1891 14
' 1895, 1928, 1930, 1992, 1995, 2002, 2005
the long-run average of total column
r3 ozone over the Arctic 1855, 1876, 1881, 1914, 1919, 1943, 1954, 1992, 1998 9

the three simulations (495 years in total). The mean frequency of
the ozone loss events in CESM2-WACCM data is thus roughly
every 15 years, consistent with the empirical observations (New-
man et al., 1997; Manney et al., 2020).

4, Stratosphere-Troposphere Coupling During
Anomalous Arctic Ozone Events

4.1 Evolution of the Arctic Ozone and Stratosphere

The spatial distribution of total column ozone anomalies in the ex-
tratropics from January to May is shown in the first row of Figure 3.
The Arctic ozone loss begins in winter and reaches its maximum in
March (-60 DU); meanwhile the ozone in the North Pacific is an-
omalously higher throughout the winter to early spring (Figures 3
al—c1). Ozone loss in the Arctic does not occur suddenly, but is an
accumulation of ozone depletion in the previous months. The
early spring Arctic ozone loss is followed by a gradual recovery of
total atmospheric ozone from April onwards (Figures 3d1 and e1).
Although the negative ozone anomalies in April and May gradu-
ally diminish, the ozone reduction is still significant in May. Due to
the large sample size from the three historical simulations, the
Arctic ozone anomalies are significant at the 95% confidence level
from January to May. The total ozone over the tropical Pacific is
also shown to decrease from January to May, which might be re-
lated to the weakened upwelling in the tropics associated with
the suppressed Brewer-Dobson circulation during strong polar
vortex events (Roscoe, 2006; Butchart, 2014; Shi CH et al., 2018;
Rao J et al.,, 2019). In April and May, a decrease in the total ozone
might contribute partially to a change in the stratospheric tem-
perature.

The evolution of the temperature anomalies at 50 hPa during Arc-
tic ozone loss events is shown in the second row of Figure 3. The
cold anomalies in March and previous winter months are centered
around the polar region with a maximum amplitude of >2.5 K. In
midlatitudes poleward of 60°N, warm anomalies dominate. The
persisting cold conditions in the Arctic stratosphere in January
and February create a prerequisite meteorological condition for
Arctic ozone loss. Namely, in winter and early spring, ozone loss is
coupled to strong and cold polar vortices, and the warm anom-
alies in midlatitudes denote a positive NAM pattern in the North-
ern Hemisphere (Figures 3a2—c2). The annular mode is extremely
strong when the Arctic ozone loss is coupled with the extreme po-
lar vortex (Randel and Wu F, 1999; Hu YY and Xia Y, 2013). In the
following April, the stratospheric temperature response is zonally
fairly asymmetric (Figure 3d2). Significant temperature anomalies
in the polar region nearly disappear in April, but warm anomalies
over the North Pacific still remain. The regional warm anomalies
(1.25 K) are a lagged response to an increase in the local total
ozone in preceding months and are not explained by the concur-

rent ozone anomalies. In May the warm anomalies finally move to
the Arctic, and the stratospheric temperature anomalies in low-to-
mid latitudes are dormant (Figure 3e2).

4.2 Evolution of the Tropospheric and Near Surface
Response

Similarly, the evolution of the composite temperature anomalies
at 500 hPa from January to May is shown in the third row of
Figure 3 for Arctic ozone loss events. The temperature anomalies
in the troposphere are nearly out of phase with those in the stra-
tosphere. In particular, the Arctic middle troposphere is covered
with warm anomalies from January to March (Figures 3a3—c3). In
the Pacific sector, such an out-of-phase coupling between the tro-
posphere and stratosphere can be explained by the ozone distri-
bution. Specifically, in the North Pacific, the total column ozone is
anomalously abundant, absorbing more ultraviolet radiation in
the stratosphere. As a result, solar radiation reaching the tropo-
sphere decreases, corresponding to local cold anomalies; in high
latitudes, less ozone allows more solar radiation to reach the tro-
posphere and induce local warm anomalies (Xie F et al., 2008; Xia
Y et al.,, 2018). There are three warm anomaly centers in high latit-
udes, located over Alaska, Greenland, and the North Atlantic. The
out-of-phase troposphere-stratosphere temperature coupling
can also be explained by the Ertel’s potential vorticity change (Ed-
mon et al., 1980). The tropospheric response in April and May is
not as evident as in January-March except for patches of warm
anomalies in high continental latitudes.

The composite surface temperature anomalies from January-May
for the Arctic ozone loss events are shown in the last row of
Figure 3. In winter months preceding Arctic ozone loss events, the
North Eurasian is anomalously cold while the Arctic is warm from
the Bering Strait across the Western US to Northern Canada and
Greenland (Figures 3a4 and b4). The cold anomalies over North-
ern Eurasia gradually diminish, and the warm anomalies develop
and cover midlatitudes over North America from January to Feb-
ruary. It is noted that warm anomalies develop over the North-
eastern Pacific at the surface, whereas such warm anomalies are
further equatorward and more zonally uniform at 500 hPa. The
Arctic warm state persists until May and the cold anomalies over
the Central North Pacific do not disappear until May (Figures 3c4
and d4). In short, Arctic ozone loss events exhibit significant
lagged impact on the continental surface temperature at high lat-
itudes and on the Pacific temperature.

Overall, the composite temperature anomalies associated with
Arctic ozone loss events are nearly out of phase between the sub-
polar region and the midlatitudes. In addition, the tropospheric
and stratospheric temperature anomalies are dynamically
coupled in opposite phase.
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Figure 3. Composite evolution of the Northern Hemisphere extratropical total column ozone anomalies (units: DU; first row), 50-hPa air
temperature anomalies (units: K; second row), 500-hPa air temperature anomalies (units: K; third row), and surface temperature anomalies (units:
K; last row) from January to May for 32 Arctic total ozone loss events in early spring. The dotted regions mark the composite total column ozone

or air temperature anomalies at the 95% confidence level.

5. Separating the Direct Impact of Arctic Ozone Loss
from the Impact of the Strong Polar Vortex

5.1 Evolution of the Stratospheric Polar Vortex and Ozone
It is well documented that Arctic spring ozone depletion is associ-
ated with a strong and cold stratospheric polar vortex over the
Arctic and is often accompanied by positive NAM/North Atlantic
Oscillation (NAO) polarity in early spring (Thompsonand So-
lomon, 2002; Previdi and Polvani, 2014; Solomon et al., 2014). The
observed impact of the Arctic ozone loss might be due to the dy-
namical influence of the strong polar vortex. To determine the dir-
ect impact of Arctic ozone loss, the atmospheric response to the
strong polar vortex should be eliminated from the composite.

Two samples are selected from the three historical simulations:
one group of strong polar vortex events coupled to Arctic ozone
loss, and a second group that were uncoupled to an Arctic ozone
loss. The difference between the two samples would represent
the impact of Arctic ozone variations alone — if we assume that
the superimposed impacts of the ozone variation and the strong
polar vortex are linear.

The time series of the polar cap height at 10 hPa in March is
shown in Figure 4 as a representative metric of the stratospheric
polar vortex. Comparing the Arctic ozone loss (red curves) and the
polar cap height (black curves) in March, all Arctic ozone loss
events are coupled with the strong polar vortex in the three his-
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Figure 4. Time series of the polar cap height anomalies averaged over 65-90°N at 10 hPa (black curves; units: m; left ordinate) and Arctic total
column ozone content anomalies averaged over 65-90°N (red curves; units: DU; right ordinate) in March from 1850 to 2014 (model year) in three
historical runs by CESM2-WACCM. Black reference lines for each historical run are £1.0 standard deviation of that run’s polar cap height in March.
Red reference lines are £1.5 times the run'’s standard deviation of the Arctic total ozone in March.

torical simulations. Therefore, the model assumes that a strong
and cold stratospheric polar vortex is a requisite condition for
ozone loss in the Arctic, consistent with the observational data
(Manney et al., 2020; Rao J and Garfinkel, 2020, 2021). However,
not all strong polar vortex events are accompanied with Arctic
ozone loss.

Using one standard deviation from the average March polar
height as the threshold, strong polar vortex events are selected
from the three historical runs (Table 2). It is found that 26—28
strong polar vortex events appear in early spring in each 165-yr
simulation; in the model, roughly 40% of the instances of strong
polar vortex are accompanied by Arctic ozone loss. Such a per-
centage in CESM2-WACCM is consistent with the reanalysis, which
shows that 7 strong polar vortex events appear in March from

1979-2020, of which three (43%) were coupled with Arctic ozone
loss (Huang JL et al., 2017; Rao J and Garfinkel, 2020, 2021; Zhang
YL et al,, 2021).

Some modeling and observational studies have found that strato-
sphere-troposphere coupling is strong in years with very low and
very high ozone levels (Calvo et al., 2015; lvy et al,, 2017; Stone et
al, 2019). However, other studies have concluded that simula-
tions using prescribed ozone observations do not exhibit a strong
stratosphere-troposphere response (Smith and Polvani, 2014).
The so-called observed stratosphere-troposphere response to
Arctic ozone loss may be a coincidence due to the combined ef-
fect of ozone depletion forced out by a strong polar vortex and
the strong polar vortex itself (Harari et al., 2019). The composite
evolutions of the height anomalies at 10 hPa for strong polar vor-

Table 2. Selected strong stratospheric polar vortex events in early spring in each historical run by CESM2-WACCM.

Historical run Selection standard Sample Sample size
1 Within each historical 1859, 1861, 1875, 1881, 1887, 1890, 1895, 1896, 1898, 1899, 1911, 1913, 1930, 1945, 28
run, anomalies are 1946, 1948, 1955, 1964, 1975, 1979, 1980, 1982, 1985, 1987, 1988, 1993, 2001, 2011
defined by Arctic polar
9 cap heights at 10 hPa in 1853, 1856, 1859, 1860, 1863, 1873, 1885, 1890, 1891, 1895, 1907, 1914, 1923, 1954, %
March that were lower 1960, 1971, 1972, 1976, 1979, 1987, 1992, 1995, 1996, 2003, 2008, 2013
than the long-un 1855, 1861, 1867, 1868, 1 1899, 1907, 1914, 1918, 192 1936, 1941
3 average by at least one 855, 1861, 1867, 1868, 1874, 1876, 1899, 1907, 1914, 1918, 1920, 1933, 1936, 1941, 27

standard deviation

1943, 1950, 1954, 1971, 1976, 1982, 1989, 1994, 2000, 2002, 2007, 2011, 2014
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Figure 5. Composite evolution of the height anomalies at 10 hPa (shadings; units: m) in Northern Hemisphere extratropics from January to May
for (top) strong stratospheric polar vortex events coupled to Arctic ozone loss in March (i.e., Arctic ozone loss events) and (middle) strong
stratospheric polar vortex events uncoupled to Arctic ozone loss in March. (Bottom) the difference of the height anomalies from January to May
between Arctic ozone loss events and strong polar vortex events uncoupled to Arctic ozone loss in March, as a representative of the impact of
Arctic ozone loss. The dotted regions mark the composite height anomalies or differences at the 95% confidence level.

tex events coupled with ozone loss and uncoupled with ozone
loss are shown in Figure 5 (top and middle rows, respectively). The
strong polar vortex events coupled with ozone loss have a very
long lifetime, persisting from January to March. The strong polar
vortex state begins in early winter and persists into early spring
when it is coupled with Arctic ozone loss (Figures 5a—5e). Without
the Arctic ozone loss, the polar vortex is usually weak in early
winter and changes to the strong state in late winter and early
spring (Figures 5f-—5j).

The annular band pattern of the positive height anomalies at mid-
latitudes contrasts with the negative height anomalies in the po-
lar region, which project to a positive phase of the NAM. The stra-
tospheric NAM is significantly stronger during an Arctic ozone loss
than during the average strong polar vortex event uncoupled to
Arctic ozone loss (Figures 5k—50). As a result, the NAM evolves
quickly in the positive phase if an Arctic ozone loss event particip-
ates, whereas the NAM develops slowly from the negative phase
in January to the positive in February when strong polar vortex
events occur without Arctic ozone loss. For both conditions, the
NAM is reversed in May (Figures 5e and 5j). During Arctic ozone
loss events, the ozone is anomalously abundant over the North
Pacific, so the local positive height anomalies are stronger than in
the general case of strong polar vortex events by the process of
diabatic heating (Figures 5d and 5i). The positive height anom-

alies at high latitudes expand to cover nearly the entire Arctic (see
Figure 8d), leading to early, rapid, reversal of the NAM (Figures
5k-50).

The composite evolutions of total column ozone anomalies ob-
served when strong polar vortex events are coupled and un-
coupled to ozone loss are shown in the first two rows of Figure 6.
The first row (Figures 6a—6e) reveals that total column ozone asso-
ciated with strong polar vortex events coupled with ozone loss
gradually decreases from January to March, denoted by negative
ozone anomalies. The second row (Figures 6g—6j), presenting
strong polar vortex events without ozone loss, reveals that the
ozone anomalies are much weaker; from February to May, only
scattered positive ozone anomalies are observed. The third row
presents the ozone difference between cases of strong polar vor-
tex events coupled with ozone loss and those uncoupled with
ozone loss further confirms a huge ozone depletion in the winter
and spring ozone loss (Figures 6k—60).

The composite zonal-mean air temperature anomalies and the
temperature anomalies explained by solar radiation in March and
April are shown in Figures 7a and 7b, for strong polar vortex
events coupled to ozone loss and in Figures 7c and 7d, for those
uncoupled to ozone loss. After the vernal equinox, solar radiation
gradually reaches the polar region, which together with the ozone
loss can lead to less stratospheric absorption of the shortwaves. In
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Figure 6. Composite evolution of the total column ozone anomalies (shadings; units: DU) in Northern Hemisphere extratropics from January to
May for (top row) strong stratospheric polar vortex events coupled to Arctic ozone loss in March (i.e., Arctic ozone loss events) and (middle row)
strong stratospheric polar vortex events uncoupled to Arctic ozone loss in March. (Bottom row) Differences between top row and middle row,

e.g., the total column ozone differences between the two sets of cases. The dotted regions mark composite anomalies or differences at the 95%
confidence level.
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Figure 7. Composite zonal-mean air temperature anomalies (shadings; units: K) in March and April during (a, b) strong stratospheric polar vortex
events coupled Arctic ozone loss in March (i.e., Arctic ozone loss events) and (c, d) strong stratospheric polar vortex events uncoupled to Arctic

ozone loss in March. (e-h) As in (a—d) but for the temperature anomalies explained by solar radiation in March and April. The dotted regions mark
the composite anomalies or differences at the 95% confidence level.

March, the ozone loss and the negative temperature anomalies and Garfinkel, 2020, 2021) and thermodynamically associated
reach their climax in the Arctic stratosphere (Figure 7a). The neg- with the decrease of absorbed shortwaves (Figure 7e). It is estim-
ative temperature anomalies in the polar region are both dynam- ated that the ozone loss contributes directly roughly —0.8 K to the
ically related to the weakened Brewer-Dobson circulation (Rao J (—2.0 K) total cold anomalies over the Arctic, by modifying absorp-
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tion of solar radiation. As ozone gradually recovers from the up-
per stratosphere in April, the cold center descends to the lower
stratosphere (Figure 7b). In April, ozone loss contributes directly
approximately —0.5 K (Figure 7f) to the total (—1.5 K) cold anom-
alies in the Arctic lower stratosphere.

In contrast, when strong polar vortex events occur uncoupled
with Arctic ozone loss, the cold anomalies in the Arctic strato-
sphere are produced more dynamically (Figure 7c). Namely, the
cold anomalies in the lower stratosphere over the Arctic are not
explained primarily by shortwave absorption, although above
50 hPa the reduced absorption of shortwaves does explain a small
part of the cold anomalies (Figure 7g). In April, the cold anomaly
center descends to the lower stratosphere over the Arctic, but
without the ozone loss the solar radiation absorption is not re-
duced (Figure 7h). Therefore, the thermodynamic process does
not explain the persistent cold anomalies in the Arctic strato-
sphere for strong polar vortex events uncoupled with ozone loss.

5.2 Separating the Impact of Arctic Ozone Loss on the
Troposphere and the Surface

For strong polar vortex events coupled and uncoupled to Arctic

ozone loss, the stratospheric NAM evolution has been shown to

evolve differently. The evolution of the temperature anomalies at

500 hPa are compared in Figure 8 for both conditions. After the
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0

(c) T_500 Mar O,
o

winter solstice, the polar night gradually shortens and sunlight
can reach some high latitudes. Therefore, when ozone loss causes
reduced absorption of solar radiation in the stratosphere over the
Arctic Circle, more solar radiation can reach the troposphere, cor-
responding to a warming signal over the Arctic and Canada in
winter (Figures 8a and 8b). The North Pacific is covered with more
ozone in the stratosphere, which absorbs more solar radiation, so
less solar radiation reaches the troposphere, explaining the local
cold anomalies. Such a temperature pattern develops in the ex-
tratropics from January to February. The warm anomalies over the
Arctic gradually shrink to the Bering Strait in March and finally dis-
appear in spring (Figures 8c—8e).

For strong polar vortex events without Arctic ozone loss, the
500 hPa temperature evolution is very different; the polar re-
sponse displays a quasi-barotropic structure from the strato-
sphere to the troposphere. The Arctic troposphere is warm in
January, corresponding to a weak polar vortex (Figure 8f). As the
stratospheric polar vortex strengthens in late winter and early
spring, the troposphere is also anomalously cold in the Arctic, in
contrast to the warm response in midlatitudes (Figures 8g and
8h). The cold response is reversed in April and May as the strong
polar vortex recovers to its normal state (Figures 8l and 8j). The
stratosphere-troposphere coupling is different during events of
Arctic ozone loss from the coupling during strong polar vortex
events; the ozone loss seems to cancel the positive NAM-like re-
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Figure 8. Composite evolution of the air temperature anomalies at 500 hPa (shadings; units: K) in Northern Hemisphere extratropics from

January to May for (top) strong stratospheric polar vortex events coupled to Arctic ozone loss in March (i.e., Arctic ozone loss events) and (middle)

strong stratospheric polar vortex events uncoupled to Arctic ozone loss in March. (Bottom) the difference between the two cases. The dotted

regions mark the composite anomalies or differences at the 95% confidence level.
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sponse in the troposphere as seen from the difference between
the two conditions (Figures 8k—80). The strong positive NAM re-
sponse associated with strong polar vortex in late winter and early
spring is replaced by the warm anomalies over the Arctic if the
ozone is lost, and the quick transition of the NAM sign associated
with strong polar vortex is also not seen if ozone is lost.

To extract the direct impact of ozone loss on the near surface, in
Figure 9 we show the surface temperature response to Arctic
ozone loss and to the strong polar vortex. The warm response
over the Bering Strait, western US, and Greenland during Arctic
ozone loss events (Figures 9a—9¢) is significantly larger than dur-
ing the strong polar vortex (Figures 9f—9h). The coverage of warm
signals gradually shrinks in spring for both conditions (Figures 9d
and 9e; 9i and 9j). The pure impact of the ozone loss is represen-
ted by the difference between the two conditions and is most sig-
nificant and evident in Eurasia. The Arctic ozone loss can reverse
the warm anomalies over Eurasia associated with positive NAM to
the cold (Figures 9k—90). The composite results also confirm that
the warm Arctic and Northeast Pacific is related to Arctic ozone
loss when more solar radiation reaches the surface, consistent
with the case study by Smyshlyaev et al. (2021).

6. Summary and Discussion
Unlike the Antarctic “ozone hole” event that has occurred every
spring since the 1980s, anomalous Arctic ozone loss events, as
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defined above, are observed to occur once every fourteen or fif-
teen years. Using historical simulations from a state-of-the-art
coupled climate-chemistry model, CESM2-WACCM, we use a large
sample size to separate a possible pure impact of the Arctic ozone
loss from the influence of the strong polar vortex. The long-term
mean state and frequency of Arctic ozone loss events in the his-
torical runs by CESM2-WACCM highly agree with the ERA5 reana-
lysis. In the reanalysis, the climatological extratropical total ozone
is found to be most abundant over East Asia in March, which is
well reproduced by CESM2-WACCM. In both the reanalysis and
the model, the Arctic ozone in March does not recover during the
loss with the ozone minimum center over the North Pole. The
high agreement between of CESM2-WACCM and observed Arctic
ozone loss patterns suggests significant confidence in the com-
posite results.

The composite Arctic ozone loss gets maximized in early spring,
but the negative ozone anomalies over the Arctic develop in
winter when the stratospheric polar vortex persists strong and
cold for an extended period. The Arctic ozone loss is accompan-
ied by ozone increase in midlatitudes, with its maximum center
located over the Central North Pacific in late winter and early
spring. The ozone pattern is consistent with the temperature an-
omaly distribution: warm (cold) regions in the stratosphere are
covered with high (low) ozone. However, the temperature re-
sponse to the ozone loss displays a warm-Arctic/cold-Pacific pat-
tern in the troposphere from winter to spring. The Arctic warming
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Figure 9. Composite evolution of the surface temperature anomalies (shadings; units: K) in Northern Hemisphere extratropics from January to
May for (top) strong stratospheric polar vortex events coupled to Arctic ozone loss in March (i.e., Arctic ozone loss events) and (middle) strong
stratospheric polar vortex events uncoupled to Arctic ozone loss in March. (Bottom) the differences in surface temperature anomalies between
the two cases. The dotted regions mark the composite anomalies or differences at the 95% confidence level.
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in the near surface persists even into May following significant
Arctic ozone loss.

Comparing Arctic ozone loss and strong polar vortex events un-
coupled with ozone loss, the evolution of the stratospheric NAM is
distinct. The positive NAM associated with the Arctic ozone loss
begins early in January, whereas the positive NAM begins in Feb-
ruary for strong polar vortex events in early spring. As a result, the
stratospheric NAM reverses earlier for Arctic ozone loss, and the
positive NAM still does not decay in April when strong polar vor-
tex events are uncoupled with ozone loss. The tropospheric re-
sponses to Arctic ozone loss and to the strong polar vortex un-
coupled to ozone loss in early spring are distinct. Without Arctic
ozone loss, the cold temperature anomalies associated with
strong polar vortex events can extend from the stratosphere to
the middle troposphere. Ozone loss in spring favors a warming of
the near surface over the Arctic in late winter and early spring,
which is due to less absorption of solar radiation in the strato-
sphere and arrival of more solar radiation at the surface. In con-
trast, the warm anomalies are biased toward the continents dur-
ing strong polar vortex events without ozone loss.

Although the impact of the ozone depletion in the Antarctic on
the troposphere has been recognized (Thompson et al., 2000;
Thompson and Solomon, 2002; Shindell and Schmidt, 2004; Perl-
witz et al., 2008; Son et al., 2009), the possible impact of the Arctic
ozone loss on the troposphere is still controversial (Rex et al.,
2004, 2006; Calvo et al., 2015; Ivy et al., 2017; Harari et al., 2019;
Rao J and Garfinkel, 2020), which might be due to the previously
limited sample size of Arctic ozone loss events and the large vari-
ability of the ozone and stratospheric circulation in the Northern
Hemisphere. By using more samples from the historical runs by
CESM2-WACCM, we have been able to determine that the pure
impact of the ozone loss on the troposphere is significant, once
the influence of the strong polar vortex is removed. The ozone im-
pact on tropospheric temperature is consistent with the ozone
anomaly distribution, implying that the thermodynamic process
might be responsible for differences between the tropospheric re-
sponse to Arctic ozone loss and to the strong polar vortex without
ozone loss. Further investigation of the radiative process associ-
ated with the Arctic ozone loss and its separation from the dy-
namical AO response are not incorporated in this modelling study,
thus left for future work.
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