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Abstract. Objectives. To analyze ozone monthly mean data from the MERRA-2 reanalysis and CMIP6 model. To determine
Antarctic ozone asymmetry climatology for austral spring months (September, October, November) over the 1980—2014 period.
Methods. Processing and visualization of the MERRA-2, CMIP6 data on total ozone and ozone partial pressure, following
analysis, interpretation, and comparison. Getting 2D (total ozone column) and 3D (ozone partial pressure) monthly mean
ozone values for the zonal band (0°—90° S) at pressure levels (1000—0.1 hPa) for each month of the chosen period. Calculating
climatology of the total ozone and ozone partial pressure. Comparison of model and reanalysis of results. Results. The amplitude
of ozone zonal asymmetry was calculated to provide the monthly, latitudinal, longitudinal and altitudinal analysis. It is shown
that the largest ozone zonal asymmetry is observed in spring, especially in October, with dominant wave- 1 structure with zonal
minimum over 0°—90° W, and maximum over 120°—180° E longitudinal sectors. The area with high ozone content is located at
the 40°—80° S zonal band and gradually shifts to the south from September to November. The model underestimates amplitude
of ozone zonal asymmetry, especially in October. Conclusions. Latitudinal mean maximums in zonal mean ozone distribution
are observed over 62° S, in October over 66° S, and in November over 68° S for MERRA-2 and over 64° S, 65° S and 66° S
respectively for CMIP6. The poleward shift of ozone latitude maximum continues until March with decreasing of ozone level,
but in April, the shift reverses its direction to equatorward and ozone level starts to increase, however in the model this process
is slower. In September the shift again becomes poleward. In the longitudinal distribution wave-1 pattern dominates with a shift
of longitude ozone minimum. From September to October the shift is eastward, and from October to November westward by
MERRA-2 data and only eastward by CMIP6 data. The highest difference in altitude ozone distribution is observed during
October in the stratosphere between ozone zonal minimum and maximum points and reaches approximately 68% (44%) of the
zonal average value at 65° S (65.4° S) by MERRA-2 (CMIP6) data. MERRA-2 profiles unlike CMIP6 one show higher location
of altitudinal maximum over the zonal minimum and lower over the zonal maximum with the zonal mean in the middle. All
three CMIP6 profiles have the same height of altitude maximum.
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1 Introduction year to year depending on the state of the atmosphere.
For example, the ozone hole was particularly large
In the latest ozone depletion report, the World Mete- | and long lasting in 20135, because of a cold and undis-
orological Organization (WMQO) (WMO, 2018) not- | turbed polar stratospheric vortex and the Calbuco
ed that although the ozone hole had diminished in | volcanic eruption (Ivy et al., 2017), which played a
size and depth since 2000, it was varying greatly from | key role in that year’s ozone depletion. Nonetheless,
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in 2017 the Antarctic ozone hole was very small due
to a warm and unusually disturbed polar vortex (Hi-
rooka et al., 2018). In addition, recent observations
show that the ozone hole in 2019 had the smallest size
since it was discovered (Farman et al., 1985; Milinev-
sky et al., 2019).

Despite the positive trends of recent years, pro-
cesses of ozone recovery are much slower than deple-
tion development. Dhomse et al. (2018) conducted a
deep analysis of chemical and climate models (20 mod-
els with 150 simulations have been considered) and
showed that the time of ozone recovery would depend
on the region. The fastest ozone recovery could be ob-
served in the Northern hemisphere (2020—2044 years)
and the slowest in the Antarctic ozone during spring
(2055—2066). Global ozone values will return to the
levels of 1980 in 2043—2055 (Dhomse et al., 2018).

Many observations (Grytsai et al., 2007; Ialongo
et al., 2012; McPeters et al., 2015) and climate mod-
el simulations (Austin et al., 2010; Dennison at el.,
2017) have shown that the ozone hole could play a
dominant role in the forcing of stratospheric cooling
trends in the Polar Regions. However, models with
zonal mean total ozone column (TOC) could not be
entirely realistic. According to Waugh et al. (2009),
simulations with zonal mean ozone in spring—early
summer describe a warmer stratosphere (and as a re-
sult, a weaker vortex) in comparison to a three-di-
mensional ozone field but there are only small differ-
ences in the polar stratospheric temperatures during
periods with a weak or absent ozone hole. In addi-
tion, Antarctic temperature trends and troposphere
circulation are underestimated when zonal mean
ozone is described (Waugh et al., 2009). Gillett et al.
(2009) also suggested that the inclusion of zonal
asymmetry in ozone might be important for accurate
simulation of future stratospheric temperature trends.
They found a zonal mean temperature response to an
ozone zonal asymmetry up to 4 K in the lower strato-
sphere. Simulations made by Rae et al. (2019) estab-
lished that ozone zonal asymmetry affected the polar
vortex and urged it to elongate and move to the re-
gion with the lower ozone level.

A large zonal asymmetry of springtime ozone over
Antarctica is well investigated (Evtushevsky et al., 2008;

Ialongo et al., 2012). Ozone zonal asymmetry (OZA)
is observed when ozone hole moves relative to the
pole because of planetary wave activity and ozone
rich air accumulates in the Southeast sector 150° E—
170° W (Ialongo et al., 2012) outside of the polar vor-
tex. However the Antarctic ozone hole is not centered
over the pole, but displaced towards the Atlantic sec-
tor at 40° E — 40° W (lalongo et al., 2012), 0°—90° W
(Grytsaietal., 2007), ~45° W (Dennison et al., 2017).
Analysis of the Total Ozone Mapping Spectrometer
(TOMS) data made by Grytsai et al. (2007) found the
largest Antarctic OZA in September—November at
about 60° S. Due to this work a mean sub-Antarctic
zonal maximum is located in the sector 90°—180° E
with total ozone level about 380 Dobson Units (DU)
between 50°—60° S and minimum in the sector 0°—
60° W with total ozone levels about 200 DU between
70°—80° S. Grytsai et al. (2007) also indicate that
OZA was present in the years before the ozone hole as
well and show the annual and lesser monthly (Septem-
ber—November) eastward shift of the zonal ozone
minimum and stability of the zonal maximum (from
the 1979 to 2005). Simulations made by Dennison et
al. (2017) demonstrated that during ozone depletion
the center longitude of ozone hole moved westerly,
showing a shift up to 50°, and then in the 21% century
ozone recovery forced an eastward trend.

Ialongo et al. (2012) showed that OZA during
Antarctic winter—spring is formed under influence of
the planetary waves with wave numbers from 1 to 3,
which could explain ~95% of ozone variability. None-
theless, the components with wave number higher than
2 are often comparable or below the root mean square
of residuals. Quasi-stationary wave-1 dominates in
this region and usually gives the main contribution to
the OZA, while the wave-2 has a smaller amplitude
and is mainly an eastward traveling wave. In the pa-
per (Ialongo et al., 2012) based on OMI total ozone
data it was shown that the wave amplitudes are larger
in October and reach ~140 DU (~45% of zonal mean
TOC) in wave-1 and only during November 2009 and
2010 the wave-2 component showed a large station-
ary component, comparable to wave-1. The predom-
inance of the zonal wave-1 produces a wide longitu-
dinal extension of the zonal maximum and minimum
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(Grytsai et al., 2017). Grytsai et al. (2007) mentioned
that the maximum amplitude of wave-2 was observed
approximately 5° poleward in comparison to the
wave-1 maximum (65° S) and the wave-2 to wave-1
ratio increased at polar latitudes.

In this paper, we provide an analysis of the ozone
monthly mean data from the MERRA-2 reanalysis
and CMIP6 model to determine Antarctic ozone
asymmetry climatology for austral spring months
(September—November) over the 1980—2014 period,
and to compare model and reanalysis results. More
information about MERRA-2 and CMIP6 can be
found in the data and methods section and in the
cited works therein.

2 Data and methods

MERRA-2 system description

The new version of the National Aeronautics and Spa-
ce Administration (NASA) Modern-Era Retrospec-
tive analysis for Research and Applications version 2
(MERRA-2) reanalysis improves and expands the
original version MERRA (Rienecker et al., 2011).
The purpose of this reanalysis is to retrieve the multi-
decadal meteorological data based on constant anal-
ysis and processing system (model and assimilation
component).

In MERRA-2 reanalysis the fixed data analysis
system (FDAS) is used (Punge, Giorgetta, 2007).
MERRA-2 compared to MERRA includes improve-
ments in atmospheric circulation model and can work
with modern satellite data without loss of accuracy
(Molod et al., 2015). Description of MERRA-2 and
its initial assessment is presented in (Bosilovich et al.,
2015). In (Gelaro et al., 2017) the overview of the
MERRA-2 system and comparison of MERRA-2
with MERRA is presented.

MERRA-2 assimilates ozone and temperature pro-
files from the NASA Aura Microwave Limb Sounder
(MLS) from August (for temperature) and October (for
ozone) 2004 and until today (Bosilovich et al., 2015).
Information about MLS ozone and temperature pro-
files can better represent vertical gradients of ozone
in the model. Before October 2004, the MERRA-2
assimilated ozone field was based on measurements

of the Solar Backscatter Ultraviolet Radiometer
(SBUYV) (Frith et al., 2014). Since October 1, 2004,
data from SBUV have been replaced by TOC from
ozone monitoring instrument (OMI) and stratospheric
profiles MLS (Bosilovich et al., 2015).

In MERRA-2 reanalysis spatial and time variabil-
ity of ozone are completely modelled with considera-
tion of advection, chemistry, and satellite data analy-
sis. Ozone chemistry in MERRA-2 is given as month-
ly average, two-dimensional (latitude and pressure)
coefficients of ozone formation and decay.

MERRA-2 covers the period from 1980 to the
present and has a spatial resolution of 0.5° by latitude
and 0.625° by longitude with 42 vertical pressure lev-
els — from the surface to 0.1 hPa, time resolution —
from hours to months (NASA Global Modeling and
Assimilation Office, 2015a—d). In this study, we used
monthly averaged data from 1980 to 2018 (38 years).

Ozone partial pressure p,, (mbar) was calculated
from the ozone mass mixing ratio M, (g/g) using the
following conversion:

Poi= 0.602-10°- M, - pressure (hPa).

Climatology data were obtained from the monthly
mean MERRA-2 data. Climatology gives 2D (total
ozone column) and 3D (ozone partial pressure) mean
ozone values for the zonal band (0°—90° S) at 42
pressure levels (1000—0.1 hPa) for each month of the
1980—2014 period.

MERRA-2 ozone data

MERRA-2 reanalysis is based on satellite data, but
in some areas, it is difficult to measure ozone (dur-
ing polar night or below dense clouds) by satellite.
Temporal and spatial homogeneity in reanalysis is
achieved by weighting and blending observations in a
statistically optimal way. However, there is a big ques-
tion of reanalysis data appropriateness and the oc-
currence of discontinuities, large bias, and unphysi-
cal patterns in them.

In MERRA-2 the total ozone error during SBUV
period (by October 2004) is set to 6 DU. Afterwards
(OMI period) the same error is equal 5 DU every-
where. Both numbers are within 2% of the globally
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averaged total ozone and consistent with the level of
agreement between independent measurements re-
ported by McPeters et al. (2008) and Labow et al.
(2013). McPeters et al. (2015) note that OMI exhibits a
latitude-dependent low bias with respect to SBUV (from
0.5% between 60° S and 15° S to 2% near 60° N).
SBUYV partial column errors depend on the pressure
and are estimated as 1.4 DU (15%) between 1000 and
631 hPa, 1.9 DU (11%—6%) in the lower-stratosphe-
ric layers, 100—63 hPa and 63—40 hPa, and 1 DU (25%
to over 100%) in the upper-stratospheric and meso-
spheric layers (Wargan et al., 2017). MLS ozone pro-
files retrieval errors (i.e., root sum square of random-
noise and smoothing errors) are dominated by smoo-
thing errors due to coarse vertical resolution and gen-
erally vary from 0.8—6% in the middle stratosphere to
6—35% in the troposphere (Liu et al., 2010).

Wargan et al. (2017) have compared the MERRA-2
stratospheric ozone with the Nimbus-7 Total Ozone
Mapping Spectrometer (TOMS), the Microwave Limb
Sounder instrument on the Upper Atmosphere Re-
search Satellite (UARS MLS), the Michelson Inter-
ferometer for Passive Atmospheric Sounding (MIPAS),
the Stratospheric Aerosol and Gas Experiment 11
(SAGE II) and ozonesondes data. The main result of
their work is that MERRA-2 agrees well with inde-
pendent data and has a good representation of strato-
spheric ozone variability. The standard deviation of
the differences between the reanalysis and satellite
data is less than 5—10% everywhere except the regions
with high variability and 10—-20% for ozonesonde
data respectively (Wargan et al., 2017). The integra-
tion of Aura MLS data has led to a better estimation
of ozone in MERRA-2, however, it also produces a
discontinuity that should be taken into account. For
example, compared to MERRA, MERRA-2 is sig-
nificantly more adequate at representing South Pole
ozone from October 2004 onward, when Aura ozone
data are assimilated. Separately, the standard devia-
tion of the differences between MERRA-2 and the
ozonesonde values drops from 12.5% between 1991
and 2004 to 5% between 2005 and 2014 (Gelaro et
al., 2017). More detailed analysis of the ozone as-
similation quality in MERRA-2 is given in (Wargan
etal., 2017; Gelaro et al., 2017).

Discontinuities can be caused by satellite or instru-
ment replacement, by assimilation with not homoge-
nous basic parameters or by natural processes. Krizan
et al. (2019) investigated discontinuities in the ozone
data from MERRA-2 reanalysis in 1980—2017. They
have detected the maximum amount of discontinues
in 1993 and 2004. One of the possible explanations of
1993 maximum given in (Krizan et al., 2019) is the
Pinatubo eruption in 1991. Another maximum in 2004
is obviously connected to the instrument transition
(SBUVto EOS Aura) in 2004. Shangguan et al. (2019)
have similarly identified discontinuities in ozone and
temperature data in 2015 when version 2.2 of the MLS
ozone data was replaced by version 4.2 and in 1998
when the Advanced TIROS (The Television Infrared
Observation Satellite) Operational Vertical Sounder
(ATOVS) was launched. According to (Krizan et al.,
2019) below 4 hPa, the number of discontinuities is
small (the stratosphere has fewer discontinuities than
the troposphere), and they are generally insignifi-
cant. Nevertheless, the data above 4 hPa have signifi-
cant discontinuities and unphysical patterns (see Fig.
1 in Krizan et al., 2019) which look unrealistic. How-
ever, the switch from SBUV to EOS Aura data in
2004 does not have a robust effect on ozone disconti-
nuities existence below 4 hPa (Krizan et al., 2019).

Overall, the MERRA-2 ozone data are in good
agreement with independent satellite and ozonesonde
data. The errors do not exceed the standard deviation
of the observed ozone therefore, the reanalysis is able
to reproduce a natural ozone variability. Below 4 hPa,
the number of discontinuities is small, and they are
generally insignificant. In the troposphere, the num-
ber of discontinuities is greater than in the stratosphere,
but they are generally insignificant. The switch from
SBUV to EOS Aura data in 2004 does not have a ro-
bust influence on discontinuities occurrence below
4 hPa. Nonetheless, data above 4 hPa are not appro-
priate for accurate scientific research due to the huge
amount of discontinues, unphysical patterns and high
observation and assimilation errors.

CMIP6 Ozone

The Stratosphere—troposphere Processes And their
Role in Climate/Atmospheric Chemistry and Climate
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(SPARC/ACC) ozone data set was prepared for the
Coupled Model Intercomparison Project phase 5
(CMIP5S) by Cionni et al. (2011). They used climate
models with interactive chemistry to characterize the
evolution of tropospheric and zonal-mean strato-
spheric ozone data based on accessible observations.
However, the Cionni et al. (2011) data had several
weaknesses, including the underestimation of the
Antarctic ozone hole and total ozone column in the
southern polar latitudes during spring in the past and
the restriction to a single greenhouse gas scenario
for stratospheric ozone in the future. Ozone dataset
for CMIP6 is designed by Chemistry Climate Model
Initiative (CCMI) that consists of several models.
CCMI models cover the lower and middle atmo-
sphere in a fully interactive way (Morgenstern et al.,
2017) and hence provide more reliable ozone fields in
time and space. More details can be found in (Eyring
etal., 2016).

Checa-Garcia et al. (2018) have investigated ozone
radioactive forcing (RF) using CMIP6 and compared
it with CMIP5. They have found that global total
ozone RF is 80% larger estimated by CMIP6. Despite the
significant changes with respect to CMIP5, the CMIP6
estimate is more relevant to the values provided by the
Fifth Assessment Report (ARS5) of the United Nations
Intergovernmental Panel on Climate Change (IPCC)
(provides an overview of the state of knowledge con-
cerning the science of climate change) (Checa-Gar-
ciaetal., 2018). Checa-Garcia et al. (2018) have also
compared the CMIP6 and Multisensor Reanalysis
version 1 in the satellite era (MSL) ozone. They have
compared MSL and CMIP6 trends (1980—2010) for
the 90°—30° S, 90°—30° N zonal bands and globally
averaged. The agreement is good, especially in the
Southern Hemisphere. However, compared to reanal-
ysis in CMIP6 Northern Hemisphere and global to-
tal ozone data fields have a negative bias.

In this work, historical monthly mean CMIP6
ozone data (Hegglin et al., 2016) (only volume mixing
(vmr, mole/mole) is available) for 1980—2014 are used
and compared to MERRA-2 ozone data. The CMIP6
ozone volume mixing data have 66 pressure levels
(from 1034 to 0.0002 hPa), 96 latitude, and 144 lon-
gitude levels (approximately 1.89 by latitude and 2.5

by longitude grid). We used only Southern Hemisphere
ozone up to 0.1 hPa.

Ozone partial pressure p,, (mbar) was calculated
from the ozone volume mass mixing ratio VM,
(mole/mole) using the following conversion:

Pos= VM, - 10° - pressure (hPa).
The column of ozone in DU between a level / and
an upper level / in a discrete vertical grid is estimated

by the equation, taken from the CMIP6 Ozone forc-
ing dataset: supporting information:

TOC = 105 - RT, T s () F (i T 1) '
&Py i=ly 2
(@) —pi+ 1))

Where R = 287.30 JKg'K™', T, = 273.15 K, p, =
= 101325 Pa, g, = 9.80665 m/s?, y_, (i) = VM, of O, at
level i (mole/mole) and p(i) = pressure at level i (hPa).

Climatology data were obtained from the monthly
mean CMIP6 data similar to MERRA-2 data.

3 Results and discussion

Features of ozone latitudinal distribution
in the Southern Hemisphere

In the upper stratosphere, ozone equilibrium distri-
bution arises from the balance between its formation
after the photolysis reaction of molecular oxygen and
the destruction in catalytic cycles that include hydro-
gen, nitrogen oxides, chlorine, and bromine (Bozem
etal., 2017). To maintain a high rate of ozone forma-
tion in equilibrium photochemical reactions (Chap-
man, 1929) it is necessary to have strong ultraviolet
radiation with 320 nm wavelengths which is powerful
only at equatorial latitudes. Thus, according to the
observations most of the ozone is formed over the
tropics, and then has to migrate to the poles. This mi-
gration (transport) of ozone occurs due to the Brewer-
Dobson circulation (BDC) (Brewer, 1949; Dobson,
1956). The cause of this circulation is planetary waves
activity which in extratropical latitudes disturb zonal
mean airflow and cause a weak meridional drift
(Butchart, 2014). These processes are stronger in the
winter hemisphere.
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In the seasonal longitude-latitude (or meridional)
ozone distribution in the Southern Hemisphere (SH),
there are two peculiarities — the hole over polar lati-
tudes and the "collar" of high ozone level over sub-polar
latitudes with clearly defined wave-1 structure (one
maximum and minimum). Both the ozone hole and
ozone "collar" are formed in August, destroyed in
November, with maximums in September—OQOctober.
Nonetheless, these two effects have different origins.

Ozone hole forms inside of the polar vortex. The
vortex exists during polar winter when Antarctica is
almost dark (May—October) and the temperature
drops sharply, due to lack of sunlight. This leads to
the increase of the polar westerly winds in the strato-
sphere because of a growing temperature gradient
between the mid-latitudes and the pole. The polar
westerly wind forms a transport barrier — a strato-
spheric vortex isolating the polar air from tropical
and mid-latitudes (Waugh et al., 2017). Inside the
vortex, the temperature can drop to —78 °C and even
lower, which is sufficient for the formation of the po-
lar stratospheric clouds (PSC). PSC are composed of
ice crystals with traces of nitric and sulfuric acids
(Varotsos, Tzanis, 2012), and serve as the primary
source of ozone-depleting substances. The depth and
area of the Antarctic ozone hole are mainly governed
by the number of stratospheric clouds, chlorine and
bromine concentration in the stratosphere, strato-
spheric temperature and amount of sunlight reaching
the polar region (Dameris, 2010).

The rapid ozone depletion occurs when sunlight
returns to Antarctica (in spring) and penetrates into
the polar vortex. Ultraviolet radiation catalyzes reac-
tions in the stratospheric clouds (see ex., Poole,
McCormick, 1988), leading to the dissociation of
ozone molecules, and as a result, formation of an
ozone hole. Therefore the hole begins to grow in late
winter (usually at the end of August) as the sun re-
turns to Antarctica, reaches its maximum area and
depth in middle September—early October and typi-
cally extends throughout Antarctica or even beyond.
In November, when the temperature rises, polar vor-
tex weakens. When it is destroyed, air from the lower
latitudes can freely penetrate the polar region and the
hole disappears (Varotsos, Tzanis, 2012).

Unlike the Polar Region where the ozone hole
dominates, SH sub-polar and mid-latitudes (40°—80°
S) demonstrate high TOC values — ozone "collar",
but the ozone distribution is not uniform and shows
significant asymmetry with a maximum in Septem-
ber and October (austral spring) (Grytsai et al., 2007,
Ialongo et al., 2012). Ozone "collar" in subpolar lati-
tudes forms because of BDC, which increases during
winter when the temperature gradient between the
tropics and pole is higher. At the end of winter—early
spring ozone rich air reaches subpolar latitudes. In
October, the ozone seasonal maximum is observed.
In early summer, when BDC weakens, ozone starts
to decompose photochemically (Schanz et al., 2014;
Christiansen et al., 2017), reaching the lowest level in
autumn. Ozone "collar" region has a horseshoe-like
shape and is not static every year both spatially (oscil-
lates around a mean minimum and maximum) and
in TOC levels. Longitudinal ozone maximum of the
"collar" is observed over the Indian Ocean south of
Australia and its minimum — over the Atlantic Ocean
and southern South America (Ialongo et al., 2012).

The amplitude of the ozone zonal asymmetry

Climatology study was done for MERRA-2 reanalysis
and CMIP6 historical ozone data for the 1980—2014
period. To retrieve the amplitude of the ozone zonal
asymmetry (OZA), the difference between the maxi-
mum and minimum TOC values in longitudinal distri-
bution (TOC__ —TOC ) was calculated. These values
were used for the seasonal and latitudinal climatology
over polar and subpolar SH regions. Altitudinal and
longitudinal climatology study was done along 65° S
for MERRA-2 and along 65.4 °S for CMIP6 datasets.
Vertical error bars and shadowed areas shown in the
plots reflect the standard deviation from the clima-
tology (further SDFC). In SH these deviations did not
exceed 55 DU in TOC data and 4 mPa in ozone par-
tial pressure data for both reanalysis and model data.
They were highest over the polar region in spring.

Comparison between MERRA-2 and CMIP6 data
was done using relative percentage difference:

data . —data

cmip6 .
Jata 100%.

merra2
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Figure 1. (a) Monthly mean ozone zonal asymmetry amplitude (upper plot, black MERRA-2 and red CMIP6 data) averaged
by latitude (40°—80° S for MERRA-2 and 40.7°—80.5° S for CMIP6) along with standard deviation from latitudinal mean
(color bars on the lower plot) and (b) latitudinal distribution of the ozone zonal asymmetry amplitude in September—November
(shadowed areas represent the standard deviation from the climatology); monthly mean MERRA-2 and CMIP6 ozone data
averaged over the 1980—2014 period climatology

[N 1 Il 1 Il
—-80 —60 —40 =20 —-80  —60

Seasonal changes in the ozone distribution and, as | the BDC, and the strength and position of the polar
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mainly are the result of dynamical processes such as | in Fig. 1a (top plot). The data were averaged over the
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40°—80° S latitudinal ring for MERRA-2 reanalysis
and 40.7°—80.5° S for CMIP6 historical ozone for
the 1980—2014 period. Both for MERRA-2 and for
CMIP6 the peak of OZA occurs in spring. In Octo-
ber OZA amplitude by MERRA-2 data has a sharp
peak, but by CMIP6 data its value is even lower than
in September and November and the spring maximum
is smoothed. In comparison to MERRA-2, CMIP6
underestimates OZA amplitude in October by 42.1%
and overestimates it in August by 43.7%, and in Decem-
ber by 166.6%. In other months, this difference does
not exceed 23%. Latitude mean OZA amplitude by
MERRA-2 (CMIP6) data equals 61.5 DU (55.5 DU),
89.4 DU (51.8 DU) and 51.5 DU (52.1 DU) in
September, October and November respectively, and
over 15—30 DU in other months. Standard deviation
from latitude mean (latitudinal variations, shown as
vertical bars in Fig. 1a, lower plot) is comparable with
longitudinal variation (but lower approximately by
20 DU) and peaks in spring. MERRA-2 latitudinal
deviation (peak in September) is higher than CMIP6
one (peak in October) by 5 DU till September, then
CMIP6 values become higher by 5—15 DU. SDFC
(shown as error bars) are approximately 30 DU in
spring and 10 DU in other months and have similar
behavior — they are overestimated in summer and
early autumn in CMIP6 compared to MERRA-2.
The OZA amplitude latitudinal variations are pre-
sented in Fig. 1b. The climatology over the 1980—2014
period was used. The area with high TOC level (ozone
"collar") and as a result, high amplitude of the ozone
zonal asymmetry in spring covers latitudinal ring of
40°—75° S. The equatorial edge (upper) of the ozone
"collar" is defined as the region where the amplitude
of the ozone zonal asymmetry begins to rise rapidly
and the polar edge (lower) — by the polar vortex bor-
der. The maximum ozone asymmetry is observed at the
ozone "collar” central latitude, which has the highest
TOC level. This is a result of the linear relationship
between TOC level and OZA amplitude. In Septem-
ber this latitude is around 62° S, in October — 66° S,
and in November — 68° S for MERRA-2 and around
64° S, 65° S and 66° S respectively for CMIP6. There-
fore, there is continuous poleward shift of the ozone
"collar" central latitude from September to Novem-

ber, but in the model, this process is less pronounced
in spring. Nevertheless, by monthly mean climato-
logical meridional TOC distribution (not shown) this
shift continues until March. In April the shift reverses
to equatorward, but in September becomes poleward
again and the cycle repeats. Such behaviour of TOC
latitudinal distribution illustrates the interaction be-
tween the BDC and the polar vortex and their impact
on the ozone distribution in mid- and subpolar lati-
tudes. CMIP6 underestimates OZA amplitude in
September up to 20% and in October up to 39%
(CMIP6 October profile is very similar to September
one), but November profile is very similar to MERRA-2
one. SDFC in September is from 5 to 42 DU by
MERRA-2 data and is higher in sub-polar latitudes.
In the model this value is lower by 1—10 DU every-
where. In October the SDFC values are very similar
except for the polar vortex region, where CMIP6
shows values higher on 10—12 DU. In November
SDFC values are the highest compared to other
months — 2—55 DU with a peak over the polar re-
gion (similarly for both the model and reanalysis).

TOC level increases gradually when the intensity
of the BDC grows in the SH (mid-autumn). It reach-
es maximum in spring. The BDC maximum is ob-
served in the winter hemisphere, but ozone rich air
arrives in subpolar latitudes with delay. That is why
ozone maximum occurs there in spring. The position
of the enhanced ozone "collar" relative to the pole is
regulated by the polar vortex, which begins to form in
the austral autumn and becomes the most powerful at
the end of winter with a peak in August. When the
polar vortex strengthens, ozone rich air shifts toward
the equator (from April to September) because the
vortex blocks the entrance to the polar latitudes. How-
ever, when the polar vortex weakens (from Septem-
ber to April) ozone rich air shifts to the pole, and in
December when the vortex completely breaks down,
it penetrates into the polar latitudes. This cycle is
illustrated in the following papers (Waugh et al., 2017;
Zhang et al., 2017). Underestimated OZA amplitude
in CMIP6 and a slower shift to the pole peak latitude
of ozone "collar" could indicate an unrealistic repre-
sentation of the polar vortex and slower meridional
transport in the model.
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Figure 2. (a) Longitudinal distribution of the TOC in September—November over 65° S (points, partial) with sin fit (lines); (b)
October zonal mean, over 30° W (zonal minimum) and 160° E (zonal maximum) altitude profiles of 0zone partial pressure over
65° S. Monthly mean MERRA-2 and CMIP6 ozone data averaged over the 1980—2014 period climatology

The OZA amplitude longitudinal variations are shown
in Fig. 2a. The climatology over the 1980—2014 pe-
riod was used. Close latitude to ozone "collar" center
(65° S for MERRA-2 and 65.4° S for CMIP6) and
spring was chosen for analysis. As one can see in this
figure, the quasi-stationary wave-1 dominates in
TOC zonal distribution. Planetary waves with higher
wavenumbers also exist but have noticeably smaller
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amplitude. In the ozone distribution, the longitudi-
nal shift of the ozone zonal minimum (maximum) is
observed for both model and reanalysis. The longi-
tudinal shift of the zonal minimum is investigated us-
ing wave-1 amplitude (Fourier decomposition, first
order, shown as a line in Fig. 2a). Wave-1 amplitudes
for MERRA-2 (CMIP6) equal 52 DU (47 DU) for
September, 79 DU (48 DU) for October, and 42 DU
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(46 DU) for November. The positions of wave-1 zonal
minimums are 32.6° W (12.9° W), 12.8° W (0° E),
and 16.8° W (11.1° E) respectively. In MERRA-2 da-
ta an eastward shift of ozone zonal maximum is ob-
served from September to October and a westward —
from October to November. However, the ozone
zonal minimum in CMIP6 only shifts eastward from
September to November. In addition, CMIP6 data
compared to MERRA-2 show a more eastward posi-
tion of the ozone zonal minimum and wave-1 ampli-
tude smaller by 39% in October. SDFC is higher for
MERRA-2 near the zonal maximum in September and
zonal minimum in November. Residuals from sinus
approximations do not exceed 15 DU in September
and 7 DU in October and November.

In the subpolar SH latitudes, a source of the sta-
tionary waves may be related to the planetary waves
generated by the South America and Antarctica ge-
ography and thermal (ice/ocean) contrasts (Turner
etal., 2017), as well as transitional tropospheric plan-
etary waves associated with asymmetries in upper-
tropospheric jet (Inatsu, Hoskins, 2004). By (Mous-
taoui et al., 2003), the stratospheric wave-1 perturbs
the isentropic surfaces in such a way that ozone fields
closely imitate the observed pattern in the strato-
spheric geopotential height (GPH) field. Moustaoui
et al. (2003) note that ozone poor air from the polar
vortex mixes with mid-latitudes air in areas where the
potential vorticity is lower due to planetary waves dis-
sipation and the position of TOC zonal minimum in
the longitudinal distribution over the southwest At-
lantic and South America determined by the higher
level of planetary wave dissipation within this area.
Nonrealistic representation of the ozone zonal mini-
mum position in CMIP6 could be connected as well
with nonrealistic representation of the polar vortex
and planetary wave breaking. This is clearly seen in
October when the polar vortex is most powerful and
planetary waves are more active but CMIP-6 data
show the highest difference with the reanalysis.

The OZA altitude variations are shown in Fig. 2b.
The October profile climatology for the 1980—2014
period was used. The highest difference in ozone par-
tial pressure is observed in the stratosphere around
200—10 hPa (10—30 km) for both model and reanaly-

sis. Altitude ozone profiles near the zonal minimum
and maximum are significantly different. The zonal
mean, as expected, is close to average between zonal
maximum and minimum. The differences are seen
not only by the value but also by altitude where the
maximum ozone partial pressure is observed. Thus,
the altitude maximums of ozone partial pressure in
October for MERRA-2 (CMIP6) are located at 30 hPa
(65 hPa) for 30° W, at 40 hPa (65 hPa) for 180° E
and at 35 hPa (65 hPa) for zonal-mean profiles. As
can be seen from these numbers and Fig. 2b the
CMIP6 ozone vertical profiles have the same altitude
maximum for the zonal minimum and maximum
and consequently for all Iatitudes because zonal mean
profile has the same altitude maximum as well.
MERRA-2 profiles unlike CMIP6 show higher posi-
tion of altitude maximum over the zonal minimum
and lower over zonal maximum with the zonal mean
in the middle. Additionally, all MERRA-2 profiles
have higher altitude maximums, but if one estimates
ozone tropopause as a level with a sharp change of
ozone partial pressure CMIP6 ozone tropopause will
be always higher.

Evtushevsky et al. (2008) reported anticorrelation
between TOC and tropopause height. The TOC val-
ues are related to the tropopause height, which in
turn is influenced by the temperature of the lower
stratosphere over Antarctica. In this connection, the
tropopause elevates as the stratosphere cools. De-
creases in TOC are associated with lower tropopause
pressure (and the higher tropopause), and vice versa.
Higher ozone tropopause in CMIP6 could indicate
colder lower stratosphere in CMIP6 compared to
MERRA-2.

The differences in the ozone partial pressure be-
tween the altitude maximum over 30° W and 180° E alti-
tude profiles reach 8 mPa for MERRA-2 and 5.2 mPa
for CMIP6, which is about 68% (44%) of the altitude
maximum of the zonal mean profile. Despite the dif-
ference in ozone altitude maximum between CMIP6
and MERRA-2 (CMIP6 overestimates ozone alti-
tude maximum over the zonal minimum and under-
estimates it over the zonal maximum) for zonal min-
imum and maximum profiles, zonal mean profiles
have almost identical altitude maximum value (but
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different position) over zonal mean. Deviations from
zonal mean are higher for MERRA-2 — maximal
value 3.5 mPa at 50 hPa pressure level (for CMIP6
this value is 2 mPa at 65 hPa pressure level). Maximal
SDFC are observed 15—20 hPa lower than maximum
altitude and are around 2.5—2.7 mPa for both model
and reanalysis (model values are slightly higher).

4 Conclusions

Ozone climatology averaged over the 1980—2014 period
hasbeen analyzed. MERRA-2 reanalysis and CMIP6
model data were compared. The analysis deals with
ozone data in the stratosphere over the polar and
mid-latitudes of Southern Hemisphere with focus on
austral spring months September—November. The
spring season is chosen because during this period
planetary waves and polar vortex are the most active.

In comparison to the Polar Region where during
spring ozone hole dominates, subpolar and mid-lati-
tudes (ozone "collar" at 40°—80° S) in the SH demon-
strate high TOC level with a seasonal maximum in
spring. However, its distribution is not uniform and
has significant asymmetry which is strongest in Octo-
ber. Both ozone hole and ozone "collar" are formed
in August and are destroyed in November with maxi-
mum reached in September—October. Nonetheless,
in the model the ozone hole is more circular and cen-
tered over the pole, and ozone "collar" is shifted east-
ward compared to reanalysis. Ozone "collar" exhibits
clear wave-1 structure with a zonal maximum over
the Indian Ocean — the southern Australia area, and
a minimum over South Atlantic Ocean and the south
part of South America. The maximum ozone zonal
asymmetry is observed in austral spring and peaks
in October with the wave amplitude approximately
61.5 DU (55.5 DU), 89.4 DU (51.8 DU) and 51.5 DU
(52.1 DU) in September, October and November res-
pectively, and over 15—30 DU for MERRA-2 (CMIP6)
data. In October OZA amplitude by MERRA-2 data
has a sharp peak, but by CMIP6 data its value is even
lower than in September and November and spring
maximum is smoothed. In comparison to MERRA-2,
CMIP6 underestimates OZA amplitude in October
by 42.1% and overestimates it in August by 43.7%,

and in December by 166.6%. In other months, this
value does not exceed 23%. Standard deviation from
longitude mean is comparable with longitude va-
riation (lower approximately by 20 DU) and also
peaks in spring. MERRA-2 latitude deviation (peak
in September) is higher than CMIP6 one (peak in
October) by 5 DU till September, than CMIP6 val-
ues become higher by 5—15 DU. Standard deviation
from the climatological mean (approximately 30 DU
in spring and 10 DU in other months) behaves simi-
larly — it is overestimated in summer and early autumn
in CMIP6 compared to MERRA-2.

The continuous poleward shift of the ozone "col-
lar" central latitude from September to November is
observed. In September this latitude is around 62° S,
in October — 66° S, and in November — 68° S for
MERRA-2 and 64° S, 65° S and 66° S respectively
for CMIP6. The shift continues until March. In April
it reverses to equatorward, and in September, again
becomes poleward and the cycle repeats. Such be-
havior of TOC latitudinal distribution illustrates the
interaction between the BDC and the polar vortex,
and their impact on the ozone distribution in mid-
and subpolar latitudes. Underestimation of OZA
amplitude (in September up to 20% and in October
up to 39%) in CMIP6 and a slower shift to the pole of
the peak latitude of ozone "collar" could indicate un-
realistic representation of the polar vortex and slower
meridional transport in the model.

The longitudinal shift of the zonal minimum is in-
vestigated using wave-1 amplitude (Fourier decompo-
sition, fist order). Wave-1 amplitudes for MERRA-2
(CMIPO6) equal 52 DU (47 DU) for September, 79 DU
(48 DU) for Octoberand 42 DU (46 DU) for Novem-
ber and the position of wave-1 zonal minimum —
32.6° W (12.9° W), 12.8W (0° E), 16.8° W (11.1° E)
respectively. In MERRA-2 data an eastward shift of
ozone zonal maximum is observed from September
to October, and a westward — from October to Novem-
ber. However, the ozone zonal minimum in CMIP6
is only shifted eastward from September to Novem-
ber. In addition, CMIP6 data compared to MERRA-2
show a more eastward position of the ozone zonal
minimum and noticeably smaller amplitude of wave-1
in October by 39%.
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The highest difference in ozone partial pressure is
observed in the stratosphere around 200—10 hPa or
10—30 km. The differences in the ozone partial pres-
sure between the altitude maximum over 30° W and
180° E altitude profiles reach 8 mPa for MERRA-2
and 5.2 mPa for CMIP6, which is about 68% (44%)
of the altitude maximum of the zonal mean profile.
Despite the difference in ozone altitude maximum
between CMIP6 and MERRA-2 (CMIP6 overesti-
mates ozone altitude maximum over the zonal mini-
mum and underestimates it over the zonal maximum)
for zonal minimum and maximum profiles, zonal mean
profiles have almost identical altitude maximum value
(but different positions) of zonal mean. MERRA-2
profiles, unlike CMIP6, show higher position of alti-
tude maximum over the zonal minimum and lower
over zonal maximum with the zonal mean in the
middle. All three CMIPG6 profiles have the same posi-
tion of the altitude maximum.
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AHaJIi3 10BrocTpOKOBOi aCHMETPii B 30HAJTLHOMY PO3MOLTi 030Hy Haa AHTApKTHKOIO 32 1anuvu MERRA-2 i CMIP6

Pedepar. Mera. [IpoaHaiizyBaTu cepeIHbOMICSIUHI aHi 3arajlbHOrO BMICTY Ta PO3MOiTY KOHLEHTpalii 030HY 3 peaHasizy
MERRA-2 ta moneni CMIP6. Po3paxyBatu Ki1iMaToJIoTito 030HY Hai AHTapKTUKOIO TTPOTSITOM BECHSIHUX MICSIIiB (BepeceHb,
KOBTeHb, Juctonan) 3a 1980—2014 poku. Meronu. O6pobka i Bi3yasizailisi 3araTbHOTO BMICTY i BEpTUKAJIbHUX TIPOdiiB
MapuiiHoro TUCKy o30Hy 3a nannMu MERRA-2 i CMIP6, nomaibiiunii aHaii3, iHTepIpeTalis Ta HopiBHsIHHs. OTprUMaHHs
2D (3arasibHUIA BMicT 030HY) i 3D (mapuiiiHuii TUCK 030HY) KJIiMaTOJOTiYHO-CEPEAHIX MOJIiB TaHUX ISl 30HAJbHOI CMYTH
(0°=90° na.11.) Ha piBHsaX TUCKY (1000—0.1 rlla) st KoxHOTO Micsilisg odpaHoro nepioay. PesyiasraTu i BuCHOBKU. byo po3-
paxoBaHO aMIUIITYly 30HaJIbHOI aCUMETPil 030HY, MpoaHai30BaHO MiCSIUHY, IIIMPOTHY, JIOBIOTHY i BUCOTHY Bapiallito. byjo
MOKAa3aHO, 10 HaKOLIbIIa 30HAaJIbHA ACUMETPIsl CITIOCTEPIra€EThCsl HABECHI, OCOOJIMBO B XOBTHI, 3 TOMiHYBaHHSM CTPYKTYPU
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XBUJIi- | 3 30HATBHUM MiHiMyMOM 0;113bK0 0°—90° 3x.11. i MakcuMyMoM 6;1n3bK0 120°—180° cx.1. O6macTb 3 BUCOKUM BMICTOM
030HY 3HAXOAUTbCs 0JM3bKO 40°—80° M. 111., i TOCTYIOBO 3MIlLYETLCS Ha IMiBAE€Hb, 3 BEPECHS I10 JIMCTONAaA. Moesb 3aHIXY€E
aMILIITYAy 30HaJIbHOI aCUMeTpii 0cO0JUBO B 3KOBTHi. [IIupoTHUI cepenHiii MAKCUMYM 30HAJIbHO CEPEAHbOrO PO3MO/IiTY 030-
HY CIIOCTePiraeThest OIM3bKO 62° .. Y BepecHi, 66° mi.a. y )oBTHi i 68° mu.a. y muctonazni st MERRA-2 i 6im3sbko 64°
. I., 65° .. i 66° m.x., BignosigHo, mist CMIP6. BucHOBKU. 3CYB 10 MTOJIIOCY 30HAJILHOI 00J1aCTi 3 BACOKMM BMiCTOM 030-
HY TPUBAE 10 Oepe3Hs 3i BMEHIIEHHSIM BMICTY 030HY, ajie Y KBiTHi 3MiHIOETbCSI HA TIPOTUJIEXKHUI — 3CYB 10 eKBaTopa 3 Iifl-
BUILIEHHSIM PiBHSI 030HY. Y BepecHi 3CyB 3HOBY CTAa€ MOJSIPHUM. [1J1s1 030HOBOI XBUJIi- 1 3 Mics1Is1 B MicsILib MOXKHA CIOCTepira-
TH CXiHE 3MillleHHS JOBFOTHOTO MiHIMyMY 3 BEPECHS 10 3KOBTHSI, i Ha 3axi, 3 KOBTHS 110 Jucronan 3a jaHumMu MERRA-2,
ane 3a ganumu CMIP6 30HaIbHMIE MiHIMYM 3CYBa€ThCS TITBKM Ha CXill BiZl BEpecHs 10 JucTonana. MakcumaibHa pi3HULIS Y
MapiiaJlbHOMY TUCKY O30HY Y BUCOTHOMY PO3IIOJIiJIi CIIOCTEPIiraeThes B XKOBTHI y cTpaTocdepi Mixk BACOTHUMU MaKCUMyMaMu
30HAJTLHOTO MiHIMyMY i MAKCUMYMY i CTAHOBUTH O113bK0 68% (44 %) Bin 3HaYEHHST KOHIIEHTPAIIii 030HY Y 30HAITBLHO Cepe/i-
HbOMY BUCOTHOMY MaKCHMyMi B3I0BX 65 1. mi. (65.4 ma.mr.). Beprukanbhi npodini MERRA-2 Ha BimMiHy Bim npodiiis
CMIP6 nokasyioTh OLIbIll BUCOKE MOJIOXKEHHS BUCOTHOTO MAKCUMYMY Hajl 30HAJbHUM MiHIMyMOM i HUXK4Ye — Haj 30HaJlb-
HUM MaKCMMYMOM 3 CEpeIHIM MiXX HUMHU 30HaJbHO cepenHiM. Bei Tpu BeptukanbHi mpodini CMIP6 maroTh omHaKoBe 1MO-
JIOXEHHSI BACOTHOTO MaKCHUMYMY.

KirouoBi coBa: 030HOBA Jipa, IUIAHETAPHI XBUJIi, KJIIIMATOJIOTis, 30HaIbHa acumeTpisi, MERRA-2, CMIP6
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