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Abstract: We compare the relationship between the Arctic Oscillation (AO) and ozone concentration
in the lower stratosphere over the Arctic during 1980–1994 (P1) and 2007–2019 (P2) in January and
February using reanalysis datasets. The out-of-phase relationship between the AO and ozone in the
lower stratosphere is significant in January during P1 and February during P2, but it is insignificant
in January during P2 and February during P1. The variable links between the AO and ozone in
the lower stratosphere over the Arctic in January and February are not caused by changes in the
spatial pattern of AO but are related to the anomalies in the planetary wave propagation between the
troposphere and stratosphere. The upward propagation of the planetary wave in the stratosphere
related to the positive phase of AO significantly weakens in January during P1 and in February
during P2, which may be related to negative buoyancy frequency anomalies over the Arctic. When
the AO is in the positive phase, the anomalies of planetary wave further contribute to the negative
ozone anomalies via weakening the Brewer–Dobson circulation and decreasing the temperature in
the lower stratosphere over the Arctic in January during P1 and in February during P2.

Keywords: Arctic Oscillation; ozone in the stratosphere; buoyancy frequency; planetary wave;
Brewer–Dobson circulation; polar vortex

1. Introduction

The Arctic Oscillation (AO) is the predominantly zonally symmetric mode of atmo-
spheric variability in the extratropical Northern Hemisphere, which is characterized by the
sea-saw in sea level pressure (SLP) anomalies between the Arctic and mid-latitudes and is
most active in winter [1]. The AO is well-known for its role in influencing the extratropical
climate in the Northern Hemisphere [2,3]. For example, some recent studies have shown
that the AO during boreal winter may be close related to meridional temperature gradient
and mid-latitude westerlies [4], occurrence of blocking [5], intensity of circumpolar jet
stream, the location of the storm track [3], strength of subtropical jet in the North Pacific [6],
and the extent of Hadley circulation [7], etc.

Besides changes in the tropospheric circulation, AO is also closely related to changes
in the stratosphere. The phase shifting of the AO is associated with the changes of polar
vortex intensity in the lower stratosphere, that is, the positive (negative) phase of AO
corresponds to a strengthened (weakened) polar vortex in the stratosphere [8,9]. Ozone,
as a radiatively and chemically active gas in the stratosphere, is closely related to the
climate changes in the Northern Hemisphere (e.g., [10–12]), especially the polar vortex in
the stratosphere [13]. Strong polar vortices can deplete ozone concentrations by impeding
the dynamic mixing of the ozone-poor atmosphere over the Arctic and ozone-laden air at
mid-latitudes and by chemically promoting the consumption of ozone by ozone-depleting
substances (ODSs) [14–16]. Recently, Zhang et al. [17] found that the AO could influence
the vertical distribution of ozone in the stratosphere in the Northern Hemisphere.
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Some previous studies implied that the relationship between the AO and changes of
climate in the Northern Hemisphere exhibits interdecadal variation [18,19]. For example,
the relationship between the AO and the East Asian winter monsoon was statistically
insignificant during 1950–1970 but statistically significant during 1983–2012; the latter
significant connection might be related to the upstream extension of the East Asian jet
stream (EAJS) [19]. Liu et al. [18] further showed that the relationship between the AO and
EAJS is unstable during 1900–2009. The subtropical jet could influence the planetary wave
in the stratosphere propagated from the troposphere [20], which could further alter the
ozone concentration in the stratosphere over the Arctic by modulating the stratospheric
circulation [21]. A question arises as to whether the relationship between the AO and ozone
in the lower stratosphere over the Arctic is stable.

In addition, the studies investigating the climate change in middle and late winter
often considered the January and February together [22,23]. However, Hu et al. [24]
reported that January is a transition month from early winter (November–December) to
late winter (February–March) and the data in January is not used when they compare the
temperature and planetary wave activities trends in the stratosphere between the early and
late winter. Zhou et al. [25] found that trends of the Eliassen–Palm (EP) flux divergence in
January is positive, but it is negative in February. The question of the relationships between
the AO and ozone in the lower stratosphere over the Arctic in January and February is
still unclear.

Using reanalysis datasets, the relationships between the AO and ozone concentrations
in the lower stratosphere over the Arctic in January and February are investigated. This
paper is organized as follows: the data and methods are introduced in Section 2; the
relationship between the AO and ozone concentrations in the lower stratosphere over
the Arctic is analyzed in Section 3; the possible underlying mechanisms between the two
metrics are elucidated in Section 4; the discussion and conclusions are given in Section 5.

2. Datasets and Methods
2.1. Datasets

The monthly mean temperature, horizontal and vertical wind velocities, geopoten-
tial height, SLP and ozone datasets are taken from the National Aeronautics and Space
Administration Modern-Era Retrospective Analysis for Research and Applications ver-
sion 2 (MERRA-2) during 1980–2019, which ranges from the surface to 0.1 hPa in 42 levels
with horizontal resolution of 0.5◦ × 0.625◦ (latitude × longitude) [26]. We also used the
ozone concentration derived from ERA-Interim with 0.25◦ × 0.25◦ latitude–longitude grids
and 37 pressure levels in the period 1980–2019. The European Centre for Medium-Range
Weather Forecasts (ECMWF) interim reanalysis (ERA-Interim) project was started in 2006
by ECMWF [27]. Solar Backscatter Ultraviolet (SBUV) ozone profiles with 21 vertical levels
covers 1980–2013, which from backscattered radiance measurements at several different
ultraviolet wavelengths [28]. The ozone records derived from the Microwave Limb Sounder
(MLS) dataset covers from 82 ◦S to 82 ◦N during the period 2005–2019. Ozone concentration
of MLS is the standard product obtained from radiances that is measured by the 240 GHz
radiometer (version 4.2) [29].

Figure 1 shows the time evolution of the anomalies in ozone concentration in the
lower stratosphere over the Arctic region (60–90 ◦N; 30–300 hPa) in January and February
during the period 1980–2019. The concentrations of ozone in the lower stratosphere over
the Arctic obtained from the ERA-Interim, SBUV, MERRA-2, and MLS datasets are in good
agreement. And the correlation coefficients of ozone anomalies averaged over the Arctic in
the lower stratosphere between MERRA2 and ERA-Interim, SBUV and MLS are 0.80, 0.42,
0.92 in January, and 0.89, 0.77, 0.96 in February, respectively. Previous studies have shown
that MERRA-2 ozone data compares well with satellite ozone observations in the upper
troposphere and stratosphere [30], Therefore, the ozone dataset of MERRA-2 adopted in
our paper is enough.
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Figure 1. Time series of the anomalies of ozone concentrations (unit: ppmm) in the lower stratosphere
over the Arctic (60–90◦N; 30–300 hPa) derived from the ERA-Interim (blue), SBUV (red), MERRA-2
(black), and MLS (brown circles) databases in (a) January and (b) February during 1980–2019.

The Oceanic Niño Index (ONI) and AO index during 1980–2019 derived from the
National Oceanic and Atmospheric Administration/Earth System Research Laboratory
Physical Sciences Division dataset are also used in this article.

2.2. Methods

The empirical orthogonal function (EOF) method has been widely used in meteorology
to extract dominant modes of data with complex spatial/temporal structures [31]. It could
efficiently decompose the data into many eigenmodes which are always associated with
physical processes. The EOF eigenmodes can be ordered in terms of the percentage of
the total variance and the first few modes may contain a significant portion of the total
variance. We also used the method from North et al. [32] to examine whether eigenvalues
are significantly separated.

Following Monier and Weare [33], the changes of ozone concentrations in the lower
stratosphere over the Arctic can be accurately diagnosed via the following equation:

∂χ

∂t
= −v∗

a
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∂ϕ
−ω∗

∂χ

∂z
− 1
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1
a
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∂χ
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)
(3)

where χ is the zonal mean ozone concentration. ν∗ and ω∗ are the meridional and vertical
transformed Eulerian mean velocities, respectively [34]. a is the radius of the Earth. z
is the height and ϕ is the latitude. ρ0 is the density of air. ∇·M is the divergence of the
eddy flux vector M following Equations (2) and (3). v, θ, and f are the meridional wind,
potential temperature, and Coriolis parameter, respectively. The overbars and primes
denote the zonal mean and the departure from the zonal mean, respectively. The first
two terms in Equation (1) represent the meridional and vertical advection of ozone by the
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Brewer-Dobson circulation (BDC), respectively. The third term in Equation (1) exhibits the
large-scale eddy transport of ozone. S is the net chemical ozone production term.

Because El Niño–Southern Oscillation (ENSO) is closely related to the AO and ozone in
the stratosphere [35,36], we remove the ENSO signal from all variations by linear regression.
We also remove the linear trend from all variation to avoid the effects of global warming.

3. Relationship between the AO and Ozone in the Lower Stratosphere over the Arctic

Figure 2a,c show the EOF1 mode of the ozone concentration in the lower stratosphere
over the Arctic and SLP in January. The negative ozone anomalies are characterized by
a uniform pattern over the Arctic (Figure 2a) and the SLP anomalies exhibit an AO-like
pattern with negative SLP anomalies over the Arctic and positive SLP anomalies at mid-
latitude (Figure 2c). The correlation coefficient between the first principal component
(PC1) of ozone concentrations and SLP is 0.38, significant at the 95% confidence level.
The second EOF mode (EOF2) of ozone concentration and SLP are shown in Figure 2b,d,
respectively. The wave structure of zonal wavenumber 1 over the Arctic can be observed,
but the correlation coefficient between second principal component (PC2) of these two
metrics is 0.24, which is insignificant. In February, the EOF1 of ozone concentration and SLP
(Figure 3a,c) are similar as that in January and the correlation coefficient of their PC1 is 0.39.
The EOF2 of ozone concentration with a wave structure of zonal wavenumber 1 (Figure 3b)
is also like that in January. It is worth pointing out that the EOF2 of SLP (Figure 3d) is not
significantly separated with its other modes by using the method of North et al. [32]. Either
in January or February, the EOF1 of ozone in the lower stratosphere over the Arctic and
SLP from ERA-Interim in January and February are consistent with those from MERRA2
(figure not shown). These results suggest that the close relationship between the ozone
concentration in the lower stratosphere and SLP in January and February are mainly
contributed by their EOF1—that is, there are negative anomalies of ozone in the lower
stratosphere over the Arctic during the positive phase of AO.

Figure 2. (a,b) Regression maps of the ozone concentration (colored shading; unit: ppmm) averaged
from 30 to 300 hPa over 55-90 ◦N upon the normalized first principal component (PC1) and second
principal component (PC2) of ozone concentration averaged from 30 to 300 hPa over 55–90 ◦N in
January during 1980-2019. (c,d) same as (a,b), but for the SLP over 20–90 ◦N (colored shading; unit:
hPa). The values at the top-right corner are the explained variances. The values over the stippled
regions are statistically significant at the 95% confidence level.
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Figure 3. As in Figure 2, but for the February.

To study the changes of the relationship between the AO and ozone concentration in
the lower stratosphere over the Arctic, the 13-year running correlation coefficients between
these two metrics in January and February are shown in Figure 4. In January, the 13-year
running correlation coefficients between the AO and averaged ozone concentration are
significantly negative before the mid-1990s, but they become insignificant afterward. How-
ever, in February, the negative coefficients between them are only statistically significant
after the mid-2000s. The results in Figure 4 suggest that the relationship between the AO
and ozone in the lower stratosphere is unstable and the turning point of the relationship
between these two metrics is around 1995 in January and 2007 in February. Therefore, we
select two subperiods 1980–1994 (P1) and 2007–2019 (P2) to further examine the relationship
between the AO and ozone in the lower stratosphere over the Arctic.

Figure 4. The time evolution of the 13-year running correlation of AO index with the average of
ozone concentration in the lower stratosphere over the Arctic in January (blue line) and February
(red line) during 1980–2019. The black dashed and solid line denotes the 90% and 95% confidence
level based on the two-tailed Student’s t test respectively.
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Figure 5 shows the correlation coefficients between the AO index and zonal-mean
ozone concentration in January and February during P1 and P2. There are positive ozone
anomalies at lower-latitude (100–300 hPa, 10–30 ◦N) and negative ozone anomalies at mid-
latitude (50–300 hPa, 30–60 ◦N) in the lower stratosphere in each period during the positive
phase of AO. However, the patterns in the correlation coefficients between these two metrics
over the Arctic in January and February have different features. In January, there are two
distinct areas of negative correlation in the mid-stratosphere (~30 hPa, 65–90 ◦N) and upper
troposphere-lower stratosphere (150–300 hPa, 65–90 ◦N; UTLS) over the Arctic during
P1 (Figure 5a). However, there is a center of insignificant positive correlation coefficients
between the AO and zonal-mean ozone in lower stratosphere over the Arctic during P2
(Figure 5b). In contrast, the correlation coefficient distributions in February during P2 are
similar as that in January during P1 (Figure 5d). The pattern of correlation coefficients
between the AO and zonal-mean ozone in the lower stratosphere in January during P1
and February during P2 are similar as that of winter-mean in Zhang et al. [17]. During P1
in February, two centers of insignificant negative correlation in the mid-stratosphere and
UTLS and a center of insignificant positive correlation around 60 ◦N are found (Figure 5c).
The results in Figures 2–5 suggest that the relationship between the AO and zonal-mean
ozone concentration in the lower stratosphere over the Arctic is unstable during 1980–2019
and exhibits subseasonal variation.

Figure 5. Correlation coefficients between the AO index and zonal mean ozone concentrations
from 300 to 10 hPa over the Northern Hemisphere in (a,b) January and (c,d) February during
(a,c) 1980–1994 and (b,d) 2007–2019. Values over the stippled regions are statistically significant at
the 95% confidence level.

4. Underlying Mechanisms
4.1. Changes in the Spatial Pattern of AO

The unstable relationship between the AO and ozone concentration in the lower
stratosphere over the Arctic may be associated with changes in the spatial pattern of
AO during P1 and P2. Figure 6 displays the regression maps of the SLP upon the AO
index. During P1 in January, a typical positive AO signature is observed with robust SLP
anomalies in the Arctic, North Pacific, and North Atlantic (Figure 6a). In contrast, the
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anomalies of SLP are negative over the Arctic and positive in the North Atlantic, which
resembles the positive NAO pattern in January during P2 (Figure 6b). The SLP anomalies
in the North Pacific are insignificant in January during P2. Similar to Figure 6a,b, the Pacific
center of AO is observed in P1 and disappears in P2 in February (Figure 6c,d). Therefore, no
matter in January or February, the AO events exhibit the classical spatial pattern during P1
and display NAO-like pattern during P2. We also investigate the pattern of the AO during
1980–1995 (P1) and 2008–2019 (P2), 1980–1993 (P1) and 2006–2019 (P2), respectively (figures
not shown). The results during these periods are similar as that in Figure 6. Therefore, the
changes of AO pattern do not depend on the period that we select. We could conclude that
the unstable relationship between the AO and ozone in the lower stratosphere in January
and February is not related to the spatial pattern of AO.

Figure 6. Regression maps of the SLP (shading; units: hPa) on AO index in (a,b) January, and
(c,d) February during (a,c) 1980–1994 and (b,d) 2007–2019. The values over the stippled regions are
statistically significant at the 95% confidence level.

4.2. Anomalies in Wave Propagation

Because both the AO and ozone in the stratosphere are closely related to the wave
propagation between the troposphere and stratosphere [37–39], Figure 7 displays the
regression of eddy heat flux upon the AO index in January and February during P1 and P2.
There are negative anomalies of eddy heat flux in the lower stratosphere over the Arctic
in every period during positive phase of AO. However, the negative anomalies of eddy
heat flux over the Arctic are only statistically significant in January during P1 and February
during P2 (Figure 7a,d), which implies that the planetary wave significantly weakens in
January during P1 and February during P2. The out-of-phase relationship between the AO
and ozone in the lower stratosphere is only significant in January during P1 and February
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during P2. This indicates that the planetary wave may play a key role in the unstable
relationship between the AO and ozone in the lower stratosphere over the Arctic in January
and February.

Figure 7. Anomalies in the eddy heat flux (contours; units: K m s−1) based on the regression of AO index in January during
(a) 1980–1994 (b) 2007–2019. (c,d) Same as (a,b), but for the anomalies in February. The values over the stippled regions are
statistically significant at the 95% confidence level.

The planetary wave activities in the stratosphere can be controlled by the wave
propagation conditions in the upper troposphere and lower stratosphere [40,41]. Chen and
Robinson [42] found that the negative anomalies of buoyancy frequency could results in
less planetary wave propagating into the stratosphere. The zonal mean buoyancy frequency
exhibits a pronounced seasonal cycle, and the buoyancy frequency reached its peak in
January [43]. To understand the different responses of eddy heat flux to the AO during
different periods, Figure 8 shows the regression of the buoyancy frequency upon the AO
index in January and February during P1 and P2. It is apparent that the buoyancy frequency
over the Arctic under the positive AO phase conditions in January significantly decreases
during P1 and insignificantly increases during P2 (Figure 8a,b). This implies that there are
less planetary waves propagating into the stratosphere in January during P1, consistent
with the decreases in the eddy heat flux (Figure 7a). However, the pattern of buoyancy
frequency anomalies related to the AO in February is different from that in January. In
Figure 8c,d, the regressed buoyancy frequency increases during P1 and decreases during
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P2 over the Arctic. Therefore, the planetary wave is less likely to be propagated into the
stratosphere when AO is in the positive phase in February during P2, which is consistent
with the decreased upward planetary wave (Figure 7d). Therefore, different responses of
the planetary wave propagation to the AO are mainly related to the buoyancy frequency in
the lower stratosphere over the Arctic.

Figure 8. Regression of the buoyancy frequency (s−2) based on the AO index in (a,b) January and (c,d) February during
(a,c) 1980–1994 and (b,d) 2007–2019. The values over the stippled regions are statistically significant at the 95% confi-
dence level.

4.3. Anomalies in Stratospheric Circulation

The anomalies of the planetary wave in the lower stratosphere are associated with
the changes of BDC [41,44]. Figure 9 displays the regression map of v∗ and w∗ of the
BDC upon the AO index in January and February during P1 and P2. There are negative
anomalies of v∗ and positive anomalies of w∗ related to the positive phase of AO in the
lower stratosphere, which are out-of-phase with their climatologies over the Arctic in
January and February during P1 and P2. However, the anomalies of w∗ over the Arctic
are only significant in January during P1 and in February during P2, indicating that the
downwelling of the BDC only significantly weakens in January during P1 and in February
during P2 during the positive phase of AO (Figure 9a,c,f,h). The anomalies of BDC are
consistent with the anomalies of eddy heat flux in Figure 7.
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Figure 9. Regression of (a,b) v∗ (shading: 10−1 m s−1) and (c,d) w∗ (shading: 10−3 m s−1) on AO index in January during
(a,c) 1980–1994 and (b,d) 2007–2019. (e–h) Same as (a–d), but for the anomalies in February. The line contours represent the
climatologies of (a,b,e,f) v∗ (m s−1) and (c,d,g,h) w∗ (10−3 m s−1) in corresponding month. The values over the stippled
regions are statistically significant at the 95% confidence level.

Figure 10 further displays the changes of ozone caused by v∗ and w∗ of BDC related
to the AO using the method in Equation (1). When the AO phase is positive, anomalies in
the v∗ of BDC result in the increase of ozone over the Arctic via the reduced transporta-
tion from the ozone-poor Arctic to the ozone-rich mid-latitude regions (Figure 10a,b,e,f).
Accordingly, there are negative ozone anomalies related to weakened w∗ of BDC over
the Arctic in January during P1 and in February during P2 (Figure 10c,h), which may be
associated with the weakened vertical transport from the ozone-rich region in the mid-
stratosphere to the ozone-poor region in the lower stratosphere during the positive phase
of AO (Figure 10c,d,g,h). It is apparent that w∗ of BDC plays a more important role in
changing ozone concentration in the lower stratosphere than v∗ of BDC. The distribution
of ozone anomalies caused by w∗ is consistent with the correlation coefficient pattern in
Figure 5, which suggests that the BDC is closely related to the out-of-phase relationship
between the AO and ozone in the lower stratosphere.

Figure 10. Regression of ozone anomalies (a,b) v∗-produced (ppbm day-1) and (c,d) w∗-produced (ppbm day-1) on AO
index in January during (a,c) 1980–1994 and (b,d) 2007–2019. (e–h) Same as (a–d), but for the anomalies in February. The
values over the stippled regions are statistically significant at the 95% confidence level.
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The temperature anomalies related to the changes of planetary wave could also alter
the ozone concentration in the lower stratosphere, which is an important condition for
the chemical processes related to the depletion of ozone [41,44]. Figure 11 shows the
regressed temperature anomalies on the AO index in January and February during P1
and P2. In January, there are significant negative temperature anomalies during P1 and
insignificant positive temperature anomalies during P2 in the lower stratosphere over the
Arctic (Figure 11a,b). However, in February, the cooling anomalies in the temperature of
the lower stratosphere over the Arctic are significant during P2 and insignificant during P1
(Figure 11c,d). The anomalies of temperature are consistent with the ozone anomalies in
Figure 5. The significant negative temperature anomalies in Figure 11a,d also indicate a
strengthened Arctic vortex anomaly in the lower stratosphere in January during P1 and
in February during P2, which may result in the reduction of ozone via heterogeneous
reactions and blocking the mixing between the ozone-rich atmosphere at mid-latitudes and
the poor-ozone atmosphere in the polar region. These results suggest that both BDC and
temperature play an important role in modulating the ozone concentration in the lower
stratosphere over the Arctic.

Figure 11. Regression of the zonal mean temperature (K) based on the AO index in (a,b) January and (c,d) February
during (a,c) 1980–1994 and (b,d) 2007–2019. The values over the stippled regions are statistically significant at the 95%
confidence level.
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5. Discussion and Conclusions

We study the unstable relationship between the AO and the ozone in the lower
stratosphere in January and February throughout 1980–2019 using MERRA-2 dataset. It
is found that there are three distinct area of significant negative ozone anomalies in the
mid-latitude and UTLS over the Arctic during the positive phase of AO in January during
P1 and February during P2. However, the ozone anomalies in the lower stratosphere over
the Arctic are insignificant in January during P2 and February during P1. This means that
the linkage of the AO with stratospheric ozone could change throughout 1980–2019 and
the evolution of this relationship is different in January and February.

We further investigate the underlying dynamical mechanisms of the variable ozone
anomalies associated with the AO in January and February, respectively. We found that
the changes in spatial structure of AO do not the main reason for the unstable relationship
between the AO and ozone in the lower stratosphere over the Arctic in January and
February. However, the anomalies of planetary wave related to the positive phase of AO
significantly decrease in January during P1 and February during P2, which is consistent
with changes in linkage of AO with ozone. During the positive phase of AO, the negative
anomalies of planetary wave may be caused by the significant negative anomalies of
buoyancy frequency in the corresponding periods. The anomalies of planetary wave
further weaken the BDC and decrease the temperature, which further results in negative
anomalies of ozone concentration in the lower stratosphere over the Arctic in January
during P1 and February during P2 under the condition of positive AO phase.

Some studies investigated the relationship between the AO and the variability of cli-
mate in the troposphere in the Northern Hemisphere on interdecadal timescales [17,45,46].
For example, Chen et al. [45] reported that the relationship of AO and East Asian Winter
Monsoon is only significant during 1871–1897, 1923–1948 and 1979–2003. Subsequently,
Liu et al. [18] found that the relationship between the AO and East Asian jet stream is only
significant during 1925–1945 and 1985–2005. Park et al. [46] showed that the relationship
between the AO and winter temperature in East Asia is unstable during 1958–2014. These
previous studies mainly focused on the links between the AO and tropospheric climate
anomalies. A recent study showed the close relationship between the AO and the zonal
mean ozone in the lower stratosphere in December-January-February [17], and they in-
vestigated the influence of the dynamic transport process and chemical process related to
the AO in the lower stratosphere to the distribution of ozone anomalies. In this paper, we
further suggested the different interdecadal relationship between the AO and ozone in
the lower stratosphere over the Arctic in January and February. These results may have
implications for detailed ozone prediction over the Arctic in January and February in the
future, respectively. It should be pointed out that we only examine the linkage of the AO
and zonal mean ozone concentration in the lower stratosphere. Zhang et al. [47] found that
the rate of regional ozone recovery in the Northern Hemisphere is asymmetric. It would
be interesting to examine the horizontal structure of the relationship between the AO and
ozone in the lower stratosphere in the future. Due to the fact that the ozone dataset only
covers 40 years, we do not examine the evolution of the relationship between the AO and
ozone in the lower stratosphere over the Arctic in a longer time; it is also necessary to
examine this question using the outputs from numerical model in the future.
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