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Abstract: Arctic ozone amount in winter to spring shows large year-to-year variation. This study
investigates Arctic spring ozone in relation to the phase of quasi-biennial oscillation (QBO)/the
11-year solar cycle, using satellite observations, reanalysis data, and outputs of a chemistry climate
model (CCM) during the period of 1979-2011. For this duration, we found that the composite mean
of the Northern Hemisphere high-latitude total ozone in the QBO-westerly (QBO-W)/solar mini-
mum (Smin) phase is slightly smaller than those averaged for the QBO-W/Smax and QBO-E/Smax years
in March. An analysis of a passive ozone tracer in the CCM simulation indicates that this negative
anomaly is primarily caused by transport. The negative anomaly is consistent with a weakening of
the residual mean downward motion in the polar lower stratosphere. The contribution of chemical
processes estimated using the column amount difference between ozone and the passive ozone
tracer is between 10-20% of the total anomaly in March. The lower ozone levels in the Arctic spring
during the QBO-W/Smin years are associated with a stronger Arctic polar vortex from late winter to
early spring, which is linked to the reduced occurrence of sudden stratospheric warming in the
winter during the QBO-W/Smin years.

Keywords: Arctic ozone; QBO; 1l-year solar cycle; sudden stratospheric warming; chemis-
try-climate model

1. Introduction

During winter and spring, the Arctic ozone exhibits a significant interannual varia-
tion [1]. This variation is associated with the variation in the Northern Hemisphere (NH)
polar vortex. When the polar vortex is strong and stable, the temperature inside the vor-
tex is lower than climatology. This results in greater chemical ozone destruction due to
increased formation of polar stratospheric clouds. Additionally, the ozone transport from
midlatitudes to the vortex is reduced.

The quasi-biennial oscillation (QBO) in the equatorial stratosphere and the 11-year
solar cycle are known to cause interannual variability in the NH polar vortex (e.g., [2-9]).
Holton and Tan [2] found that the NH polar vortex is anomalously strong during the
westerly phase of the QBO (QBO-W), defined at 50 hPa for early and late winter, whereas
it is anomalously weak in the easterly phase (QBO-E). In addition to the QBO, the NH
polar vortex may vary with the influence of the solar maximum (Smax) and solar mini-
mum (Smin) of the 11-year solar cycle. Labitzke and van Loon [5] and others (e.g., Naito
and Hirota [6]) demonstrated that the NH polar vortex is strong in early winter and weak
with frequent sudden stratospheric warming episodes in late winter during QBO-W/Smax
conditions. Yamashita et al. [10] supported the Labitzke and van Loon [5] study by the
composite analysis of the QBO and solar cycle with four groups (QBO-W/Smax,
QBO-W/Smin, QBO-E/Smax, and QBO-E/Smin), and indicated that the strengthened polar
vortex in early winter is followed by a weakened polar vortex in late winter for the
QBO-W/Smax group. It is noteworthy that Karen et al. [11] suggests by their detailed
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analysis of the WACCM simulations that the apparent relationship between the QBO, the
solar cycle, and the state of the NH polar vortex can arise from sampling over relatively
short periods.

The relationship of the NH polar vortex strength with the phases of the QBO and the
11-year solar cycle may change from early winter to late winter (or early spring). As
ozone depletion is enhanced in a stable and cold polar vortex from late winter to early
spring, it is necessary to know the QBO phase wherein the NH polar vortex is strongest
during late winter and early spring when sunlight reaches the Arctic region. For the
QBO-W/Smin group, Labitzke and van Loon [5] indicated that the NH polar vortex is
strong with less sudden stratospheric warming in late winter. Camp and Tung [12] sug-
gested that the NH polar vortex is the most stable and least perturbed in late winter un-
der the QBO-W/Smin group relative to the other three groups (QBO-W/Smax, QBO-E/Smax,
and QBO-E/Smin), in agreement with the work of Labitzke and van Loon [5]. These results
imply that minimum ozone levels may occur under the QBO-W/Smin group. Furthermore,
Li and Tung [13] found that the Arctic total ozone in March is the lowest in magnitude for
the QBO-W/Smin group by the analysis of the TOMS/OMI observations. Therefore, a
quantitative estimation of the influence of the ozone transport and the chemical ozone
destruction on the amount of the Arctic ozone for the QBO-W/Smin years remains a chal-
lenging issue for explaining the low total ozone levels in the late winter and early spring.

In this study, we analyze the Arctic ozone using TOMS/OMI observations, reanaly-
sis data, and the outputs of a chemistry climate model (CCM). The anomaly from the
average Arctic total ozone for all years during 1979-2011 is calculated for the QBO-W/Smin
group during late winter and early spring. We estimate the amount of ozone transport
and chemical ozone destruction, and their effects on the derived Arctic ozone anomaly
for the QBO-W/Smin group using the model output. Additionally, we analyze the occur-
rence of sudden stratospheric warming during the QBO/solar phases and investigate re-
lationships between sudden stratospheric warming, QBO/solar phases, polar vortex
strength, and ozone amount during the seasonal evolution from winter to spring.

2. Materials and Methods

2.1. Data and model description

The daily mean total ozone data from version 8 of the NIMBUS-7/Total Ozone
Mapping Spectrometer (TOMS) (1979-1993, 1.25° x 1.0° longitude-latitude grids),
EP/TOMS (1996-2004, 1.25° x 1.0° longitude-latitude grids), and Ozone Monitoring In-
strument (OMI) (2005-2017, 0.25° x 0.25° longitude-latitude grids) satellites are analyzed.
These satellite observations are henceforth referred to as TOMS/OMI satellite data. We
also analyze the daily total ozone data from the European Centre for Medium-Range
Weather Forecasts (ECMWF) Interim Re-Analysis (ERA-Interim) for 1979-2017 (Dee et al.
[14]). The data set with 2.5° x 2.5° longitude-latitude grids provided by the ECMWF is
used. In order to use the same grid points as those of the ERA-Interim, the TOMS/OMI
satellite data are averaged and interpolated to 2.5° x 2.5° longitude-latitude grids.

The potential vorticity (PV) data at 430 K and 475 K levels are also obtained from the
ERA-Interim reanalysis dataset with a resolution of 2.5° x 2.5° in longitude and latitude.
The PV values at 430 K and 475 K levels are interpolated to the PV values at the 450 K
level, and subsequently used to calculate equivalent latitudes. Thereafter, the equivalent
latitudes are used to analyze the total ozone from the TOMS/OMI satellite data.

The daily mean ozone data from the Center for Climate System Research/National
Institute for Environmental Studies (CCSR/NIES)-MIROC3.2 CCM are also analyzed.
This model has a T42 horizontal resolution with 34 vertical levels in the sigma—p hybrid
coordinate system (Akiyoshi et al. [15]). The 11-year solar cycle effect and QBO are in-
cluded in the CCM (e.g., Yamashita et al. [16]).

The model output data used in the analysis are those from the REF-C1SD experi-
ment of the International Global Atmospheric Chemistry/Stratosphere-troposphere Pro-
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cesses and their Role in the Climate CCM Initiative (CCMI) (Eyring et al. [17]). The set-
tings for the REF-C1SD experiment are the same as those for the REF-C1 experiment: The
experiment includes the historical evolution of the sea surface temperature (SST), sea ice,
solar cycle, volcanic aerosol, greenhouse gas (GHG) concentrations, and ozone-depleting
substance (ODS) concentrations. The HadISST-1 data set provided by the UK Met Office
Hadley Centre (Rayner et al. [18]) is used for the historical evolution of SST and sea ice.
The daily mean data of the spectral solar irradiance from the NRLSSI model (Lean et al.
[19]) are used for each radiation bin of the model. The evolution of GHG and ODS con-
centrations are from the RCP-historical scenario and the World Meteorological Organi-
zation (WMO) baseline (A1) scenario (WMO [20]), respectively.

In contrast to the REF-C1 experiment, the REF-C1SD experiment uses the hindcast
simulation, wherein the observational data are assimilated into the meteorological fields
of the model. Here, nudging is used as an assimilation method: the zonal wind, meridi-
onal wind, and temperature fields of the model are nudged towards those of the
ERA-Interim data set with a 6-hour interval from the surface to the 1-hPa level. Above the
1 hPa level, the climatological zonal mean zonal wind and temperature fields of the CI-
RA86 (Fleming et al [21]) are used as nudging data due to the lack of ERA-Interim data.
The REF-C1SD experiment is run from January 1, 1979 to December 31, 2011, using the
output of the REF-C1 experiment as the initial data.

To diagnose the influence of ozone transport on the change in ozone, a passive
ozone tracer that is advected without changing due to chemistry is included in the model.
Calculating a passive ozone tracer in the model is not straightforward because the ozone
concentration in our model is a diagnostic quantity evaluated from a prognostic variable
of odd oxygen (Ox= O + Os) on the assumption of photochemical equilibrium. In this
study, we consider the passive odd oxygen tracer as a passive ozone tracer. This is be-
cause atomic oxygen concentration is very low in the middle and lower stratosphere, and
thus, the ozone concentration is nearly equal to the odd oxygen concentration. We as-
sume that the difference between chemically active odd oxygen and the passive odd
oxygen tracer is nearly equal to that between chemically active ozone and the passive
ozone tracer, and, thus, the chemical anomaly of ozone.

The initialization for the passive tracer was performed for December 1 and June 1
each year by setting the concentration of the passive odd oxygen tracer to that of the
chemically active odd oxygen. With the time-interval of 6 months for initialization, the
passive tracer concentration in the upper stratosphere is different extensively from the
chemically controlled, observed odd-oxygen distribution by the time for the next initial-
ization or shortly after the initialization. This is due to the short time scale of odd oxygen
chemical reactions in the upper stratosphere and lower mesosphere above 10 hPa, espe-
cially in February and March. Subsequent evaluation of the transport effect in the tracer
distribution that is unrealistically far from the observed distribution is problematic. As
we focus on an altitude range where the ozone amount accounts for most of the total
ozone, the odd oxygen tracer function is specified only around these altitudes in the
model, where the time scale of an ozone chemical reaction is half a month to more than 1
year (e.g., Solomon et al. [22]). That is, the passive odd oxygen tracer is not chemically
altered in the vertical range of 220 hPa to 12 hPa in the model, not related to diabatic
heating calculations in all regions of the CCM and influenced by transport in the same
manner as chemically active odd oxygen. Subsequently, we can observe the chemical and
transport anomalies within that altitude range, which may considerably explain the total
ozone anomalies.
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2.2. Grouping of years according to the phases of the QBO and solar cycle and definition of the
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Figure 1. (a) Yearly time-series of the DJF mean zonal-mean zonal wind over
10° 5-10° N at 50 hPa from ERA-Interim data. Absolute values of the
equatorial zonal wind speed less than 5 m/s are gray-shaded; (b) Same
as (a), but for the DJF mean of F10.7 from NOAA/NGDC. F10.7 is
smoothed using a Fourier filter of a 2.5-year rectangular window, prior
to calculating monthly mean values. Absolute values of F10.7 less than
0.2 are gray-shaded. Closed/open symbols denote QBO-W/QBO-E. Cir-
cles/triangles denote Smax/Smin. The closed triangles denote the
QBO-W/Smin years, open triangles denote the QBO-E/Smin years, and
open and closed circles denote the QBO-W/Smax and QBO-E/Smax years,
respectively.

equivalent latitude

We define the phases of the QBO and the solar cycle, and subsequently group the
years according to the phases using the same method as Yamashita et al. [10], where
equatorial zonal mean zonal wind at 50 hPa is used for the grouping. Previous studies
have used this pressure level, or those slightly above 40 hPa for the grouping (Holton and
Tan [3]; Labitzke [4]; Naito and Hirota [6]). Figure 1a shows the yearly time-series of the
December-January-February (DJF) mean of the equatorial zonal mean zonal wind at 50
hPa and the result of the grouping into 4-phase groups for each year. Figure 1b shows the
DJF mean of 10.7-cm solar radio flux (F10.7) with the grouping. The F10.7 is smoothed
with the Fourier filter of a 2.5-year rectangular window in advance. The data is stand-
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ardized by subtracting the average and dividing by the standard deviation. Resultantly,
five years of the 1979-2011 period are categorized as the QBO-W/Smin group (1986, 2005,
2007, 2009, and 2011), as shown by the closed triangles in Figure 1. Years of the other
groups are as follows; the QBO-W/Smax group: 1981, 1983, 1989, and 2000; the QBO-E/Smax
group: 1980, 1982, 1990, 1999, and 2002; the QBO-E/Smin group: 1985, 1997, 2004, 2006, and
2008.

The years after 2011 are also included in this figure for reference, although
REF-C1SD simulations were not performed for these years. The year 2014 is categorized
into the QBO-W/Smax group, 2015 into the QBO-E/Smax group, and 2017 into the
QBO-W/Smin group. The years 2012, 2013, and 2016 are in the grey zones of the figures.

As opposed to the Southern Hemisphere, planetary wave activities in the NH have
large magnitudes, and the longitudinal variation of the polar vortex area is also high.
This causes a significant longitudinal variation in the polar vortex, inducing difficulties in
analyzing the ozone change in the polar vortex area using a geographical latitude. Hence,
we use the equivalent latitude (Nash et al. [23]) instead of the geographical latitude. In
this study, the equivalent latitude was defined by the PV values on a 450-K isentropic
surface.

3. Results and Discussions

3.1. A scatter plot for the Arctic total ozone against the QBO and solar cycle phases in March

Figure 2a shows the total ozone observed by TOMS averaged over the grids within
the equivalent latitudes from 70° N to 90° N in March against the DJF mean of zonal
mean zonal wind over 10° S-10° N at 50 hPa from ERA-Interim reanalysis data and the
DJF mean of F10.7. The QBO-W/Smin group (1986, 2005, 2007, 2009, and 2011) is located at
the bottom right of the figure (white portion). The total ozone of the OMI in 2017, which
is the only QBO-W/Smin year after 2011, also shows a lower ozone value of 392.5 DU, as
indicated in light blue color, compared to the average value of 410.1 DU for the years
1980-2017. Figure 2b is the same as Figure 2a, but for total ozone from ERA-Interim data.
In this figure, the years 1994, 1995, and 1996 are included, which are missing in the TOMS
data and are not categorized into any of the four groups. The total ozone amount is
nearly the same between these two datasets. Note that the total ozone of ERA-Interim
data for 2017 does not indicate a negative anomaly, whereas that of OMI data indicates a
slight negative anomaly. Figure 2c is the same as Figure 2a but for the results of the
REF-C1SD experiment of the CCM. Note that the years after 2011 are not included in our
analysis in Figures 3 to 11, as well as in Figure 2c¢, since the REF-C15D simulation ended
in 2011. Although there is a minor difference in the absolute amount between the CCM
results (Figure 2c) and observations (Figures 2a and 2b), the CCM satisfactorily simulates
the anomalies of total ozone in March.
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Figure 2. (a) Scatter plot between the QBO and F10.7 for the total ozone in
March (color) averaged over the equivalent latitude from 70 °N to 90 °N for
(a) TOMS/OMI observations, (b) ERA-Interim reanalysis data, and (c)
REF-C1SD experiments. The average values of the TOMS/OMI observa-
tions, ERA-Interim reanalysis data, and REF-C1SD experiments are 410.1
DU, 408.4 DU, and 415.0 DU, respectively, which correspond to white on
the color scale.
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3.2. Arctic total ozone and polar night jet in March in the QBO and 11-year solar cycle phases

Figure 3 shows the monthly mean total ozone in the Arctic for March averaged for
the years in the QBO and 11-year solar cycle phases and their standard deviations. Panels
(a), (b), and (c) correspond to those in Figure 2, i.e., the results from TOMS/OM],
ERA-interim, and REF-C1SD. Because of the large standard deviations compared to the
mean value differences, comparisons of the total ozone amount among the phases may
be difficult; however, the total ozone amount with its standard deviation range in the
QBO-W/Smin years indicates slightly smaller values relative to those in the QBO-W/Smax
years and also slightly smaller values relative to those of the TOMS/OMI data (panel (a))
and CCM (panel (c)) in the QBO-E/Smax years. That is, the upper half of the error bar of the
QBO-W/Smax years is located nearly above the error bar of the QBO-W/Smin years and the
lower half of the error bar of the QBO-W/Smin years is located below the error bar of the
QBO-E/Smax years. A similar situation is evident between the QBO-W/Smax years and the
QBO-E/Smax years in panels (a) and (c). The total ozone in the QBO-E/Smin years and that of
the ERA-Interim data (panel (b)) in the QBO-E/Smax years have large standard deviations;
hence, it is difficult to compare these total ozone amounts to that in the QBO-W/Smin
years. Furthermore, comparisons of the total ozone amount between QBO-W and QBO-E
and between Smax and Smin are also difficult owing to the large standard deviation and
small mean value differences.

(a) (b) (c)

Total O, (TOMS/OMI, 70°-90°N Eq-Lat, March) Total O, (ERA-Interim, 70°~90°N Eq.-Lat., March) Total O, (CCM, 70°-890°N Eq-Lat, March)
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Figure 3. Monthly mean total ozone averaged over 70-90 °N equivalent latitudes in
March with units of dobson. The average values for all the years 1980-2011, the
four QBO/solar activity phase groups, the two QBO phase groups, and the two
solar activity phase groups are indicated by squares with the standard devia-
tions. (a) TOMS/OMI data, (b) ERA-Interim data, and (c) CCM output.

Figure 4 shows the monthly mean zonal-mean zonal wind over 50-70° N at 10 hPa
in March averaged for the years in the QBO and 11-year solar cycle phases and their
standard deviations, for which the ERA-Interim reanalysis data are used. It is expected
that a stronger zonal-mean zonal wind, i.e., a stronger polar vortex, is associated with a
lower total ozone because of less ozone transport to the polar regions across the polar
vortex boundary and more chemical ozone destruction due to the lower temperature.
The upper part of the error bar of the QBO-E/Smin years is located above the error bar of
the QBO-W/Smax years; however, the lower part of the error bar of the QBO-W/Smax years
is not below the error bar of the QBO-W/Smin years. A similar situation is evident between
the QBO-W/Smax years and the QBO-E/Smin years and between the QBO-E/Smax years and
the QBO-E/Smin years.
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Figure 4. Monthly mean, zonal mean zonal wind averaged over 50-70 °N at 10 hPa
in March from ERA-Interim data with units of m/s. The average values for all
the years 1980-2011, the four QBO/solar activity phase groups, the two QBO
phase groups, and the two solar activity phase groups are indicated by squares
with the standard deviations.

These comparisons suggest that the total ozone amount in March averaged for the
QBO-W/Smin years is slightly smaller than those averaged for the QBO-W/Smax and
QBO-E/Smax years, while it is difficult to say that the zonal-mean zonal wind averaged for
the QBO-W/Smin years is slightly larger than those of the other phases. Although com-
parison of the total ozone of the QBO-W/Smin years with the climatology (all the years) is
not as evident as those with the QBO-W/Smax years or the QBO-E/Smax years, hereafter, we
show anomalies of ozone and the associated dynamical field of the QBO-W/Smin years
from the climatology.

3.3. Zonal mean zonal wind evolution in the stratosphere of the QBO-W/Swmin years and associated
dynamical fields

As explained in Section 4.1, five years (1986, 2005, 2007, 2009, and 2011) between
1979-2011 are categorized as belonging to the QBO-W/Smin group. Note that, among these
years, the total ozone in March 2009 is exceptionally large in magnitude (Figure 2).
Herein, the daily time-series of the zonal mean zonal wind over 50-70° N at 10 hPa, re-
lated to the polar vortex intensity, are shown for these five years of the QBO-W/Smin
group (solid lines in Figure 5). The ERA-Interim reanalysis data are used for the figure.
The broken line denotes the daily zonal wind from the average of all years (1979-2011),
smoothed by a Fourier filter with a rectangular window of three months. There were
slightly strong polar vortices (that is, stronger westerly winds) during Decem-
ber-February for four of the QBO-W/Smin years excluding 2009, compared to the average
of 1979-2011. The years 1986, 2005, and 2011 dominantly contributes to the stronger
westerly wind of the QBO-W/Smin years from mid-February to early March in Figure 5.
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Figure 5. Daily time-series of the zonal mean zonal wind over 50-70 °N at 10 hPa (up-
per panel) and 50 hPa (lower panel) from ERA-Interim reanalysis data (solid lines
with units of m/s). Purple line: 1986 (Sep. 1985-May 1986), green line: 2005, blue
line: 2007, black line: 2009, and gray line: 2011. The broken line denotes the daily
climatology of the zonal wind from 1979-2011, smoothed using a Fourier filter
with a rectangular window of 3 months.

Regarding the difference in the seasonal evolution of the westerly winds from win-
ter to spring in the QBO and solar phases, Yamashita et al. [15] analyzed the evolution of
the polar vortex intensity in the stratosphere in association with the sea level pressure
(SLP) and wave activity for December—January. They found that for the QBO-W/Smax
group, north-south dipole anomalies of SLP were present in the North Atlantic region.
Intensification of the positive anomaly was seen from December to January, leading to an
enhancement in the planetary wave propagation from the troposphere to the strato-
sphere, with a weak polar vortex in late winter. Conversely, for the QBO-W/Smin group,
north-south dipole anomalies of SLP were not observed, and the planetary wave prop-
agation from the troposphere to the stratosphere was weaker than that for the
QBO-W/Smax group. This may lead to the persistence of the relatively strong polar vortex
in the stratosphere until February—March for the QBO-W/Smin group. However, as shown
in Figure 5, zonal-mean zonal wind at 10 hPa in March of the QBO-W/Smin group does not
show a clear larger magnitude compared to those of other QBO/Solar phases.
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Figure 6. (a) Longitude-height section of composite anomalies for QBO-W/Smin years
from the December mean E-P flux (vector) and its divergence (shading, units: m s
d!) from ERA-Interim. (b) Anomalies of the residual mean meridional circulation
(vector) and temperature (shading, units: K). The vertical components of the E-P
flux and the residual mean meridional circulation are magnified by a factor of 200
relative to the horizontal component, and their scales for the horizontal vector are
shown at the bottom right of the panel in units of kg m*! s2 and m s, respectively.
Nine-point smoothing was applied to the gridded data of the E-P flux, its diver-
gence, and the residual mean meridional circulation. (c) Anomalies of the zon-
al-mean zonal wind (shading, units: m/s) with the zonal wind climatology (gray
contour, interval is 5 m s). The hatched areas with gray slash, gray grid, black
slash, and black grid denote 80 %, 85 %, 90 %, and 95 % statistical significance, re-
spectively, for the anomalies in the E-P flux divergence, temperature, and zonal
wind. (d-f) for January, (g-i) for February, and (j-1) for March.

Figure 6 indicates anomalies of the monthly mean EP-flux, divergence, residual
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mean circulation, temperature, and zonal mean zonal wind during the QBO-W/Smin
years, based on climatology. This figure is a counterpart of Figure 9 for the QBO-W/Smax
years in Yamashita et al. [15]. Anomalies of the EP-flux, divergence, temperature, and
zonal mean zonal wind are similar in December and January between the QBO-W/Smax
and QBO-W/Smin years, whereas they are significantly different in February and March.
The easterly anomalies are evident in the Arctic during February and March for the
QBO-W/Smax years, as indicated by the blue color in Figure 9 of Yamashita et al. [15].
Moreover, the westerly anomalies (red color) in February and March are also evident for
the QBO-W/Smin years (the panels “i” and “1” in Figure 6). Accordingly, high temperature
anomalies (red color) are observed in the Arctic lower stratosphere during February and
March for the QBO-W/Smax years whereas low temperature anomalies (blue color) are
observed during February and March for the QBO-W/Smin years (the panels “h” and “k”
in Figure 6). The direction of the EP-flux anomalies and the distribution of the EP-flux
divergence anomalies in the Arctic stratosphere is similar in December and January;
however, it is different in February and March (panels “a”, “d”, “g”, and “j” in Figure 6).
These figures indicate that the dynamical fields in February and March are different
between the QBO-W/Smin years and the QBO-W/Smax years, and those in the QBO-W/Smin
years indicates a stronger polar vortex.

One exception for the QBO-W/Smin group is the year 2009. Zonal wind speeds greater
than 50 m s are apparent in early January 2009, whereas the zonal wind becomes weak
and easterly in late January. This indicates a major stratospheric warming (see 2008/2009
in Table 2) and breakdown of the polar vortex. The weak polar vortex continues until
February 2009. As the intensity of the polar vortex in 2009 is weak relative to the other
four years, the ozone amount in 2009 is exceptionally large for the QBO-W/Smin group
(Figure 2). As discussed in the next section and Tables 1 and 2, sudden stratospheric
warming occurred in 2007 and 2009 of all the QBO-W/Smin years. The sudden strato-
spheric warming in 2007 was categorized as vortex displacement (dominance in wave
number one) while that in 2009 was categorized as vortex split (dominance in wave
number two) (Cohen and Jones [24]). The effect on the zonal mean zonal wind is smaller
in 2007 and much larger in 2009 as shown in Figure 5. Charlton and Polvani [25] showed
somewhat larger anomalies of the area-weighted mean 100-hPa polar cap temperature
(90°-50° N) and zonal mean zonal wind at 60°N and 10 hPa for the vortex split events
than those for the vortex displacement events based on the NCEP-NCAR reanalysis da-
taset from 1958-2002. They also suggested that vortex displacements and splits should be
considered dynamically distinct. However, the reason for such a large influence on the
zonal-mean zonal wind in 2009 is not apparent. It is not known if the vortex split was the
main cause for the large anomaly in 2009, and whether a relationship exists between the
QBO/solar phases and vortex displacement/split.

3.4. Sudden stratospheric warming for the years 1979-2017

During sudden stratospheric warming events in winter and early spring, westerly
wind speed of the polar vortex falls, and the temperature rises drastically. Subsequently,
chemical ozone loss in the polar vortex would weaken and ozone transport from outside
the polar vortex would strengthen, thus increasing the ozone concentration in the polar
region. Therefore, sudden stratospheric warming is a factor affecting the ozone amount
in the polar region in winter and spring, along with the QBO phase and solar activity,
which may be related with each other. We investigate the QBO/solar phase of the yeas
with sudden stratospheric warming. Diagnosis of the occurrence of a sudden strato-
spheric warming (major warming) event is conducted by the commonly used method
using ERA-interim reanalysis data: the central date of the warming is defined as the day
when the daily mean zonal mean winds at 10 hPa and 60°N initially change from west-
erly to easterly between November and March. The winds must return to westerly for 20
consecutive days between the events and the final warmings are excluded (Cohen and
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Jones [24]; Charlton and Polvani [25]; Butler et al. [26]). This event diagnosis was con-
ducted for the years 1979-2017.

Table 1 presents the central date of stratospheric major warming and the QBO/solar
phases from 1979-2017. The central dates diagnosed here are identical with those diag-
nosed by Butler et al. (2017) for the period 1979-2013 and Cohen and Jones (2012) for
1979-2010. These studies also used ERA-Interim data for the diagnosis. The period for
comparison of the dates with those from previous studies was limited to 2013 by the data
availability at that time.

Table 1. Central dates of sudden stratospheric warmings (major warmings) in Northern Hemi-
sphere Winters diagnosed from ERA-Interim data.

NH Winter Date QBO/Solar Phase
1978/1979 22 Feb 1979 -
1979/1980 29 Feb 1980 QBO-E/Smax
1980/1981 4 Mar 1981 QBO-W/Smax
1981/1982 4 Dec 1981 QBO-E/Smax
1982/1983
1983/1984 24 Feb 1984 -
1984/1985 1 Jan 1985 QBO-E/Smin
1985/1986
1986/1987 23 Jan 1987 -
1987/1988 8 Dec 1987 -

14 Mar 1988

1988/1989 21 Feb 1989 QBO-W/Smax
1989/1990

1990/1991

1991/1992

1992/1993

1993/1994

1994/1995

1995/1996

1996/1997

1997/1998

1998/1999 15 Dec 1998 QBO-E/Smax

26 Feb 1999

1999/2000 20 Mar 2000 QBO-W/Smax
2000/2001 11 Feb 2001 -
2001/2002 30 Dec 2001 QBO-E/Smax
2002/2003 18 Jan 2003 -
2003/2004 5 Jan 2004 QBO-E/Smin
2004/2005

2005/2006 21 Jan 2006 QBO-E/Smin
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2006/2007 24 Feb 2007 QBO-W/Smin
2007/2008 22 Feb 2008 QBO-E/Smin
2008/2009 24 Jan 2009 QBO-W/Smin
2009/2010 9 Feb 2010 -
24 Mar 2010

2010/2011

2011/2012

2012/2013 6Jan 2013 -
2013/2014

2014/2015 28 Mar 2015 QBO-E/Smax
2015/2016

2016/2017

SSWs in the QBO-W/Smin are shaded.

Table 2 presents the number of stratospheric major warming events in the four
QBO/solar phases. As the warming occurred twice in the winter of 1998/1999, the number
of each warming event and the number of winters with major warmings are shown sep-
arately. Additionally, the number is shown for the two different periods; one is for period
of the CCM simulation (1979-2011) and the other is that for the total ozone data used in
this study (1979-2017). The results indicate a more frequent occurrence of sudden strat-
ospheric warming in the QBO-Easterly years than in the QBO-Westerly years. Although
the difference between QBO-W/Smax years and QBO-W/Smin years is small, sudden strat-
ospheric warming occurred at the least frequency during the QBO-W/Smin years. The
lesser occurrence of sudden stratospheric warming may be associated with the stable
Arctic polar vortex and lesser ozone amount in February and March during the
QBO-W/Smin years.

Table 2. Number of events and winters of sudden stratospheric warmings (major warmings) in
the Northern Hemisphere during the four QBO/solar phases

QBO-W/Smax | QBO-W/Smin | QBO-E/Smax | QBO-E/Smin
1979-2011 (events) 3 2 5 4
1979-2011 (winters) 3 2 4 4
1979-2017 (events) 3 2 6 4
1979-2017 (winters) 3 2 5 4
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3.5. Total ozone anomaly during the QBO-W/Smin years

Figure 7 presents the equivalent latitude-month section of the total ozone (column
ozone) anomaly for the QBO-W/Smin group, relative to the average for all years
(1979-2011) from December to April. Figure 7a shows a negative ozone anomaly with the
magnitude exceeding 20 DU (a negative ozone anomaly of < —20 DU) within the equiva-
lent latitudes of 70-90° N during February—March for the TOMS/OMI satellite observa-
tions. The total ozone results from the ERA-Interim reanalysis also indicate similar nega-
tive ozone anomalies of < —20 DU within the equivalent latitudes of 70-80° N in February
and 70-90° N in March (Figure 7b). The results of REF-C1SD of the CCM experiment also
indicate the occurrence of negative ozone anomalies of < -20 DU within the equivalent
latitudes of 70-90° N during February-March (Figure 7c), which is in agreement with the
TOMS/OMI and ERA-Interim results.
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Figure 7. (a) Equivalent latitude-month section of the total ozone anomaly for
QBO-W/Smin years from TOMS/OMI data. The horizontal axis indicates equivalent
latitude, and the vertical axis denotes the month from December (bottom) to April
(top) (“D” denotes December, “]” January, and so on) The interval for the color
scale is 10 DU. (b) Same as (a), but for ERA-Interim data. (c) Same as (a) but for the
REF-C1SD experiment. (d) Same as (c) but for the total ozone anomaly of the pas-
sive ozone tracer. (e) Subtraction of the passive ozone tracer anomaly (d) from the
ozone anomaly (c).

To distinguish the effect of the chemical ozone destruction from that of ozone
transport for the total ozone anomaly, we analyze the total ozone anomaly of the passive
ozone tracer, which is not affected by any chemical change in the CCM (Figure 7d).
However, as described in Section 2, it is noteworthy that the ozone tracer is switched off
from chemical reactions in the altitude range between 220 hPa and 12 hPa. Thus, the
ozone tracer concentration near the boundaries of this altitude range can be affected by
chemical reactions at altitudes below 220 hPa and above 12 hPa, where the ozone tracer
concentration is identical to the ozone concentration, and is affected by chemistry as well
as transport. The total ozone of the passive ozone tracer indicates the presence of nega-
tive ozone anomalies, with values of —10 to -20 DU within the equivalent latitudes of
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70-75° N and values of less than —20 DU within the equivalent latitudes of 75-90° N in
February-March.

Generally, negative anomalies of the passive ozone tracer in February and March are
similar in distribution and magnitude to those of chemically active ozone in the
REF-C1SD experiment, suggesting that the negative anomalies of the total ozone are
mainly caused by ozone transport. This is evident by comparing Figure 7d with Figure
7e, which show the anomaly of the passive ozone tracer and the difference between
ozone and the passive ozone tracer (a subtraction of passive ozone tracer concentration
from ozone concentration). These figures indicate that the transport effect is dominant
compared to the chemical effect in February and March.

Tables 3 and 4 lists values of the total ozone anomaly and partial column ozone
anomaly at the three equivalent latitude bands in the polar region and 50-100 hPa for the
QBO-W/Smin years, respectively. The anomaly of the passive ozone tracer (due to
transport) exhibits a larger magnitude with negative values at higher equivalent latitude
bands. The chemical anomaly (Os — passive Os tracer) is largest at the 70 —75° N equiva-
lent latitude band in February and at the 75-80° N equivalent latitude band in March,
exhibiting negative values at both bands. The change in latitude distribution of the
chemical anomaly between February and March may be attributed to the change in sun-
light distribution in the polar region during these months. We observed that the chemical
anomaly is less than 6% of the total anomaly in February and 10-20% of the total anomaly
in March (Table 3).

Table 3. Total ozone anomaly (DU) for the QBO-W/Smin years

February

Equivalent latitude 70-75 N 75-80 N 80-90 N
Os -21.2 -23.5 -21.2
Passive Os tracer -19.9 -22.7 -21.9
Os — passive Os tracer -1.3 -0.8 +0.7

March

Equivalent latitude 70-75 N 75-80 N 80-90 N
Os -20.2 -25.2 -27.2
Passive Os tracer -16.7 -20.9 -24.1
Os — passive Os tracer -3.5 -4.3 -3.1

Table 4. Partial column ozone anomaly at 50-100 hPa (DU) for the QBO-W/Swmin years

February
Equivalent latitude 70-75 N 75-80 N 80-90 N
Os -10.3 -12.1 -10.9
Passive Os tracer -8.1 -10.4 -10.6
Os — passive Os tracer -2.2 -1.7 -0.3
March
Equivalent latitude 70-75 N 75-80 N 80-90 N
Os -9.8 -13.1 -144
Passive Os tracer -5.5 -8.0 -10.0
Os — passive Os tracer -4.3 -5.1 4.4

Henceforth, we use the results of the CCM to discuss the vertical profile of ozone.
However, it is difficult to validate the vertical profile of the simulated ozone due to the
lack of observed ozone vertical profile data, including those over the polar night region in
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winter. As the ozone amount at 50-100 hPa is greater, the total ozone anomalies during
February-March in Figure 7 considerably reflect the ozone anomalies around this alti-
tude range. Thus, we mainly discuss the chemical and dynamical ozone change near
50-100 hPa.

3.6. Vertical distribution of the ozone anomaly during the QBO-W/Swmin years
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Figure 8. (a) Equivalent latitude-height section of the partial column ozone anomaly in January (upper left panel) for
the QBO-W/Smin years from the REF-C1SD experiment. The interval for the color scale is 2 DU. The colored
squares above 10 hPa and below 200 hPa indicate the column values above 10 hPa and below 200 hPa, respec-
tively. The 2nd and 3rd panels from the left display the partial column anomaly of the passive ozone tracer and
the difference between the ozone anomaly and the anomaly of the passive ozone tracer, respectively. The 4th
panel displays the temperature anomaly expressed in the 2 K interval for the color scale, and the 5th panel dis-
plays the monthly mean partial column anomaly of the chemical tendency of ozone in units of DU/month with an
interval of 2 DU/month for the color scale. (b) Same as (a) but for February. The 6th panel displays the anomalies
estimated by the sum of the monthly mean chemical tendency in January and the difference between the ozone
anomaly and the anomaly of the passive ozone tracer in January. (c) Same as (a) but for March. The 6th panel dis-
plays the anomalies estimated by the sum of the monthly mean chemical tendency in February and the difference
between the ozone anomaly and the anomaly of the passive ozone tracer in February.
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The panels in the first and second columns from the left in Figure 8 show the
equivalent latitude-height sections of the ozone partial column anomalies at each pres-
sure level of the QBO-W/Smin group and that of the passive ozone tracer in January, Feb-
ruary, and March. Ozone partial column anomalies is calculated multiplying pressure
difference between the top of partial column and the bottom of it by anomaly of ozone
mixing ratio of the partial column. There are large negative ozone partial column anom-
alies of < -2 DU within the equivalent latitudes of 70-90° N at 50 and 70 hPa in February.
In March, large negative ozone anomalies of < -2 DU are observed in the same equivalent
latitude ranges at 50 and 70 hPa, and within 80-90° N at 80 and 115 hPa. The partial
column of the passive ozone tracer at these pressure levels also shows negative anomalies
with slightly smaller magnitudes, especially at 50 hPa in March. Figure 9(a-c) shows the
anomaly of the residual mean circulation for the QBO-W/Smin years and the zonal mean
ozone mixing ratio averaged for all the years. In the polar lower stratosphere, indicated
by the green dotted rectangle, the contours of the ozone mixing ratio are nearly hori-
zontal with the positive vertical gradient. Therefore, a positive anomaly of the vertical
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component of residual mean circulation may lead to an ozone transport that causes a
decrease in the ozone from the average for all years. Moreover, positive anomalies of the
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vertical wind are evident in the polar lower stratosphere during January—-March, which
are consistent with the negative anomalies of the ozone tracer in the polar lower strato-
sphere during these months in Figure 8. However, a clear difference in the circulation
anomaly between February and March is not evident, although a difference in the pas-
sive ozone tracer at 50 hPa occurs between February and March. This may partly be the
result of depicting the distributions against the geographical latitude, as reflected in
Figure 9, rather than against the equivalent latitude, due to the definition of the residual
mean circulation on geographical latitude and pressure.

The panels in the third column in Figure 8 indicate the difference in the partial
column anomaly between chemical ozone and the passive ozone tracer (i.e., a subtraction
of passive ozone tracer concentration from chemically active ozone concentration), which
denotes the ozone anomaly created solely by chemistry. The negative anomalies are ev-
ident in the lower stratosphere, especially at 50 hPa in March, and the chemical effect is
greater than the transport effect at this pressure level. The large negative anomalies in the
lower stratosphere at 50-100 hPa in March are associated with the larger negative total
ozone anomaly in March than that in February (Tables 3 and 2). However, these chemical
effects on the negative ozone anomalies in the lower stratosphere are partly canceled by
the positive chemical anomalies below and above the lower stratosphere. This limits the
contribution of chemistry to the total ozone anomaly in February and March (Table 3 and
Figure 7). Table 4 indicates that the chemical effect in the lower stratosphere (50-100 hPa)
is greater in March than in February; however, it is still lower than the transport effect.

The panels in the fourth column in Figure 8 show the temperature anomaly. The
negative anomalies between -2 K and -4 K are evident within 70-90° N in the lower and
middle stratosphere in February but within a smaller region in March. The panels indi-
cate the negative anomalies in the QBO-W/Smin phase in almost all regions at 70-90° N
and 10-200 hPa. In regard to chemical ozone change, a negative anomaly in temperature
should cause a negative anomaly in ozone in the lower stratosphere where heterogene-
ous reactions may occur, because additional PSCs are expected to form at lower temper-
ature. Meanwhile, a negative anomaly in temperature should cause a positive anomaly in
the ozone at altitudes where only gas-phase chemical reactions occur, because gas-phase
chemical reactions produce additional ozone at lower temperatures. The anomalies in the
ozone chemical tendency (the fifth column) in February and March are consistent with
these anticipated ozone anomalies owing to the gas-phase/heterogeneous reactions
through the negative temperature anomaly. In the chemical tendency panels, the anom-
alies are shown in the units of DU month'. The ozone chemical tendencies in February
indicate negative anomalies in the lower stratosphere (50-130 hPa) and positive anoma-
lies below and above these levels. In March, as opposed to February, negative anomalies
are evident at 70-75° N above 50 hPa. Anomalies of the surface area of nitric acid trihy-
drate (NAT), which is the primary component of PSCs in the Arctic, are depicted in Fig-
ure 9. Large positive NAT surface area anomalies are evident in the Arctic lower strato-
sphere. The lager surface area of NAT caused large negative ozone anomalies in the
Arctic lower stratosphere during February and March for the QBO-W/Smin years, as il-
lustrated in Figure 8.

The panels in the sixth column of Figure 8 highlight the difference in the partial
column anomaly between the chemically active ozone and the passive ozone tracer es-
timated based on the anomalies in the preceding month. The anomalies in February are
estimated by adding the monthly mean chemical ozone tendency in January (the top
panel in the fifth column in units of DU/month) multiplied by 1.0 month with the dif-
ference between the chemically active ozone and the passive ozone tracer in January (top
panel in the third column). Similarly, the anomalies in March are estimated based on the
middle panels in the fifth and third columns for February. These results indicate that the
anomaly distribution of the third column is similar to that of the sixth column, especially
at pressure levels of 30-100 hPa. It is confirmed that the differences between the chemi-
cally active ozone and the passive ozone tracer in February and March are roughly re-
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produced by the anomalies and chemical tendency in the preceding month, i.e., January
and February, respectively.

3.7. Anomalies in the year 2009 and the other QBO-W/Swmin years

A large zonal mean zonal wind deviation is evident in 2009, compared to the other
QBO-W/Smin years from mid-January to late February (Figure 5). The positive total ozone
anomalies in February and March 2009 are significantly different from the negative
anomalies in the other QBO-W/Smin years (Figure 2). Therefore, it is necessary to compare
the anomalies in 2009 with those in the other QBO-W/Smin years.

Figure 10 shows the equivalent latitude—month section of the total ozone anomaly
for 2009 from December to April. In contrast to the other QBO-W/Smin years (Figure S1),
positive anomalies are evident in the polar regions in February and March, as shown in
Figures 10a and 10b. The positive anomaly of the observations (TOMS/OMI and
ERA-Interim) is large between 80-90° N. The model reproduced these positive anomalies
in 2009, as shown in Figure 10c. The model simulation indicates considerable positive
anomalies of total ozone because of the large part of the transport effect in comparison
with the chemical effect during this year (Figures 10d and 10e).
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Figure 10. Same as Figure 7 but for the anomalies in 2009 (December 2008—-April 2009).
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Figure 11. Same as Figure 8 but for the partial column anomaly in 2009.

The vertical distributions of the ozone partial column anomalies, passive ozone
tracer, the difference between ozone and passive ozone tracer, and the temperature from
February-March 2009 are shown in Figure 11. The anomalies between Figure 11 and
Figure 52 (QBO-W/Smin years excluding 2009) are quite different, such as those between
Figure 10 and Figure S1. The large zonal mean zonal wind deviation during 2009 com-
pared to the other QBO-W/Smin years is evident between mid-January and late February
(Figure 5). The westerly wind rapidly decelerated and changed to the easterly wind in
late January. Subsequently, the easterly wind decelerated in February and changed back
to the westerly wind in late February. This is diagnosed as a major warming (Table 1).
The anomaly of the residual mean circulation in January shows a clear poleward and
downward direction, and that in February shows a slightly upward direction in the polar
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lower stratosphere (Figures 12d and 12e). As shown in Figure 12f, the anomaly in March
shows a clear upward and equatorward direction, which is consistent with the stronger
zonal mean zonal wind during this month (i.e., stronger polar vortex than average, see
Figure 5). Such differences from the other QBO-W/Smin years led to positive anomalies of
the passive ozone tracer in the polar lower stratosphere (second column of Figure 12),
indicating positive ozone anomalies (first column of Figure 11), which differs appreciably
from the other QBO-W/Smin years (Figure S2).

The temperature in 2009 exhibits negative and positive anomalies in the polar
stratosphere in January and February, respectively. In March, negative and positive
temperature anomalies are observed in the polar middle and lower stratosphere, respec-
tively (fourth column of Figure 11). The expected anomalies of the ozone chemical ten-
dency caused by the temperature anomalies are evident in March and in the lower
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Figure 12. Residual mean meridional circulation anomaly for the QBO-W/Smin years in
(a) January, (b) February, and (c) March. The vertical component of the residual
circulation is magnified by a factor of 200 relative to the horizontal component,
and the scale for the horizontal vector is shown at the bottom right of the panel in
units of m/s. The contours/shadings indicate the ozone mixing ratio averaged for
1979-2011 with units of DU. (d-f) Same as (a—c), respectively but for anomalies in
2009. (g-i) Same as (a—c) but for anomalies in 2011.

stratosphere in January. In other words, anomalies of the opposite sign between temper-
ature and the ozone chemical tendency in the middle stratosphere and anomalies of the
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same sign in the lower stratosphere are observed. This relationship is relatively less ap-
parent in February and in the middle stratosphere in January. These weak chemical rela-
tionships are consistent with the dominance of the transport effect on the ozone anomaly
during this year. Similar to the QBO-W/Smin years, the difference between the chemically
active ozone and the passive ozone tracer in February and March are reproduced based
on the anomalies in the previous month.

The year 2009 shows a considerably different ozone anomaly from the other
QBO-W/Smin years. The year 2009 shows large positive ozone and temperature anomalies
in the lower stratosphere in February and March, which weakens the statistical signifi-
cance of the negative ozone and temperature anomalies of the QBO-W/Smin years.

3.8. Anomalies in the year 2011

In March 2011, unusually severe ozone loss occurred in the Arctic region inside the
strong polar vortex (Manney et al. [27]), despite the fact that the concentrations of reac-
tive chlorine (Cly) and reactive bromine (Bry) in the stratosphere started to decrease
around the year 2000. This year is also categorized into the QBO-W/Smin group. The large
negative total ozone anomalies of approximately —40 DU were observed and simulated,
particularly in March as well as in February, as shown in Figures 13a, 13b, and 13c. Fig-
ures 13d and 13e indicate a large negative transport anomaly and larger negative chem-
ical anomaly in March 2011 than in February 2011. The chemical effect on the total ozone
anomalies for 2011 is larger than that for the other QBO-W/Smin years, with values be-
tween 6% and 20% of the total effect in February and between 20% and 34% in March.
The values for March 2011 are consistent with the results by Isaksen et al. (2012), which
reports 23% of the chemical anomaly to the total ozone anomaly during this month.
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Figure 13. Same as Figure 7 but for the anomalies in 2011 (December 2010-April 2011).
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Figure 14. Same as Figure 8, but for the partial column anomaly in 2011.

Figure 14 shows considerably large negative transport anomalies in the polar strat-
osphere in February and March (the middle and bottom panels of the second column).
The negative transport anomalies are consistent with the residual mean circulation
anomalies in the polar stratosphere, which show positive anomalies of the vertical wind
(Figures 12h and 12i). The bottom panel of the third column indicates large negative
chemical anomalies within the equivalent latitudes of 70-90° N between 50 and 80 hPa,
which resulted in the large negative total ozone anomalies in March, as shown in Figure
13. The temperature shows significantly large negative anomalies in the polar strato-
sphere in February and March. The chemical ozone tendency anomalies in February and
March (the middle and bottom panels of the fifth column) show the same sign as that of
the temperature anomaly in the lower stratosphere and the opposite sign in the middle
stratosphere, as expected from the temperature dependence of the chemical ozone pro-
duction/destruction in these regions. Finally, as shown in the middle and bottom panels
of the sixth column, the difference between the chemically active ozone and the passive
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ozone tracer in February and March are reproduced by the anomalies in the previous
months, i.e., January and February, respectively, especially at the levels of 30-100 hPa.

4. Summary

In this study, we investigate the ozone and associated dynamical quantities mainly
for the years categorized into the phase of QBO-westerly (QBO-W)/solar minimum (Smin)
for 1979-2011. The objective of this study is examining the relationship between the
phases of the QBO/11-year solar cycle and total ozone anomaly in late winter and early
spring associated with the strength of NH polar vortex, along with the large interannual
variation in the Arctic region.

Our analyses suggest that the total ozone amount in March averaged for the
QBO-W/Smin years (1986, 2005, 2007, 2009, and 2011) is slightly smaller than those aver-
aged for the QBO-W/Smax and QBO-E/Smax years, whilst it is difficult to say that the zon-
al-mean zonal wind in March averaged for the QBO-W/Smin years is stronger than those
of the other phases in consideration of the standard deviations.

The QBO-W/Smin years excluding 2009 exhibited a lower total ozone at 70-90° N in
March than the average for 1979-2011. More recently, in 2017, which is also categorized
into the QBO-W/Smin group, a low total ozone amount during March was exhibited in the
OMI data but not in the ERA-Interim data.

The dynamical fields, such as the EP-flux, its divergence, temperature, and zonal
mean zonal winds, show a stronger NH polar vortex and colder temperature in the Arctic
from winter to early spring during the QBO-W/Smin years compared to the climatology.

Our analysis of the ERA-Interim data indicates that a sudden stratospheric warming
occurred at the lowest frequency in the QBO-W/Smin years. The minimal occurrence of
this sudden stratospheric warming during the QBO-W/Smin years may be associated with
the stable Arctic polar vortex and lower ozone amount in February and March.

The total ozone from TOMS/OMI and ERA-Interim in the QBO-W/Smin group
showed lower than average values in February and March at the equivalent latitude
range of 70-90° N. The CCM satisfactorily simulates the negative anomalies in the total
ozone during spring in the polar regions. We also analyzed the total ozone anomaly for
the passive ozone tracer. The results indicate that the negative anomaly in total ozone is
mostly caused by transport. The chemical anomaly (estimated by subtracting the passive
ozone tracer concentration from the ozone concentration, i.e., Os — Os tracer) is less than
6% of the total anomaly in February and between 10% and 20% in March.

In addition to the total ozone, we also examined the vertical distribution of the par-
tial ozone column anomaly using the CCM output. During the QBO-W/Smin years, large
negative partial ozone column anomalies of <-2 DU were observed within the equivalent
latitudes of 70-90° N at 50 and 70 hPa in February. In March, the region of negative ozone
anomalies of < -2 DU extended slightly into lower altitudes.

In February, the anomalies in the passive ozone tracer and residual mean circulation
suggest that the negative anomalies in the polar lower stratosphere are largely caused by
the transport effect. The positive anomaly in the vertical component of the residual mean
circulation in the polar lower stratosphere is associated with a stronger and more stable
polar vortex. The transport anomaly is also large in March; however, it is smaller than
that in February.

Among the QBO-W/Smin years, in 2011, when an unusually severe ozone loss oc-
curred in the Arctic, very large negative anomalies occurred in February and March, and
evidence of the dominance of the transport effect was seen. The chemical effect on the
total ozone anomalies was between 6% and 20% of the total effect in February and be-
tween 20% and 34% in March.

These results suggest that the ozone in the Arctic spring tends to be lower during the
QBO-W/Smin years than during the other years owing to the dominance of the transport
effect. However, the statistical significance of the anomaly is decreased by one of the
QBO-W/Smin years (i.e., 2009), which exhibits a different seasonal evolution than other
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years in the QBO-W/Smin group. This is attributed to the sudden stratospheric warming,
dominated by wave number two, indicating large positive anomalies in the ozone and
temperature in the Arctic region. Moreover, the small sample size of the QBO-W/Smin
years for 1979-2011 was also a factor that lowered the confidence of our results, although
the negative anomaly in the OMI total ozone in March 2017 during the QBO-W/Smin phase
may improve the confidence of our results. Furthermore, Karen et al. [11] suggested that
the apparent relationship among the QBO, solar cycle, and state of the NH polar vortex
can arise from sampling over relatively short periods as considered in this study. There-
fore, additional future studies based on a larger sample size of the QBO-W/Smin years,
including extended past and future years, are needed.

Supplementary Materials: Figure S1-S3: Supporting Information for “Analysis of Arctic spring
ozone anomaly in the phases of QBO and 11-year solar cycle for 1979-2011" by Yousuke Yama-
shita, Hideharu Akiyoshi, and Masaaki Takahashi.

Analysis of Arctic spring ozone anomaly in the phases of QBO and 11-year solar cycle for
1979-2011.
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