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ABSTRACT

The influence of the Arctic Oscillation (AO) on the vertical distribution of stratospheric ozone in the Northern
Hemisphere in winter is analyzed using observations and an offline chemical transport model. Positive ozone
anomalies are found at low latitudes (0°-30°N) and there are three negative anomaly centers in the northern mid-
and high latitudes during positive AO phases. The negative anomalies are located in the Arctic middle strato-
sphere (~30 hPa; 70°-90°N), Arctic upper troposphere-lower stratosphere (UTLS; 150-300 hPa, 70°-90°N), and
midlatitude UTLS (70-300 hPa, 30°-60°N). Further analysis shows that anomalous dynamical transport related
to AO variability primarily controls these ozone changes. During positive AO events, positive ozone anomalies
between 0° and 30°N at 50-150 hPa are related to the weakened meridional transport of the Brewer-Dobson
circulation (BDC) and enhanced eddy transport. The negative ozone anomalies in the Arctic middle stratosphere
are also caused by the weakened BDC, while the negative ozone anomalies in the Arctic UTLS are caused by the
increased tropopause height, weakened BDC vertical transport, weaker exchange between the midlatitudes and
the Arctic, and enhanced ozone depletion via heterogeneous chemistry. The negative ozone anomalies in the
midlatitude UTLS are mainly due to enhanced eddy transport from the midlatitudes to the latitudes equatorward
of 30°N, while the transport of ozone-poor air from the Arctic to the midlatitudes makes a minor contribution.
Interpreting AO-related variability of stratospheric ozone, especially in the UTLS, would be helpful for the

prediction of tropospheric ozone variability caused by the AO.

1. Introduction

Atmospheric ozone plays an important role in mod-
ulating the radiative budget of climate system (e.g.,
Thompson et al. 2011; Li et al. 2016; Xie et al. 2016) and
protecting life on Earth from harmful solar ultraviolet
radiation (e.g., Kerr and McElroy 1993). However, in-
terpretation of long-term ozone variation is difficult
since the ozone field exhibits not only a complicated
trend, forced by changes in ozone-depleting substances
superimposed on a changing climate, but also in-
terannual variability related to various meteorological
conditions (e.g., Weiss et al. 2001; Hadjinicolaou et al.
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2002; Tian and Chipperfield 2005; Austin et al. 2010;
Eyring et al. 2010; Liu et al. 2013; Douglass et al. 2014).
The World Meteorological Organization (WMO 2007,
2011) highlighted the fact that meteorology can also
significantly influence the long-term trend of total ozone
column (TOC); in particular, meteorological variability
can explain as much as 20%-50% of TOC variability in
the extratropics of the Northern Hemisphere during
winter and spring. Therefore, separating the different
sources of ozone variability is crucial for understanding
the global ozone response to varying anthropogenic
emissions and climate change (e.g., Austin and Wilson
2006; Hess and Lamarque 2007; Li et al. 2009; Frossard
et al. 2013; Rieder et al. 2013). Numerous previous
studies have analyzed the stratospheric ozone variability
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caused by external processes such as the solar cycle (e.g.,
Chandra and McPeters 1994; Rozanov et al. 2005;
Dhomse et al. 2006) and volcanic aerosols (e.g.,
Hofmann and Oltmans 1993; Solomon et al. 1996;
Rozanov et al. 2002; Dhomse et al. 2015), which can
induce considerable variation in ozone over both short
and long periods. TOC variations can also be caused by
changes in the surface climate (Zhang et al. 2014). Other
studies have reported the effects of internal climate
variability on ozone, including phenomena such as the
Madden-Julian oscillation (e.g., Fujiwara et al. 1998;
Tian et al. 2007; C. Liu et al. 2009; Weare 2010; Li et al.
2012; Y. Zhang et al. 2015), El Nifio—Southern Oscilla-
tion (ENSO) (e.g., Ziemke and Chandra 1999; Cagnazzo
et al. 2009; Randel et al. 2009; Xie et al. 2014a,b;
J. Zhang et al. 2015a,b), the quasi-biennial oscillation
(e.g., Angell and Korshover 1973; Bowman 1989; Tung
and Yang 1994; Dhomse 2006; Li and Tung 2014), and
the Arctic Oscillation (AO) or North Atlantic Oscilla-
tion (NAO) (e.g., Appenzeller et al. 2000; Schnadt and
Dameris 2003; Lamarque and Hess 2004; Creilson et al.
2005; Steinbrecht et al. 2011). In fact, quantification of
this internally driven ozone variability forms a key part
of the assessment of the performance of chemistry—
climate models (CCMs). Cagnazzo et al. (2009) noted
that the spread in the ENSO signal in stratospheric
ozone in the winter Northern Hemisphere modeled by
CCMs is closely related to the large stratospheric in-
ternal variability that is dependent essentially on the
simulation of ENSO teleconnections in the troposphere.

The AO is the dominant mode of internal climate
variability in the Northern Hemisphere and is an in-
dication of varying interaction between the mid-to-high
latitudes and the Arctic, in both atmospheric mass and
circulation (Thompson and Wallace 2000; Thompson
and Wallace 2001). Most previous studies of AO-related
ozone variability have focused on the influence of the
AO on tropospheric ozone, presumably because
understanding the natural variability of tropospheric
ozone is useful for forecasting air pollution events
(Lamarque and Hess 2004; Creilson et al. 2005; Hess and
Lamarque 2007; J. Liu et al. 2009; Liu et al. 2011). These
analyses confirmed that AO variability can exert a sig-
nificant influence on ozone. Hess and Lamarque (2007)
pointed out that the AO can modulate tropospheric
ozone concentrations by up to 5ppbv during February
and March. Lamarque and Hess (2004) found that AO
variability can account for as much as 50% of the ozone
variability in the lower troposphere over North America
in spring. Although the AO pattern shows strong zonal
symmetry, the AO-related ozone variability pattern
features considerable regional structure. An analysis of
Creilson et al. (2005) showed that there is a statistically
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significant correlation between the AO and tropo-
spheric ozone variations over the North Atlantic during
spring, whereas there is no equivalent correlation over
the Pacific Ocean. The zonally asymmetric AO-driven
response may depend on the relative contributions of
stratosphere—troposphere exchange (STE), which is di-
rectly affected by the AO (Lamarque and Hess 2004),
and anthropogenic emissions to tropospheric ozone in
different regions. It is known that modulations in STE
dominate the tropospheric ozone variability associated
with the AO over northern Canada, northeastern Asia,
and the Arctic (Hess and Lamarque 2007). Therefore,
better understanding of the influence of the AO on
stratospheric ozone is critical to the assessment of AO-
related ozone variability in the troposphere.

Using satellite data, Steinbrecht et al. (2011) found that
the TOC in 2010 over Hohenpeissenberg (48°N, 11°E)
was the largest for the two past decades. Their analysis
found that the large ozone anomalies in 2010 were related
to meteorological variability and, in particular, to the
unusually persistent negative phase of the AO. They also
estimated that the AO index can account for approxi-
mately 8 Dobson units (DU) of TOC increase over Ho-
henpeissenberg in 2010. Weiss et al. (2001) suggested that
the AO has a nonnegligible impact that can modulate
TOC variations in the mid- and high latitudes. Most
studies have linked the AO-related variability in the TOC
to changes in tropopause height associated with the AO
pattern (Appenzeller et al. 2000; Weiss et al. 2001). In
addition, previous studies (e.g., Schnadt and Dameris
2003; Reinsel et al. 2005; Steinbrecht et al. 2011) have
noted that there is a significant AO signal in the TOC that
is manifested mainly in stratospheric ozone. This implies a
strong effect of the AO on the stratospheric ozone dis-
tribution. However, the details regarding the vertical and
meridional structures of AO-related stratospheric ozone
variation have attracted less attention. The altitude at
which the largest AO-related ozone response occurs can,
in fact, give an indication of whether dynamical or
chemical processes dominate AO-related ozone vari-
ability. Generally speaking, if the largest ozone variability
associated with the AO occurs in the lower stratosphere, it
is likely to be mainly related to dynamical processes, while
chemical processes dominate upper stratospheric ozone
changes (Solomon et al. 1985; Allen et al. 2012).

It has been reported that the Arctic polar vortex has
weakened during the 2000s compared with the 1980s
(Alexeev et al. 2012; Zhang et al. 2016) with a trend that
might be related to “Arctic amplification” (Cohen et al.
2014). These processes are also consistent with the decrease
in the AO since the late 1980s (Overland and Wang 2005;
Cohen et al. 2012). In fact, AO variability is essentially an
indication of changes in the polar vortex; that is, a
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strengthened (weakened) polar vortex corresponds to the
positive (negative) AO phase (Baldwin and Dunkerton
2001). During the positive AO phase, the vortex cools
dramatically and increased regions of polar stratospheric
clouds form in its interior, leading to large Arctic ozone
depletion (Manney et al. 2011). Vortex air with low ozone
concentrations can be transported into the midlatitudes
through the formation of filaments (Orsolini et al. 1995;
Knudsen and Grooss 2000). During the negative AO phase,
the vortex is weakened and ozone-poor air in the Arctic is
more easily transported to the mid-to-high latitudes, leading
to decreases in ozone concentration at those latitudes.
Therefore, it is also of interest to investigate the influence of
ozone dilution events caused by the Arctic vortex during
anomalous AO phases on stratospheric ozone variations in
the mid- and high latitudes. The present work explores AO-
related stratospheric ozone variations over the Northern
Hemisphere and the associated dynamical and chemical
processes. The Arctic vortex and AO patterns are strongest
in winter, and stratosphere—troposphere interaction is
weaker in spring, summer, and fall than in winter (Holton
et al. 1995). Therefore, the present study focuses on
AO-related stratospheric ozone variability in winter.

The paper is organized as follows. The data, method,
and model used are introduced and briefly described in
section 2. In section 3, the patterns of ozone variability
associated with AO variability are presented. The dy-
namical and chemical processes responsible for these AO-
related ozone variations are analyzed in section 4. Finally,
our results and conclusions are summarized in section 5.

2. Data, method, and model

The daily AO index is constructed by projecting the
daily 1000-hPa height anomalies poleward of 20°N onto
the leading pattern of the AO and then averaging as a
monthly mean. (Detailed information about the AO in-
dex can be found online at http://www.cpc.ncep.noaa.gov/
products/precip/CWlink/daily_ao_index/ao_index.html.)
Monthly mean ozone profiles for the period 1979-2015 are
taken from the NASA Modern-Era Retrospective Anal-
ysis for Research and Applications, version 2 (MERRA-2;
Bosilovich et al. 2015; https:/disc.sci.gsfc.nasa.gov/daac-
bin/FTPSubset.pl?LOOKUPID_List=MAIMCPASM)
and used to investigate vertical ozone variability associ-
ated with the AO. The MERRA-2 data use 42 pressure
levels from the surface to 0.1 hPa. The vertical resolution
of MERRA-2 is approximately 1-2km in the upper
troposphere—lower stratosphere and 2—4 km in the middle
and upper stratosphere. MERRA-2 is assimilated by the
Goddard Earth Observing System Model, version 5
(GEOS-5) with ozone from the Solar Backscatter Ul-
traviolet (SBUV) radiometers from October 1978 to
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October 2004, and thereafter from the Ozone Monitoring
Instrument (OMI) and Aura Microwave Limb Sounder
(MLS) (Bosilovich et al. 2015). Previous studies (e.g.,
Rieder et al. 2014; J. Zhang et al. 2015a) have shown that
MERRA-2 ozone data compare well with satellite ozone
observations and so can indeed be used to analyze in-
terannual ozone variability. Monthly mean partial column
ozone profiles at 21 vertical layers during the period 1979—
2014 from the SBUV dataset (version 8.6) are also used.
The SBUV instruments infer ozone profiles from back-
scattered radiance measurements at several different ultra-
violet wavelengths. The pressure at the bottom of the SBUV
layer L ranging from 1t021is1013.25 X 10~ ¢~ Y5 hPa and
each layer is about 3.2 km thick (Bhartia et al. 2013). The
resolution in the lower stratosphere and troposphere is
10-15km. More details about this dataset can be found in
McPeters et al. (2013) and Frith et al. (2014). Because of
the poor vertical resolution of SBUV data, ozone mea-
surement from the MLS satellite instrument is used for
comparison. The MLS data used here are obtained from
MLS version 3.3 level-2 products. Ozone (O3) profiles are
available at 12 levels ranging from 261 to 0.02hPa. The
vertical resolution for the standard MLS O; product is
approximately 2.5-3km in the uppermost troposphere
and lower stratosphere. We processed individual profiles
following the instructions of “data screening” in Livesey
et al. (2011). The typical single-profile precisions for ozone
are 0.03 ppmv at 150hPa and 0.1 ppmv at 10hPa (Livesey
et al. 2011). We constructed gridded monthly data by aver-
aging profiles inside bins with resolution of 5° latitude X 10°
longitude. MLS ozone data used here cover 2004-15.

Brewer-Dobson circulation (BDC) and eddy trans-
ports are calculated using terms (1) and (2), respectively
(Monier and Weare 2011; Abalos et al. 2013):

0w % X X
Oy — L 0, — Wk O, (1)
ot R J¢ 0z
—lV ‘M )
Py
+8, 3)

where S is the net chemical ozone production term, Xo,
is zonal-mean ozone concentration, v* and w* are the
meridional and vertical BDC velocities (Andrews et al.
1987), M is the eddy flux vector

v Xo, — 1 v8 o,
N Yy = = —=
|:p0 <‘UXOz 01 9z > Py WXO3 R 02 ad)

V-M is the divergence of the eddy flux vector and
represents the eddy transport of ozone, py is air density,
0 is potential temperature, R is Earth’s radius, 7 is time,
and ¢ and z are latitude and height, respectively.
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In the present study, we use the Toulouse Offline Model
of Chemistry and Transport (TOMCAT)/Single Layer Is-
entropic Model of Chemistry and Transport (SLIMCAT)
three-dimensional offline chemical transport model
(Chipperfield 2006) to analyze the chemical processes in-
volved in AO-related ozone variability. The model uses
horizontal winds and temperature from the European
Centre for Medium-Range Weather Forecasts (ECMWF)
interim reanalysis (ERA-Interim; Dee et al. 2011). Previous
studies have found that the wind and temperature fields
from ERA-Interim agree well with those from MERRA-2,
especially in the mid- and high latitudes (Rienecker et al.
2011; Lindsay et al. 2014). The SLIMCAT model used
in this study for long-term simulations (1979-2015) per-
forms with a coarse horizontal resolution of about 5.625°
latitude X 5.625° longitude and 32 levels from the surface to
60km. The model uses a hybrid sigma-pressure (o—p)
vertical coordinate (Chipperfield 2006) with detailed tro-
pospheric and stratospheric chemistry. Vertical advection is
calculated from the divergence of the horizontal mass flux
(Chipperfield 2006), and chemical tracers are advected,
conserving second-order moments (Prather 1986). The
SLIMCAT model has been extensively evaluated against
various ozone satellite and sounding datasets, and provides
a good representation of stratospheric chemistry (e.g.,
Chipperfield 2006; Feng et al. 2007, 2011). ERA-Interim
data to force the SLIMCAT model were available for
the period 1979-2015. The SLIMCAT simulation
initializes a “‘passive odd-oxygen” tracer that is set equal
to the modeled chemical O, = OCP) + O('D) + O;
concentration on 1 December every year for the Northern
Hemisphere and then advected passively without
chemistry. At any point and time after 1 December, the
difference between this passive O, and the model’s
chemically integrated O, is the net chemical O, change
in air that has been advected to the point (Feng et al.
2005). O, is mainly O3 below 30km where the concen-
trations of O(’P) and O('D) are small, especially in
winter when there is no sunlight in the polar region.
Hereafter, the passive O, is referred to as dynamical ozone
while the chemical O, change is called chemical ozone.
Two types of experiments were performed with the
SLIMCAT model: the first one uses full chemistry and the
second one employs full chemistry, but without consider-
ing all heterogeneous chemical processes. The chemical
ozone is further divided into chemical ozone with and
without the inclusion of heterogeneous chemistry (HC),
referred to as HC ozone and non-HC ozone, respectively.

3. AO-related ozone winter variability

Figure 1a shows the correlation between the AO in-
dex and zonal-mean ozone from MERRA-2, as a
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function of latitude and height over the Northern
Hemisphere during winter. It can be seen that the AO
and stratospheric ozone are positively correlated in low
latitudes, but are generally negatively correlated in the
mid- and high latitudes. In particular, there are three
distinct areas of negative correlation in the extratropics
centered in the midlatitude upper troposphere-lower
stratosphere (UTLS) (70-300 hPa, 30°-60°N), the Arctic
middle stratosphere (~30hPa, 70°-90°N), and the Arc-
tic UTLS (300-100 hPa, 70°~90°N). In this study, we use
the terms “midlatitude UTLS,” “Arctic middle strato-
sphere,” and ““Arctic UTLS” to represent these three
specific regions in order to make expression concise.
Similar negative ozone anomalies in the Arctic UTLS
during the positive AO phase have been found in pre-
vious studies (Lamarque and Hess 2004; Hess and
Lamarque 2007). However, the negative correlation
coefficients in the midlatitude UTLS and in the Arctic
middle stratosphere have not received as much atten-
tion. In addition, we find that in the MERRA-2 data the
midlatitude UTLS is the only region that shows signifi-
cant correlations between ozone and the AO in all four
seasons (not shown), suggesting that AO variability
exerts a particularly strong influence on ozone in this
region during winter.

Figures 1b and 1c show similar correlations between
the AO and ozone using MLS and SBUV satellite
measurements. As in the MERRA-2 data (Fig. 1a),
there are positive correlations between the AO and
ozone in low latitudes (0°-30°N) and negative correla-
tions in the midlatitude UTLS. Note that the positive
correlations exist below the altitude of 150hPa in the
tropics derived from the MERRA-2 data and SBUV
observations (Figs. 1a,c), while there are relatively weak
negative correlations in this region in the MLS data
(Fig. 1b). This discrepancy might be related to the large
uncertainties in ozone profile retrieval near the tropical
tropopause, due to cloud effects (Degenstein et al. 2009;
Sioris et al. 2014). In addition, two centers of negative
correlation are found in the Arctic middle stratosphere
and Arctic UTLS in the MLS data, which is consistent
with MERRA-2. SBUV data are not available in the
Arctic due to the absence of solar radiation in the winter
polar night. Figure 1d shows the equivalent correlation
between the AO and ozone simulated by the SLIMCAT
model with full chemistry. As with the reanalysis and
satellite data, the SLIMCAT simulation also shows
three negative correlation centers in the midlatitude
UTLS, the Arctic middle stratosphere, and the Arctic
UTLS, as well as the dipole pattern between the tropics
and extratropics, further supporting the results from
MERRA-2 data. The weak negative correlation co-
efficients between the AO and ozone below the altitude
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FIG. 1. Correlation coefficients between the AO index and zonal-mean ozone concentration from 300 to 10 hPa
over the Northern Hemisphere during winter, for ozone data from (a) MERRA-2, (b) MLS, (c) SBUV, and
(d) SLIMCAT. The correlation coefficients over the dotted regions are statistically significant at the 90% confi-
dence level according to the Student’s ¢ test. No data were available in the white regions in (b) and (c). MLS data
cover the period 2004-15, SBUV data are available for the period 1979-2014, and MERRA-2 and SLIMCAT data
cover the period 1979-2015. The green line denotes the thermal tropopause height during winter derived from

MERRA-2 data.

of 150 hPa in the tropics in SLIMCAT are also consis-
tent with the MLS data. The factors responsible for the
positive AO-ozone correlation in the tropics and the
three negative correlation centers in the extratropics are
discussed in detail in section 4.

To further verify the influence of AO variability on
stratospheric and upper tropospheric ozone over the

Northern Hemisphere during winter, a composite
analysis is performed with respect to the December—
February (DJF)-mean AO index. Figure 2 shows the
normalized DJF-mean AO index for the period 1979—
2015 along with the plus or minus one standard
deviation threshold that is used to define strong
anomalous AO events. The criterion for strong positive
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FIG. 2. Time series of the normalized DJF-mean AO index for

1979-2015. The dashed lines mark plus or minus one standard
deviation of the time series.

(negative) AO events is that the DJF mean of nor-
malized AO index with respect to the climatology
mean from 1979 to 2015 is greater than 1 (less than —1).
According to this criterion, the winters of 1988/89,
1989/90, 1991/92, 1992/93, 1999/2000, and 2006/07 are
periods of positive AO anomalies, whereas the winters
of 1984/85, 1985/86, 2000/01, and 2009/10 correspond to
the negative AO phase. Here, the positive (negative)
AO composite for a given field is calculated by aver-
aging the field over all winter (i.e., DJF) months during
anomalous positive (negative) AO years. The results
are not sensitive to a small change in the threshold for
anomalous AO events (e.g., using 0.5 or 1.0 standard
deviation).

Figures 3a and 3b show the DJF-mean composite
ozone anomalies associated with the positive and neg-
ative AO phases from MERRA-2 data, respectively.
The patterns of ozone anomalies due to AO variability
are similar to the patterns of correlation between the
AO and ozone; that is, positive (negative) correlation
coefficients (Fig. 1) correspond to positive (negative)
ozone anomalies (Fig. 3a) during the positive AO phase.
This suggests that our extraction of the signal of AO-
related variations in ozone over the Northern Hemi-
sphere is reliable. Figure 3c shows the difference in
percentage ozone anomalies between the positive and
negative AO events. It is seen that the largest differ-
ences (~—30%) occur in the Arctic UTLS, rather than
in the midlatitude UTLS (—16%) where the largest
negative correlations between the AO index and ozone
are located (Fig. 1). This might be related to the stronger
ozone variability in the Arctic than in the midlatitudes.
Ozone differences in the Arctic middle stratosphere can
reach about —20%. Similar results are found using the
SLIMCAT output (Figs. 3d-f), although the ozone
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anomalies associated with AO events are somewhat
larger than those in the MERRA-2 data (Figs. 3a—c).

4. Factors responsible for AQO-related ozone
variability

Figures 4a and 4b show the ozone differences between
positive and negative AO events that can be attributed
to dynamical and chemical processes, respectively, from
the SLIMCAT simulations. Hereafter, we use the term
‘“dynamical ozone” to refer to ozone variations caused
by dynamical processes, and the term ‘‘chemical ozone”
to refer to variations occurring due to chemical re-
actions. Dynamical ozone signals account for most of
the ozone variations associated with AO variability
(Figs. 3c,f and 4a). This indicates that AO-related ozone
variability in winter occurs mainly through dynamical
mechanisms. In the Arctic, dynamical depletions of
ozone are largest in the middle stratosphere and the
UTLS, while dynamical transport enhances ozone con-
centrations between 50 and 150hPa within 0°-30°N.
Chemical ozone depletion is much weaker than dy-
namical depletion (Fig. 4). The chemistry associated
with the positive AO phase depletes ozone in the Arctic
middle stratosphere, but enhances ozone at 100 hPa in
the tropics and in the Arctic at 10-30 and 250-300 hPa,
as discussed below. Interestingly, the chemical and dy-
namical ozone anomaly patterns show a strong anti-
symmetry, which means that the two effects partially
offset each other during anomalous AO events.

To clarify which chemical processes determine the
chemical ozone changes, ozone differences between
positive and negative AO phases derived from the ex-
periments with and without heterogeneous chemistry
are shown in Fig. 5. It is found that gas-phase chemistry
(i.e., without heterogeneous chemical processes) in-
creases chemical ozone in the Arctic middle strato-
sphere and in the tropics at 100 hPa (Fig. 5a). In contrast,
there exists chemical ozone loss between 50 and 30 hPa
in the tropics caused by gas-phase chemistry. The posi-
tive ozone anomalies due to gas-phase chemistry in the
Arctic middle stratosphere are caused by slower re-
action rates of ozone loss associated with cooling tem-
perature (Fig. 5b) and vice versa for the negative ozone
anomalies between 50 and 30 hPa in the tropics. When
the heterogeneous chemistry is included in the model,
there is significantly enhanced chemical ozone loss in the
Arctic between 30 and 200 hPa during winter, suggesting
that the chemical ozone loss due to increased active
chlorine and bromine in heterogeneously chemical
processes makes a large contribution to the total
chemical ozone loss in these pressure layers (Figs. Sc and
4b). The strengthening of heterogeneous reactions is
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FIG. 3. Percentage anomaly in zonal-mean ozone over the Northern Hemisphere from (top) MERRA-2 data and (bottom) SLIMCAT
simulation for (a),(d) positive and (b),(e) negative winter AO phases. (c),(f) Difference between the positive and negative percentage
anomalies. The composited differences over the dotted regions are statistically significant at the 90% confidence level according to the

Student’s ¢ test.

related to the cooler temperature between 30 and
200 hPa during the positive AO phase than the negative
AO phase (Fig. 5b). There is also a chemical ozone loss
centered between 30 and 70 hPa within 0°-30°N, which
might be related to the heterogeneous chemistry caused
by the Mount Pinatubo volcanic aerosols (Hofmann and
Oltmans 1993; Solomon et al. 1996) during the years
1991 and 1992 used for composite analysis. In short,
Figs. 5a and Sc illustrate that the chemical processes
associated with AO phases deplete the Arctic lower
stratospheric (50-150 hPa, 70°-90°N) chemical ozone by
heterogeneous chemistry, but they increase the Arctic
middle stratospheric (30-70hPa, 70°-90°N) chemical
ozone through gas-phase chemistry.

The above analysis reveals that the pattern of dy-
namical ozone anomalies is quite similar to the pattern
of total ozone anomalies associated with AO events
(Figs. 3c,f and 4a), suggesting that dynamical processes
make the dominant contribution to AO-related ozone
variability. A question arises as to which dynamical

processes are responsible for this behavior in the
Northern Hemisphere. Transport processes in general
have a significant impact on the stratospheric ozone
distribution; therefore, we further examine the transport
of zonal-mean dynamical ozone via BDC advection and
by eddies during anomalous AO events.

In Fig. 6, the dynamical ozone signal is decomposed
into changes caused by the weakened meridional and
vertical BDC transport, and eddy transport via meso-
scale and other small-scale processes. Meridional BDC
transport causes a depletion of ozone between 70 and
30hPain the Arctic (Fig. 6a), via reduced transport from
the ozone-rich midlatitude region to the ozone-poor
Arctic, corresponding to the reduction of dynamical
ozone anomaly seen previously at this altitude (Fig. 4a).
This negative meridional dynamical ozone transport
implies weakening of the BDC during the positive phase
of the AO, compared to the negative phase. The
weakening of BDC is seen from the analysis of resid-
ual streamfunction. Figure 7 shows the composited



2912

Dyn-O3 pos-neg

JOURNAL OF CLIMATE

VOLUME 30

(b)

Chem-03 pos-neg

10 L
29
25
5 30 -
E €
e 50 -
& 70 =
[+
£ 100 1z =
150 "
200

60°N

30°N

Y%

-12 6 0 6 12

30°N 60°N
%

2 0 2 4

-4

FIG. 4. Difference between positive-AO and negative-AO ozone percentage anomalies
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anomalies of residual circulation streamfunction asso-
ciated with positive and negative AO phases and their
differences. According to Birner and Bonisch (2011),
the residual streamfunction is computed as follows:

? —27R cos¢v*(p'
)_(*(p,(]b) = JO . Cosgd)v (P ’(b) dpl,

4)

where y* represents the residual streamfunction, v* de-
notes the meridional velocity of BDC, p and ¢ denote
pressure level and latitude, respectively, R is Earth’s ra-
dius, and g represents the gravitational acceleration. Note

that the residual streamfunction shows negative anoma-
lies associated with positive AO phases, while there are
positive anomalies for negative AO phases, suggesting
that the residual streamfunction is weaker during positive
AO phases than during negative AO phases. Accord-
ingly, the BDC is weakened associated with positive AO
events. The weakening of the BDC also leads to weak-
ened downward vertical ozone transport in the Arctic
stratosphere, resulting in a decrease in dynamical ozone
transport from 30 to 250 hPa (Fig. 6b).

A dipole-like structure in the eddy transport ozone
anomalies is found in the subtropics (Fig. 6¢), with
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FI1G. 5. (a) Difference of ozone percentage anomalies in the SLIMCAT experiment without heterogeneous chemistry between positive
and negative AO phases. (b) Temperature difference between positive and negative AO phases. (c) Difference of AO-related ozone
percentage anomalies (positive AO minus negative AO) between the SLIMCAT experiment with heterogeneous chemistry and the
experiment without heterogeneous chemistry. The composited differences over the dotted regions are statistically significant at the 90%
confidence level according to the Student’s ¢ test.
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positive (negative) ozone anomalies equatorward
(poleward) of 30°N. Abalos et al. (2013) also found that
eddy transport tends to increase ozone concentrations
on the upper equatorward flank of the subtropical jet
and decrease ozone poleward of 30°N, in a climatolog-
ical sense. The dipole-like ozone differences between
the positive and negative AO phases suggest that eddy
transport is enhanced around the subtropical jet, leading
to stronger ozone exchange between the midlatitudes
(30°-50°N) and lower latitudes (15°-30°N). Thus, ozone
concentration decreases in the midlatitude UTLS re-
gion, while ozone between 30 and 150 hPa in the tropics
shows positive anomalies (Fig. 4a). In addition, eddy
transport shows a negative anomaly in the Arctic at
50-250hPa (Fig. 6¢), suggesting that less ozone is
transported from the midlatitudes (60°N) to the Arctic

stream DJF AO pos (b)

stream DJF AO neg

(70°-90°N) during positive AO phases than during
negative AO phases, consistent with a strengthening of
the polar jet and weakened mixing between mid-to-high
latitudes and the Arctic during the positive AO phase.
This process contributes to the dynamical ozone de-
pletion seen in the Arctic UTLS (Fig. 4a).

The patterns of the decomposed dynamical ozone
anomalies in the SLIMCAT simulations (Fig. 8), driven
by the ERA-Interim data, are similar to those from
MERRA-2 data (Fig. 6). However, the ozone anomalies
from the SLIMCAT model are larger than those in
MERRA-2 data, which may be a result of the coarser
resolution of the SLIMCAT model grid used here. This
is also consistent with the larger overall ozone anomalies
seen in the SLIMCAT simulations compared to
MERRA-2 (cf. Figs. 3a—c and 3d-f).
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FIG. 7. Composite zonal-mean anomalies of residual streamfunction (shading; kgs™') over the Northern Hemisphere for (a) positive
and (b) negative AO phases from MERRA-2 data. (c) Difference between the positive and negative anomalies. The contour lines
represent the climatological mean of wintertime residual streamfunction for the period 1979-2012 (contour interval: 0.1 X 10kgs™"). The
composited differences over the dotted regions are statistically significant at the 90% confidence level according to the Student’s ¢ test.
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Figure 9 shows composites of the Rossby wave breaking
(RWB) frequency, which is a good indicator of synoptic-
scale and mesoscale mixing processes (Hitchman and
Huesmann 2007; J. Zhang et al. 2015a), during the posi-
tive and negative AO phases. Positive AO events cause
positive anomalies in RWB frequency around the sub-
tropical jet at 30°N, while the RWB frequency near the
polar jet around 60°N exhibits negative anomalies
(Fig. 9a), suggesting that synoptic-scale mixing processes
in the subtropics (subpolar regions) are enhanced
(weakened). This makes sense, because the weakened
subtropical jet during positive AO phases favors the
transport of air from the midlatitudes (30°-50°N) to lower
latitudes (15°-30°N), increasing ozone concentrations
between 50 and 150hPa in the tropics (Fig. 5a). In

(a)
O
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30°N
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addition, stronger mixing around 30°N might also lead to
increased transport of ozone-poor air from the lower
latitudes (15°-30°N) to midlatitudes (30°-50°N). On the
other hand, the enhanced polar jet acts as a barrier to
weaken mixing between mid-to-high latitudes and the
Arctic, reducing transport of ozone-rich air from the
midlatitudes (50°-60°N) to the Arctic (70°-90°N). This
result is consistent with the analysis of eddy transport
anomalies shown previously (Figs. 6¢c and 8c). The
anomalies in RWB frequency occurring during negative
AO events are of opposite sign to those present during
positive AO events (Fig. 9b). The differences in RWB
frequency between the positive and negative AO phases
further highlight the differences in synoptic-scale mixing
processes that are present during the two AO phases.

(c) pos-neg

60°N 30°N 60°N

6 -4 -2

0 2 4 6

FIG. 9. Composite zonal-mean RWB frequency anomalies (shading; days) over the Northern Hemisphere for (a) positive and
(b) negative AO phases, plotted against latitude and potential temperature (isentropic levels), from MERRA-2 data. (c) Difference
between the positive and negative anomalies. RWB frequency is defined as the number of reversal days with negative meridional potential
vorticity gradient per 100 days, following Hitchman and Huesmann (2007). The contour lines represent the climatological mean of
wintertime RWB frequency for the period 1979-2012 (contour interval: 4 days). The composited differences over the dotted regions are
statistically significant at the 90% confidence level according to the Student’s ¢ test.
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Apart from the influence of dynamical transport,
variations in tropopause height can also significantly
affect the ozone distribution, especially in the UTLS
region. Figure 10a presents the differences in thermal
tropopause height between the positive and negative
AO phases over the Arctic. There are positive anom-
alies in tropopause height over the Arctic, meaning
that the Arctic tropopause is higher during positive AO
events than during negative events. In contrast, the
tropopause height over the Atlantic Ocean shows
negative anomalies, implying a lower tropopause dur-
ing the positive phase of the AO. The positive and
negative centers of anomalous tropopause height re-
semble the NAO pattern, a fact that was also noted by
Ambaum and Hoskins (2002). Figure 10b shows the
changes in tropopause height associated with anoma-
lous AO events. Previous studies showed that the
raising of the tropopause can produce an overall up-
ward shift in the ozone profile and thereby reduce
ozone column density (Tung and Yang 1988; Tian et al.
2008). Tung and Yang (1988) proposed that the re-
lationship between ozone column changes and shift in
ozone profile is AQ/Q = Az/H, where () is ozone column
density, AQ) and Az is change of ozone column density
and tropopause height, respectively, and H denotes
Arctic scale height (~8km; Traub et al. 1995). We es-
timate that the Arctic tropopause averaged between
70° and 90°N rose by approximately 0.8 km in winter
because of AO variability (see the red and blue lines in
Fig. 10b), which leads to a 10% decrease in the ozone

column in the Arctic during positive AO phases com-
pared to negative AO phases.

5. Summary and conclusions

Using several observational datasets and an offline
chemical transport model (SLIMCAT), this study has
investigated the influence of AO variability on the dis-
tribution of ozone between 300 and 10hPa over the
Northern Hemisphere in winter, and the underlying
mechanisms behind this influence. During the positive
phase of the AO, stratospheric ozone concentrations are
increased above the climatological mean in the lower
latitudes (0°-30°N), while ozone poleward of 30°N is rel-
atively depleted, creating a dipole pattern between the
tropical and extratropical stratosphere. Negative AO
events have the opposite effect on ozone. Of particular
interest is the fact that, taking the difference between
positive and negative AO phases, there are three centers
of anomalously negative ozone concentrations in the ex-
tratropical stratosphere: in the Arctic middle stratosphere
(30hPa, 70°-90°N), Arctic UTLS (150-300hPa, 70°-
90°N), and midlatitude UTLS (70-300 hPa, 30°-60°N).
The strongest negative correlations occur in the mid-
latitude UTLS, where correlation coefficients can reach
approximately —0.6, while the largest variations in ozone
forced by AO variability are found in the Arctic UTLS,
because of large ozone variations in high latitudes. Dif-
ferences in percentage ozone anomalies between the
positive and negative AO phases in the Arctic UTLS can
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exceed —30% in winter. Similar vertical patterns of ozone
anomalies associated with AO variability are seen in re-
analysis data, satellite data, and model simulations.

Ozone variations over the Northern Hemisphere that
are associated with the AO can be mainly attributed to
dynamical processes related to AO variability. The
contribution of chemical processes to this variability is
important in the Arctic, where ozone depletions of ap-
proximately 20% around 50-150 hPa poleward of 60°N
can be attributed to AO-related chemistry anomalies.

Our analysis further reveals that during positive AO
events, positive ozone anomalies between 50 and 150 hPa
within 0°-30°N are related to the weakened meridional
BDC transport and enhanced eddy transport; dynamical
ozone depletion in the Arctic middle stratosphere during
the positive AO phase is also caused by the weakening
of the BDC. Consequently, less ozone is transported from
the Arctic middle stratosphere to the Arctic lower
stratosphere, leading to decreases in ozone in the Arctic
UTLS region. Furthermore, the upward shift of the ozone
vertical profile that is associated with a higher tropopause
level and the weaker ozone transport from the mid-
latitudes (60°N) to the Arctic (70°-90°N) amplify the dy-
namical ozone depletions in the Arctic UTLS during
positive AO events. Enhanced eddy ozone transport from
the midlatitudes (30°-50°N) to the lower latitudes (15°-
30°N) is responsible for the dynamical ozone decrease in
the midlatitude UTLS during the positive AO phase. An
increase in RWB frequency near the subtropical jet sup-
ports the notion that mixing between the midlatitude
UTLS and lower latitudes is stronger during positive AO
events. However, RWB frequency is reduced near the
polar jet, suggesting that the ozone depletion associated
with the strengthening of the polar vortex during the
positive AO phase makes only a minor contribution to
the ozone depletion in the midlatitude UTLS. Another
interesting feature is that the positive ozone anomalies
between 30 and 10hPa in the Arctic, caused by reduced
gas-phase chemistry rates due to the lower temperatures
and lower ozone concentrations present during positive
AO events compared with negative events, partially offset
the dynamical ozone depletions at this altitude.

It is interesting to note that there is a positive corre-
lation between AO and ozone around the region at 60°N
from 100 to 70hPa based on the MERRA-2 dataset
(Fig. 1a); however, this positive correlation is very weak
and even negative in the SLIMCAT data (Fig. 1d). This
positive signal is absent in MLS and SBUV data due to
insufficient data in this region (Figs. 1b—). The positive
correlation between AO and ozone suggests that the
ozone at 60°N between 100 and 70 hPa is increased as-
sociated with positive AO events, which may be related
to the positive eddy term in this region (Fig. 6¢). During
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positive AO phases, the polar jet is strengthened and
less poor-ozone air in the Arctic is transported toward
60°N, leading to positive ozone anomalies in this region.
The positive eddy term disappears in the SLIMCAT
data (Fig. 8c), which may be related to a coarser hori-
zontal resolution of SLIMCAT grid (5.625° latitude X
5.625° longitude) than that of MERRA-2 grid (1.25°
latitude X 1.25° longitude). Detailed analysis of the
discrepancy in the positive correlation from different
datasets requires further in-depth research.

Although the present study has clarified the effect of
AO on the stratospheric ozone during winter, the con-
tribution of stratospheric ozone to middle and lower
tropospheric ozone via stratosphere—troposphere ex-
change associated with anomalous AO events is still
unclear. To solve this question, fine vertical and hori-
zontal distributions of ozone data in the UTLS are re-
quired. The analysis results of the AO-related ozone
variability in the UTLS presented in this study may help
improve forecasting tropospheric ozone variations over
Europe and North America during AO events, which is
worthy of more investigation in the future.
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