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Abstract

Analyses of stratospheric ozone data determined from Dobson Umkehr measurements
since 1977 at the Syowa (69.0° S, 39.6° E), Antarctica station show a significant de-
crease in ozone at altitudes higher than that of the 4 hPa pressure level during the
1980s and 1990s. Ozone values over Syowa have remained low since 2001. The time
series of upper stratospheric ozone from the homogenized NOAA (/2) SBUV 8.6 over-
pass data (+4°, 24 h) are in qualitative agreement with Syowa station data. Ozone
recovery during the austral spring over Syowa station appears to be slower than pre-
dicted by the Equivalent Effective Stratospheric Chlorine (EESC) curve. The long-term
changes in station’s equivalent latitude are derived from MERRA analysis at ~2hPa
and ~ 50 hPa. These data are used to attribute some of the upper and middle strato-
spheric ozone changes to the changes in vortex position relative to station location.
In addition, high correlation of the Southern Hemisphere Annular Mode (SAM) with
polar upper stratospheric ozone during years of maximum solar activity points toward
a strong relationship between the strength of the Brewer-Dobson circulation and the
polar stratospheric ozone recovery. We have analyzed the results of ozone profiles
over Syowa determined from measurements of the Umkehr effect by Dobson ozone
spectrophotometers. The ozone depletion attributable to CFCs is clearly visible in the
record, but the recovery is slower than predicted. Further research indicates that dy-
namical and other chemical changes in the atmosphere are delaying the recovery over
this station.

1 Introduction

The ozone hole was originally discovered by Farman et al. (1985) in the 1980s, and the
depletion of ozone accelerated rapidly during the end of the 20th century (Solomon,
1999), with a leveling off of the annual depletion in the early part of the 21st cen-
tury (Salby et al., 2011). Molina and Roland (1974) predicted depletion of the ozone
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layer by photochemical reactions with man-made CFCs, which were transported to
the stratosphere. In the middle and upper stratosphere (above about 25km), ozone
destruction occurs through the gas phase catalytic reaction with chlorine atoms and
through photochemical destruction. Conversely, ozone depletion in the lower strato-
sphere (height of about 15-20 km) takes place through the heterogeneous reaction on
the surface of polar stratospheric clouds (PSCs: Polar Stratospheric Clouds) (Solomon
et al., 1986). PSCs contain particles of water vapor (H,O), nitric acid (HNO3), and
sulfuric acid (H,SO,), created under the specific atmospheric condition of low temper-
ature in the Polar lower stratosphere. The upper stratospheric ozone depletion at the
Northern middle latitudes has shown signs of recovery beginning in 1997 as a result
of the Montreal Protocol initiated control of CFCs (Newchurch et al., 2003). Although
the first stage of ozone recovery, described as a slowdown of an ozone reduction, has
been already observed, the second stage of the statistically significant ozone increase
has not yet been reached (Solomon et al., 2005; WMO, 2011). Even at the current
stage of enhanced control of CFC production, the balloon, satellite and ground-based
ozone observations in the Antarctic region show high year-to-year variability in the
ozone hole region, and reveal a delay in ozone recovery as compared to the mid-low
latitude trends (WMO, 2011; and references therein). The Syowa ground-based sta-
tion (69.0°S, 39.6°E) in Antarctica has been collecting ozone profiles from Dobson
Umkehr measurements since 1977 (Miyagawa and Sasaki, 2009), providing informa-
tion on long-term changes in the upper and middle stratosphere. The ozone variabil-
ity in the upper stratosphere is primarily controlled by chemical reactions influenced
by the anthropogenic ozone-depleting substances (ODS), as compared to the dynami-
cally driven troposphere, and thus is expected to provide information for early detection
of ozone recovery (Newchurch et al., 2003). However, continuous increase of green-
house gases in the atmosphere and enhanced cooling of the stratosphere can affect
recovery of the ozone layer (Waugh et al., 2009; Li et al., 2009; Oman et al., 2010
and references therein). While the ODS levels have been significantly decreasing after
reaching a maximum in 1998, stratospheric temperature has been decreasing in re-
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sponse to the increase in concentrations of greenhouse gas chemicals such as water
vapor, CO, and methane. Cooling of the upper stratosphere reduces ozone loss rates
(mainly through the O + O5 = 20, chemical cycle), and therefore results in faster ozone
recovery (Rosenfield et al., 2002). Lower temperatures due to climate change in the
polar lower stratosphere increase heterogeneous conversion of chlorine and bromine
reservoir species to more active forms, leading to a decrease in ozone. In this paper we
discuss the long-term trend of polar upper stratospheric ozone in relation to the ODS
concentration changes over the Antarctica. The ODS concentrations are often rep-
resented by the time series of the EESC (equivalent effective stratospheric chlorine)
concentration that are based on the known budgets of the anthropogenic and natu-
ral sources of CFCs, halogens and bromines, understanding of the life-time of these
species in the atmosphere, and estimates of the transport/mixing of ODS from the
tropical troposphere to stratosphere and from tropics to high latitudes by a meridional
transport and vertical mixing (Brewer Dobson Circulation, or BDC). The ODS concen-
trations over Polar region (or EESC curves) are defined by the “age of the transported
air’ (WMO, 2011).

In addition to the chemical reaction mechanism, stratospheric ozone is radiatively
coupled to atmospheric dynamics, and can be affected by meridional transport (BDC),
or stratospheric temperature changes related to heat transport through wave activity
and to variations in the polar vortex (Jiang et al., 2008; Hitchman and Rogal, 2010);
ozone depletion has been shown to affect the strength of the polar vortex (Thompson
and Solomon, 2002; Perlwitz et al., 2008; Fogt et al., 2009; Li et al., 2010; Oman et al.,
2010; Son et al., 2010). While the SH has weaker planetary wave activity than the NH,
the change in the BDC contributes strongly to ozone variability over the South Pole
region. A relationship between the Antarctic stratospheric ozone depletion, strength-
ening of the polar circulation in the SH stratosphere and the Southern Annular Mode
(SAM) index has been found in observations and discussed in many papers (Kushner
et al., 2001; Thompson and Solomon, 2002, 2005; Arblaster and Meehl, 2006; Jiang
et al., 2008; Fogt et al., 2009; Wang et al., 2011). The intra-annual ozone-SAM link has
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also been identified in coupled chemistry-climate models (Perlwitz et al., 2008; Son
et al., 2008; Fogt et al., 2009; Thompson et al., 2011). The largest variability in the
Antarctic stratosphere associated with the SAM signal is observed in the September
through December period. A positive trend in SAM is also related to a stronger plan-
etary wave activity in stratosphere and prolonged westerly anomalies (Li et al., 2010).
At the same time, Antarctic polar ozone long-term depletion has influenced the austral
summer tropospheric circulation (SAM) in the Southern Hemisphere (Perlwitz et al.,
2008). Correlation of the SAM index and Syowa ozone data interannual variability is
addressed in this paper.

The EI Nino Southern Oscillation (ENSO) (Diaz and Markgraf, 1992) is the largest
climatic signal observed in many meteorological data sets, not just over the equator,
but also in remote areas. ENSO is found to be responsible for the generation of a type
of Rossby wave that travels from the Equator towards the Poles, and is responsible
for coupling between the stratosphere and troposphere over Antarctica (Hoskins and
Karoly, 1981; Randel, 1987, 1988; Perlwitz and Harnik, 2004; Turner, 1994; Hu and Fu,
2009; lalongo et al., 2011). The ENSO signal at sea level pressure and at high latitudes
is amplified when it is in phase with SAM (Fogt and Bromwich, 2006), for example, dur-
ing the 1990s. The ENSO signal for the time period between 1958 and 2001 is highly
anti-correlated with SAM at the surface, but has weaker correlation (negative) at 50
and 30 hPa atmospheric levels (Haigh and Roscoe, 2006). It shows high correlation
during austral summer, when 25 % of the SAM inter-annual variability is linearly related
to ENSO (LHeureux et al., 2006). Therefore, the relationship between ozone variabil-
ity and ENSO or SAM signal is highly non-linear, where the SAM’s decadal changes
enable shifts in climate regimes (Yuan and Yonekura, 2011). The change in sea level
pressure affects the westerlies, which therefore create a stronger polar vortex, and thus
affect polar ozone (Hu and Fu, 2009).

The impact of the 11-yr solar cycle and the stratospheric equatorial Quasi-Biennial
Oscillation (QBO) on the Southern Annular Mode (SAM) in late winter/spring is dis-
cussed in the paper by Kuroda and Yamazaki (2010). Under an Easterly QBO mode,
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the critical latitude shifts more toward the Pole, and planetary waves propagate to the
stratosphere, which strengthens residual BDC and reduces ozone in the lower strato-
sphere. Similar results are also found by Haigh and Roscoe (2006), when SAM variabil-
ity is analyzed in relation to the compound of solar and QBO signals as compared to us-
ing these signals separately. Moreover, significant stratospheric warming over the high
latitudes in the Southern Hemisphere has been derived from Microwave Sounding Unit
observations (Hu and Fu, 2009). Warming trends are related to the increases of the
stratospheric eddy-heat fluxes during austral late summer and fall, which are caused
by the increase of the wave propagation into stratosphere and adiabatic heating. Hu
and Fu (2009) found close correlation with Sea-Surface Temperatures, which are influ-
enced by the anthropogenic increase in the green-house gases. Future stratospheric
warming will likely influence ozone recovery in the upper stratosphere (Waugh et al.,
2009; Stolarski et al., 2010). Moreover, analysis of the coupling between stratospheric
ozone variability and climate changes that are affecting dynamics and meteorology of
the atmosphere and oceans in the Southern Hemisphere are of great importance for
future ozone level predictions.

Since both QBO and ENSO influence polar stratospheric temperatures and wave ac-
tivity (Hamilton, 1998), and therefore ozone, it is difficult to separate the signals. Using
an equatorial zonal wind data archive for the 1958—-2008 periods, Taguchi (2010) found
ENSO-related changes in the phase and amplitude of the QBO signal that are related
to the wave activity at the Equatorial region. However, there are modeling studies that
find stratospheric polar temperature changes between El Nino (EN) and La Nina (LN)
periods even when no QBO signal is included in the model (Sassi et al., 2004; Garcia-
Herrera et al., 2006; LHeuraux and Thompson, 2006). Clear differences in general
circulation and total ozone distribution in the Southern Hemisphere are found between
LN and EN years (Garfinkel and Hartmann, 2007; Hitchman and Rogal, 2010). Hitch-
man and Rogal (2010) showed that in months of August-September-October there is
a strong relation between UTLS anticyclone near the tip of South Africa (SA), wave
activity, and reduction of ozone distribution that is driven by ENSO events. Syowa sta-
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tion is located along the longitude that intersects the location of the South African High
anticyclone, and therefore is affected by the variability in regional meridional circulation
and by ENSO variability, i.e. strong anticyclone forms near SA during EN phase, and
stronger transport of ozone-poor air-masses to high latitude stratosphere occurs, thus
affecting year-to year variability in stratospheric ozone over Syowa station.

Global warming (climate change) also affects stratospheric ozone layer depletion
through sensitivity of the chemical reactions to the atmospheric temperature change.
When the concentration of greenhouse gases increases in the atmosphere, the tem-
perature of the troposphere rises (greenhouse effect) (Turner et al., 2006). At the same
time more of the outgoing Earth infrared radiation becomes trapped in the troposphere
instead of reaching the stratosphere. Therefore, this missing IR radiation does not bal-
ance out stratospheric cooling due to emission from the increase in stratospheric water
vapor and carbon dioxide gases. The change of the heat balance reduces temperature
in the stratosphere (Shindell, 2001). This effect is especially large in the polar lower
stratosphere, and it strengthens the occurrence of the PSCs in winter. Therefore, it
strengthens the Antarctic ozone-hole chemistry. Chemical processes on the surface of
the PSC clouds release active chlorine and create conditions for rapid ozone destruc-
tion in both Antarctic and the Arctic region when the sun returns (Solomon et al., 1986;
Solomon, 1999). Conversely, the temperature decline of the upper stratosphere leads
to the increase in ozone (O3), via an increase in the rate of the binding reaction of
an oxygen molecule (O,) and an oxygen atom (O). On the other hand, water vapor in
stratosphere converts to hydrogen oxide (OH) molecules that destroy ozone, while OH
also reacts with CFCs that create Chlorine compounds that also destroy ozone. Addi-
tionally, a change in the transport pattern known as the BDC tends to increase water
vapor in the stratosphere, which also affects ozone layer (Garcia and Randel, 2008). It
is important to distinguish the influence that climate change has on ozone layer deple-
tion from the effects of ODS. While stratospheric 0zone concentrations will recover with
the reduction in ODS the impact of the stratospheric ozone change on the temperature
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trend will be altered by the effects of the increase in the greenhouse gases (Stolarski
et al., 2010).

Continuous monitoring by high quality ground-based observations is very important
for detecting long-term changes in the ozone global distribution. The mechanisms that
affect ozone on different time scales need to be investigated. The Dobson ozone spec-
trophotometer measurements provide not only estimates of total ozone column above
the surface, but also vertical profile information. The Umkehr technique has been used
since the 1930s (Gotz et al., 1934) to derive the vertical ozone profile from zenith sky
measurements. The algorithm is described elsewhere (Petropavlovskikh et al., 2009).
The re-evaluated Umkehr datasets from the Syowa Japanese ground-based Dobson
station (Miyagawa et al., 2009) are used for this study (Sect. 2). A further data refine-
ment is described below.

The paper by Miyagawa and Sasaki (2009) describes trends determined in the aus-
tral spring-summer season from ozone profiles measurements at Syowa station using
techniques similar to Reinsel et al. (2002). In this paper we are using the same data set
(plus 4 more years), similar statistical methods, and investigate the contributions from
other atmospheric parameters (Sect. 3). We compare the ozone trend derived from
Umkehr measurements at Syowa station with the trend derived from the homogenized
Solar Backscatter UV (SBUV) instrument satellite data that is restricted to the station
over-pass (see details in Sect. 3.4). We investigate ozone trends in the upper strato-
sphere with respect to changes in temperature while also accounting for the changes
in ODS. Moreover, we find that long-term changes in ozone at high latitudes and in the
upper stratosphere cannot be fully explained by the ODS related chemistry. Therefore
we include additional explanatory parameters in the statistical model and study their
correlation with the long-term changes in the Umkehr ozone profile record over Syowa
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Umkehr ozone profile measurements at Antarctic station Syowa (69.0° S, 39.6° E) are
typically possible from late August to April. About 1508 data records were acquired
by the Japanese Antarctic Research Expedition at Syowa Station between 1977 and
2011. The total number of usable ozone profiles derived from the observations of the
Umkehr effect at Syowa is 928 in August—-December and 580 in January—April. The fully
automated system of Dobson Umkehr measurements was introduced for more frequent
and higher quality data in 1994 (Miyagawa, 1996). All Umkehr data from Syowa station
are available from the World Meteorological Organization (WMO) Ozone and Ultraviolet
Data Centre in Toronto, Canada (WOUDC).

The limited data taken by Dobson instruments at Halley (73.5° S, 26.7° W), and Fara-
day (65.3° S, 64.3° W) stations in the Antarctic region from 1957 to 1972 are also in-
vestigated and compared to the Syowa record. The data at Halley station was acquired
during the months of October (13 observations), February and March (7 observations).
In addition, 40 Umkehr ozone profiles obtained at King Baudouin and 65 profiles at
Faraday stations are used for the discussion of seasonal variability of stratospheric
ozone prior to the ozone hole and to check the consistency with the early part of Syowa
record.

In our study, we used vertical profiles of ozone derived from the measurements by the
SBUV instruments on NASA’s Nimbus-7 satellite and SBUV/2 instruments on NOAA-9,
-11, -16, -17 and -18 satellites. The data record begins in October 1978 and is nearly
continuous until the present. The data set is processed with the SBUV V8.6 algorithm
(http://acd-ext.gsfc.nasa.gov/Data_services/merged/sbuv.alg_cal.html), and is provided
by NOAA (C. Long, private communications in 2012).
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3 Trend evaluation
3.1 Uncertainty for ozone profile retrieval

Umkehr observations have been routinely conducted at the Syowa Antarctic station for
more than 30 yr. However, the Umkehr record at Japanese stations has evident discon-
tinuities. The majority of the discontinuities are associated with the regular exchange
of station instruments (instruments are replaced every 2yr), which involves applica-
tion of new calibration parameters (for total ozone measurements) and accounting for
instrument-specific optical characteristics. The systematic errors are evaluated by si-
multaneous intercomparisons of each instrument (Dobson #119 and Dobson #122)
with the reference instrument (Dobson #116). Through the reevaluation of Syowa’s
record as described in detail by Miyagawa and Sasaki (2009), most discontinuities in
station’s Umkehr time series are successfully corrected.

During the development of the UMKO4 ozone profile retrieval algorithm
(Petropavlovskikh et al., 2005), the a priori ozone data were based on an earlier ver-
sion of ozone climatology (personal contact with G. Labow in 1999) and later published
by McPeters et al. (2007). The climatology available in 2004 was based on 1982-2000
SAGE Il (Stratospheric Aerosol and Gas Experiment) record and ozone sonde data
that had inconsistent coverage at high latitudes. Therefore, for high latitude Umkehr re-
trievals (relevant for only the few stations that take Umkehr measurements at latitudes
poleward of 60° S), the UMKO04 algorithm uses the middle-latitude (50-60° S) a priori.
For the analyses published in this paper, the Syowa data are processed by the UMK04
algorithm modified to include an updated a priori for 60-70° S. The updated a priori is
based on the MLS 2007 climatology (McPeters et al., 2007), which at high latitudes
relies on MLS (Microwave Limb Sounder) ozone profiles recorded aboard the UARS
(Upper Atmosphere Research Satellite) satellite operated by NASA between 1991 and
2005 (Livesey et al., 2003).

Umkehr measurements at Syowa are affected by the elevation of the sun, which has
seasonal dependence. This means that the range of SZA available for Umkehr profile
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retrievals changes rapidly during early spring and late fall. Typically, the UMKO04 ozone
profile retrieval algorithm normalizes the Umkehr measurements to 70-degrees SZA
observation. In early spring and autumn, since the solar elevation is lower, it changes
normalization to the observation at 80-degrees SZA. Change in the range of SZAs
available for Umkehr retrieval creates a small, but significant bias in the UMKO04 re-
trieved ozone profile. What could be even more detrimental for trend analysis, Umkehr
measurements in 1988 and 1989 were taken only up to 80-degrees SZA. Therefore,
temporal change in normalization of measurements can create a step change in the
ozone time series. Therefore, in this study we apply the UMKO04 retrieval algorithm to
all records uniformly normalized to 80-degrees SZA.

3.2 Statistical trend model

Strong inter-annual and seasonal variability in stratospheric ozone over Syowa requires
statistical models to attribute long-term changes to natural and anthropogenic sources
(WMO 2011 and references therein). Besides the commonly used regressions against
the Solar cycle and QBO phase, including the analysis of the residuals to determine
statistical significance of derived trends (Reinsel et al., 2002; Newchurch et al., 2003),
dynamical proxy terms were also used in previous studies of ozone data (Steinbrecht
et al., 1998; Appenzeller et al., 2000; Weiss et al., 2001; Reinsel et al., 2005; Za-
nis et al., 2006; Dhomse et al., 2006; Wohltmann et al., 2007; Vyushin et al., 2007;
Krzyscin et al., 2009) including so-called Equivalent Latitude (EqLat, the latitude that
encloses the same area poleward of it as a given potential vorticity contour, Butchart
and Remsberg, 1986) of the stations that accounts for meridional transport and thus
represents a dynamical proxy (Butchart and Remsberg, 1986; Schoeberl et al., 1992;
Manney et al., 1994, 1999; Lu et al., 2009, 2011; Nash et al., 1996; Pan et al., 2011).
However, the studies mentioned above addressed ozone variability observed mostly
in the Northern Hemisphere. In this paper we include several dynamical proxies in
the statistical regression model, such as SAM, ENSO, Heat flux (55-75° S average at
10hPa), and Equivalent latitude that help to capture the inter-annual ozone variability
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observed in the upper and middle stratosphere over Syowa station. The attribution of
ozone variability described in this paper is specific to the processes affecting ozone
at the Antarctic coastal area, and can be different for other geo-locations above the
Antarctic continent because the polar vortex exhibits non-zonal features during the
austral spring time (Hassler et al., 2011).

The accuracy of the ozone trend analysis depends on the successful removal of nat-
ural variability from the ozone record. The statistical trend model used in this paper
is defined as the 1st order auto regression (AR(1)) fit in the data with seasonal cycle,
effects of solar activity (SOR), QBO, SAM, ENSO, Heat flux, and EqgLat of the station.
The statistical model fit provides attributions of the above parameters to the Syowa
ozone record and reduces variability in residual data prior to assessing how remaining
long-term changes are related to the anthropogenic forcing (WMO, 1992). The “broken
stick” model (Reinsel et al., 2002, 2005) is used to analyze data for linear changes
before and after a chosen “turning point”, which is a date that is associated with the
reverse in the annual growth rate of the atmospheric ODS concentrations. The model
is set to detect a change in the linear trend after the “turning point” and to estimate sta-
tistical significance in this change by using the CUSUM method (Reinsel et al., 2002;
Newchurch et al., 2003). Another approach is to use the EESC curve as one explana-
tory parameter and assess changes in the data that agree or disagree with prescribed
rate of increase and reduction of the ODS concentrations in the atmosphere (Zanis
et al., 2006). Equation (1) describes the multiple regression model, which consists of
linear terms (linear trend and change in trend) and/or several proxies that account for
the anthropogenic and natural variability of ozone as described above (Reinsel et al.,
2002, 2005; Yoshimatsu et al., 2005).

Y] = ag + a4[Xili—qr, + @2l Xoli—ar, + - - - + @mlXimli—az,, + €1 (1)

Here, X, is the explanatory parameter, a, is an intercept and a,, is a partial regression
coefficient, and e; is the unexplained noise term assumed to be autoregressive with
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time lag of 1 month. ¢ is a number of months from January 1979, and dt is the optimum
lag value of the proxy.

Proxy datasets

The following datasets are used as proxies (Table 1). The solar activity (SOR) index
is represented by the solar flux (3,750 MHz) observed by National Astronomical Ob-
servatory of Japan. For QBO proxy we use the east-and-west zonal wind at 50 hPa
and 30 hPa over Singapore (1°N/104° E) (Freie Universitat Berlin Physics of the Mid-
dle Atmosphere). In addition, we apply the SAM index based on the UK Met database
(Marshall, 2003). The NOAA Climate Prediction Center (CPC) (private communications
with C. Long, in 2010) stratospheric analysis data are used as the proxy for the upper
stratospheric temperature changes over Syowa (Finger et al., 1993; Gelman, 1991).

The El Nino Southern Oscillations (ENSO) index is taken from the NOAA/NCEP
analysis. The Heat Flux is the parameter that represents correlation of the meridional
temperatures and winds. Under strong wave activity the Heat Flux increases. It is cal-
culated as divergence in stationary waves 1-3 (the strongest wave numbers) and is
taken as an average between 45° and 75°S. This information is obtained from the
NASA MERRA reanalysis. The Modern Era Retrospective-analysis for Research and
Applications (MERRA) is available online through the Modeling and Assimilation Data
and Information Services Center (MDISC). Data provided are daily averages since
1979. Since the heat flux is highly variable parameter, only days that are co-incident
with Umkehr measurements are used in monthly averages.

Figure 1 shows time series of ozone monthly averages (a) and all proxies used in the
trend model fit, such as QBO (b), ENSO (c), Solar (d), SAM (e), EqLat (f), Heat flux (g)
and Aerosol optical depth (h). Heat flux uses 10-hPa of 45-75° S, and EqLat is used at
1300 K. Aerosol optical depth (AOD) is defined as monthly averages over 40—-45° N to
detect the events of volcanic eruption.

The correlation coefficient (R) and root mean square deviation (RMSD) of the resid-
ual is provided in Table 2 and represents the quality of the fit. Sequential addition of
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proxies to the regression model and assessment of changes in R (or RMSD) of residu-
als allows for evaluation of independency of the chosen proxies for trend analysis. Cor-
relation analysis of variability in different proxies also helps to eliminate non-orthogonal
terms from the model (see Table 2).

In order to optimize the autoregressive model that fits the observed ozone variability,
the time lag has to be determined for all explanatory variable time series. Results are
shown in Table 2 (Sect. 2). For example, the application of the lag to the Singapore
winds (QBO) time series has been applied in many studies of ozone trends (Zerefos
et al., 1992). The lag represents the time it takes for the transport to affect ozone at
higher latitudes. A significant influence of volcanic eruption on total ozone was found
in the northern latitudes (Mader et al., 2007). The application of the northern-latitude
AOD time-series for analysis of data collected in the Polar southern latitudes requires
application of the time-lag. Poberaj et al. (2011) suggest that ozone depletion due to
chemical reactions on volcanic aerosol surfaces was compensated by the QBO and
EP-flux enhanced BDC transport, such that the effect of Pinatubo eruption was not ob-
served in Southern Hemisphere until 1992 (Poberaj et al., 2011) (See results in Table 2,
part 2). The lag of 18 months in the ENSO record is determined for ozone variability in
layer 8 of Syowa data. Garfinkel and Hartmann (2007) have discussed ENSO and QBO
interferences and their effects on the temperature in Polar stratosphere. They found
the typical lag of ENSO in the temperature record at 10 hPa and poleward of 70° S was
one month or less, which was related to the anomalous heat conversion caused by the
wave breaking in the stratosphere, and where the radiation relaxation happens more
quickly than at 50 hPa level (Newman et al., 2001). This finding is likely to be similar
to the upper stratospheric ozone record through the strong temperature/ozone chem-
istry relation. They also found an auto-correlation in the 10 hPa temperature record at
a 12 month lag. This suggests that the Antarctic vortex has some “memory” for the
ENSO signal that could last for at least one year. ERA-40 analysis temperatures at
10 hPa were used in this study, and the authors noted that the 12 month lag could be
an artifact of the ERA-40 data assimilation.
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A similar lag was discussed by Zerefos et al. (1992), who found a 43 month long wave
in the spectral analysis of the total ozone time series. The authors could not explain it
by any physical processes. Possible mechanisms for a lag as long as 18 months for
ENSO need to be investigated further. Heat flux and SAM were found to have 16 and
2 month time lags, respectively, for layer 8 (4—2hPa). It is important to note here that
the derived time lag is also altitude dependent, corresponding to different processes
governing the upper, middle and lower stratosphere.

After removing inter-annual variability in ozone data associated with the above pa-
rameters, we address the remaining long-term changes in ozone and the relationship
to changes in ODS.

3.3 EESC trend curves

The EESC (Equivalent Effective Stratospheric Chlorine) time series are used to ex-
plain ozone depletion or recovery rates that are associated with changes in the ODS
concentrations in the atmosphere (Douglass et al., 2006; Newman et al., 2006; WMO,
2007, 2011; Oman et al., 2010). The Polar EESC curves have been produced with set-
tings that correspond to different assumptions regarding the mean age of air (how long
it takes to transport the air with ODS chemicals from surface to stratosphere in tropics,
and then from tropics to high latitudes) and by assuming the number of years (typically
half of the age) to define the width of the air spectrum that depends on the life time of
the ODS chemicals and transport pathways that change with the altitude and latitude
of the observations. The effective chlorine includes all chlorine and bromine atoms of
halogen species that destroy ozone. The contribution of bromine species is enhanced
by Alfa coefficient that represents the greater efficiency of bromine (10 times for this
case) in ozone destruction as compared to chlorine species (WMO, 2011). Three sets
of EESC time series are used in analysis of the ozone records. The EESC curves are
generated by the Goddard auto-mailer (http://acdb-ext.gsfc.nasa.gov/Data_services/
automailer/index.html). Figure 2 shows the time series of three sets of EESC curve
after normalization to zero level at the beginning of 1979. The first set (black line in

393

Jadedq uoissnosiq | Jadeq uoissnosiq |  Jadeq uoissnosig | Jaded uoissnosig

ACPD
13, 379-435, 2013

Long term changes
in the upper
stratospheric ozone
at Syowa, Antarctica

K. Miyagawa et al.

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/379/2013/acpd-13-379-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/379/2013/acpd-13-379-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://acdb-ext.gsfc.nasa.gov/Data_services/automailer/index.html
http://acdb-ext.gsfc.nasa.gov/Data_services/automailer/index.html
http://acdb-ext.gsfc.nasa.gov/Data_services/automailer/index.html

10

15

20

25

Figure 2) is chosen to represent EESC concentrations for the middle latitude upper
stratosphere. It is based on the choice of 4 yr for age of air, 2 yr for air spectrum width
distribution, and the 2010 WMO scenario for the ODS fractional release rates (Newman
et al., 2007; Oman et al., 2009). However, the mean age of air varies with altitude and
latitude (Waugh and Hall, 2002) and changes over time (Douglass et al., 2008; Waugh,
2009).

We chose two additional EESC sets generated by the NASA Goddard auto-mailer
to represent the effective chlorine levels for the South Polar stratosphere. The first
curve (Polar 2) is based on 5.5yr of age of air and reaches its maximum in 2001. The
second polar curve (Polar 3) exhibits maximum in 2008. It is modeled using 10yr to
define the mean age of air at upper stratospheric levels at high latitudes. This number
is based on the MIPAS (Michelson Interferometer for Passive Atmospheric Sounding)
measurements of SFq that Stiller et al. (2008) used to determine time for tropospheric
air masses to be transported to the stratosphere and across the latitudes. These au-
thors presented the zonally averaged SFg data taken aboard the Envisat satellite in
2002—-2004 as a function of altitude and latitude. The analysis of 2002—2004 periods
of MIPAS satellite measurements of the SFg and CO, suggests that the average mean
age of air for polar stratosphere is about 10 yr. However, the authors also noticed high
interannual and seasonal variability in the age of air, which they suggest is related to
mesospheric intrusions of SFg depleted air into polar stratosphere at the end of the
winter season.

3.4 Comparison of Umkehr data with SBUV (/2) satellites data

Long-term upper stratospheric ozone observed by the series of the SBUV (/2) satel-
lites data is compared with Umkehr ozone measurements taken over the Syowa sta-
tion. The satellite ozone data are retrieved using V8.6 (DeLand et al., 2012; Bhartia
et al., 2012; McPeters et al., 2012). V8.6 data differ from V8 by the use of different
ozone climatology, absorption cross section, OMI-based cloud height climatology and
internal cross calibration technique without external adjustment (DeLand et al., 2012).
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Currently, there are several sets of the SBUV V8.6 data that are available as individual
unadjusted satellite records that periodically overlap, as zonally averaged and merged
ozone data time series (http://acd-ext.gsfc.nasa.gov/Data_services/merged/) or as sta-
tistically adjusted cohesive SBUV time series (private communication with C. Long
of NOAA/NWS). In order to carry the most relevant comparisons with ground-based
data, satellite data are selected for Syowa station over-pass conditions, which limit
data for time co-incidence within 24-h of Umkehr measurements and for location within
the 4 by 4° box centered at the geophysical location of Syowa station. We compared
a long-term ozone variability derived from version 8 (V8.0) and version 8.6 (V8.6) data
against Umkehr data at Syowa station. In this paper we present results from V8.6 MOD
(Merged Ozone Datasets) overpass data, where temporal selection of each NOAA/2
or Nimbus satellite observations is done through quality assurance, orbit position and
errors analysis, thus creating a merged time series of the SBUV V8.6 ozone profiles.
The period of each satellite operation and the overlap periods are presented in Fig. 3a.
NOAA-16 (from 2007) and NOAA-17 (from 2010) are not used due to rapidly drifting
orbits. The left panel in Fig. 3b compares the mean ozone profile for SBUV/2 V8.6 and
Umkehr data over Syowa, the right panel shows the mean bias, with the error bars
representing one standard deviation. In summary, mean Umkehr ozone is lower than
the homogenized SBUV by about 6 % in the stratosphere, and is lower than SBUV by
about 1 % in the troposphere, and it shows good agreement with Umkehr. The overall
long term trend and seasonal variation agree in both the Umkehr and SBUV records
when using only matched days.

The time series of upper stratospheric ozone from the homogenized Nimbus-7 and
NOAA SBUV (/2) V8.6 overpass data (+4°, 24 h) show a relative difference in good
agreement with Syowa station data. For this analysis we interpolated adjusted SBUV
ozone profiles that are defined by the 21 pressure level scheme to ten standard Umkehr
layers.

Comparisons of the recently released V8.6 MOD dataset with the ground-based in-
struments are of importance. Since Syowa station is located at high latitude of 69° S,
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and is periodically found inside or outside of the polar vortex, it is a unique data set for
data validation. Since the shape of the Antarctic vortex is not ideally symmetrical, we
compare zonally averaged and OP data to show how the location of the vortex affected
Syowa data over the last 30 yr of observations. During our research (not shown here),
we assessed differences between zonal mean (ZM) and overpass (OP) data sets of
two versions of SBUV time series matched to Syowa station geo-location, among these
are:

1) Zonal mean of V8.6 (5-degrees zonal band centered at 70° S) time series that are
statistically adjusted (Long and Wild, private communications, 2012) (further referred
as V8.61S ZM70S).

2) Zonal mean V8.6 MOD dataset (65-70°S and 70-75°S) (Bhartia et al., 2012;
McPeters et al., 2012; DeLand et al., 2012) (referred as V8.6MOD ZM6570S,
V8.6MOD. ZM70758S).

3) V8.6 station overpass data from the MOD dataset (S. Frith, NASA/Goddard, pri-
vate communications, 2012) (V8.6MOD OP).

The monthly mean time series (see Fig. 4a) shows the difference between ZM (70° S)
and OP SBUV V8.6 MOD data in layer 8 + 9 + 10 (ozone column above 4 hPa pressure
level). The long-term change in the difference is clearly seen in the plot. The averaged
offset between datasets is about 7 %, while during N17 and N18 operational period
(from 2003) ZM data are very close to the OP ozone values (black fitting curve in Fig. 4a
represents running mean). This result suggests that the long-term ozone changes in
Syowa OP are not in agreement with long-term time series of ZM. However, both ZM
data sets whenever created by statistical adjustment from individual satellites (V8.61S
ZM70S) or merged by temporal selection of satellites (V8.6MOD ZM) (not shown) are
generally found to agree in time dependency of ozone zonal mean changes at 70°S.
Figure 4b shows the time series of the difference between 65-70° S and 70-75° S zonall
averages relative to the OP data. It appears that comparisons between 70-75°S ZM
and OP data are on average in a better agreement than 65-70° S ZM results, even
though the latter ones are geographically closer to 69°S location of Syowa station.
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Since ozone over Syowa is periodically affected by the location of the vortex, and the
vortex position in spring time has known to be slowly shifting relative to the station
(Hassler et al., 2011), the use of the zonally averaged data is not appropriate for com-
parisons with the ground-based stations observations over the extended periods of
time. We limit further analysis to OP on matched days.

Figure 5 shows the relation of SBUV OP and Umkehr data for annual mean and two
seasons.

Agreement between Umkehr and OP annual mean data is shown as scatter plot in
Fig 5a. A good match is indicated by the linear fit with 1.00 slope, no bias (offset = 0.0
DU), and 0.78 correlation. We also compared data for spring (August through Novem-
ber) and summer (December through April) seasons (Fig. 5b, c, respectively). The
correlation coefficient is lower for comparisons during the summer season (R = 0.64),
while it is higher during the spring season comparisons (R = 0.85). We also found a dif-
ference in data agreement when comparisons are separated in two time periods: prior
and after 2001 (see Table 3). We found that the offset between the satellite and Umkehr
data during spring season did not change significantly between two time periods. How-
ever, in the earlier period the slope was significantly higher as compared to the compar-
isons during the second period, while the correlation was higher in the first period. The
first time period is characterized by sporadic Umkehr measurements and high variabil-
ity due to effects of ENSO and aerosols from Pinatubo volcanic eruption. Results for
the summer season show that both slope and correlation were reduced in the second
period of comparisons. The reduction in the correlation could be related to the smaller
range in ozone variability and not necessarily to the errors in the data (Fioletov et al.,
2006). The V8.6 SBUV satellite dataset appears to eliminate most of the internal off-
sets between satellites. Thus, the V8.6 MOD time series of upper stratospheric ozone
are found to be in qualitative agreement with Syowa station Umkehr ozone time series.
The summary of the correlation of between SBUV and Umkehr data taken on the same
day for individual months and seasonal averages is shown in Table 3.
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Figure 6 shows the relationship between the long-term change in ozone in layer
8 + (above 4 hPa or 40 km) and the EESC curve (Polar 2). The annual cycle, effects
of solar activity and QBO signals were removed from the data prior to the ozone
record trend analysis for Umkehr and SBUV (/2). The remaining large scale variability
in the residual ozone time series tends to correlate with the ENSO signal (see blue-
shaded vertical rectangles in Fig. 4 that indicate strong El Nino years). The offset
of SBUV ozone is adjusted to the mean value (1977-2001) of Umkehr. The annual
trend from 1977 to 2001 is larger in Umkehr (-7.7 % decade™) than in SBUV V8.6
(-5.0% decade'1). A large ozone variation appears to suggest a relation with ENSO
events. V8.6 trends are in closer agreement with the Umkehr-derived trend as com-
pared to V8 SBUV trend. The long-term change for both versions of SBUV data shows
close agreement with changes indicated by the Polar 2 EESC curve.

4 Discussion

To analyze long-term changes in the ozone record at Syowa station we need to under-
stand the variability contributed by mechanisms other than chemical processes related
to the ODS concentrations in the stratosphere. After analyzing explanatory parameters
that were included in the model (described at the end of Sect. 3.2), we determined
that all proxies were required to produce the best fit (the smallest residuals). Figure 7
shows long-term variations of ozone amount in annual mean and spring/summer sea-
sons, and cumulative sum (CUSUM). Results are shown for ozone changes in layer
8 + (above 4 hPa or 40 km) and layer 4 (64—32 hPa or ~20-25 km) that represent up-
per and middle stratospheric layers respectively. In order to eliminate natural variability
associated with seasonal variations, solar activity and QBO, a statistical model (see
above) is fitted in the time-series and all explanatory variables (AOD, SAM, ENSO,
Heat Flux and EgLat) are removed from the data.
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4.1 Trend using all the explanatory variables

In this section, we examine the results of a long-term trend model from the data set
with all the explanatory variables included. The left panels in Fig. 7a—d indicate the
long-term trend of the ozone in the annual mean, spring and summer season. Symbols
in plots (red circles) display the evolution of annual (upper panels) and seasonal (aus-
tral spring and summer) averages spanning three decades of observation. The black
dashed line shows the linear trend fit for the data record between 1977 and 2001.
The shaded area shows 95 % confidence level of the fit. The inflection point in the
time series or the reverse in the ozone depletion is selected in 2001 corresponding to
the 2001 maximum in the EESC Polar 2 curve (as discussed above). The first part of
the record between 1977 and 2001 is then analyzed for linear trend. The difference
in ozone trends between upper (panel a) and middle (panel b) stratosphere is clearly
shown in Fig. 7. The linear trends derived from annual (upper panels) and seasonal
(mid and bottom panels) averages in upper stratosphere are found to be the largest
in the spring and summer season, while in the middle stratosphere, the spring sea-
son trends are the largest (Fioletov and Shepherd, 2005). This indicates that different
processes appear to affect long-term variability in the middle and upper stratosphere.
Long-term trend analyses of the Umkehr (a) and SBUV (b) time-series of ozone
changes in the upper stratosphere (layer 8 + 9+ 10) during the first half of the
record (prior to 2002) estimate a linear ozone decrease in the annual mean (-8.8
and —5.6 % decade ™" respectively), summer (-8.6 and —6.2%decade'1) and spring
(-10.4 and -6.3 % decade™ ') seasonal averages. It is noticed that Umkehr and SBUV
OP based trends do not agree, even within the uncertainties of the fit. Sparseness and
higher variability in the Umkehr data could be partially responsible for the disagreement
between two datasets. Also, DeLand et al. (2012) notes that diurnal ozone changes in
the upper stratosphere (2—8 %) may not be completely accounted for when the time
series of ozone measurements from different satellites are combined to create MOD
V8.6 time series (Boyd et al., 2007; Haefele et al., 2008). The NOAA-2 satellites are
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placed on the drifting orbits and effectively collect data over the ground station at vari-
ous local times. This could be causing offsets when records from different satellites are
spliced to create long-term time series, which can affect the long-term trends. Analysis
and correction for the diurnal ozone changes need further investigation.

For the second half of the record, after 2002, the spring-time averaged ozone ap-
pears to decrease slightly further until ~ 2006, and then shows steady increase through
the end of 2010. At the same time in the summer season, ozone depletion appears
to have leveled off after 2001. When the long-term trends of stratospheric ozone are
compared between spring and summer, the rate of ozone depletion in the summer has
significantly changed from the linear decline.

Results of ozone trend analysis in the lower stratosphere, where most of the het-
erogeneous chemical processes take place, are as follows. The long-term variability in
monthly and seasonal averages of Umkehr and SBUV derived ozone in layer 4 (be-
tween 63 and 32hPa pressure levels) are shown for the annual mean, spring and
summer seasons in the left side panels of the Fig. 7c, d respectively. The long-term
annual averaged ozone time-series is found to decrease rapidly in the first half of the
Umkehr and SBUV records (-15.8 and -15.2% decade™ respectively), while both
data sets show a much different trend in the second half of the record. The seasonally
separated long-term trends show the strongest decrease in lower stratospheric ozone
in the springtime during the first half of the record (-41.4 and —37.8%decade'1) and
show little change, appearing rather flat, in the second half of the record; in contrast,
summer time ozone does not show any significant long-term changes in either the first
or second half of the record. These features agree with changes observed in the total
ozone column record (WMO, 2007). As discussed in Salby et al. (2012), total ozone
record at South Pole shows strong coherence with planetary wave forcing, which is
consistent with a similar coherence of springtime temperature, which also modulates
PSC formation. Extremely low ozone concentrations were observed in all layers (except
for layer 1) at Southern Hemisphere stations (Syowa, Lauder etc.) in 2006, which was
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considered as an “unusual” behavior in the long-term record (Miyagawa and Sasaki,
2009).

The record low ozone was also accompanied by unusually low lower strato-
spheric temperatures (http://www.cpc.ncep.noaa.gov/products/stratosphere/winter_
bulletins/sh_06/). The polar vortex in 2006 was larger than usual and low tempera-
tures in the lower stratosphere persisted into November. Moreover, an extremely large
decrease in the upper stratospheric ozone (layer 8+) was observed in spring over the
last 6 yr (2006—2011), with low ozone values continuing to be observed in the following
summers. Prior to the beginning of systematic measurements at Syowa Umkehr mea-
surements were collected in the Antarctic region for several years at Faraday (65.0° S),
King Baudouin (70.0° S) and Halley (73.5° S) stations. Symbols shown on the left side
of the plot in Fig. 7 provide the reference seasonal ozone value averaged from 1957 to
1972 that is representative of the “pre-ozone hole” levels over Antarctica. An accept-
able agreement is found for seasonal ozone averages measured at the three historical
Antarctic stations and Syowa station. The ozone trend for each Umkehr layer derived
from the Syowa record is summarized in Table 4.

4.2 CUSUM analysis

The cumulative sum (CUSUM) of Umkehr and SBUV time series ozone residuals can
be used for systematic assessment of the change in the trend (Newchurch et al., 20083;
Yang et al., 2006). The right panels in Fig. 7a—d show the CUSUM in the annual mean,
spring and summer seasons. The CUSUM of residual assesses the agreement be-
tween the tendency observed in the data and the predictions of the two Goddard-
modeled EESC curves (Polar 2-5.5 yr of mean age-of-air, and Polar 3—10yr of mean
age-of-air) that represent the rate of the ODS-related ozone destruction and recovery
as function of time. A linear trend is calculated from the time series of residuals of the
statistical model (includes all but EESC proxies) fit into ozone data selected between
1977 and 2001. The linear fit is then extended after 2001, and the departure of the
residual data from the linear fit is plotted as cumulative change in ozone levels relative
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to the predicted ozone depletion after 2001. An envelope of the 95 % confidence level
is shown. The change from the linear forecast is therefore clearly detectable.

Systematic positive CUSUM is observed after the turning point in 2001 for the annual
mean, spring, and summer subset of the data. CUSUM is found above a 95 % confi-
dence level (dashed lines). When the two EESC curves are compared to the CUSUM
of Umkehr ozone in upper stratosphere (layer 8 + 9 + 10), Polar 2 (blue line) curve in-
dicates faster recovery as compared to the annual and spring season Umkehr data
estimates, while summer season data appear to be following Polar 2 curve prediction
of ozone recovery. The Polar 3 curve (green line), which has a maximum in 2008,
shows closer fit to the results of the spring time Umkehr CUSUM data between 2006
and 2008. Therefore, the change in the Umkehr ozone trend most likely happens later
than predicted by the Polar 2 EESC curve (2001). The CUSUM analyses of the SBUV
data appear to follow the Polar 3 curve (green) until ~2006 and then start to merge to
the predictions of Polar 2 curve (blue line). Conversely, in layer 4, systematic positive
CUSUM is found after the turning point in 2001 in annual mean and the spring season
data. The Annual mean and spring CUSUM is above a 95 % confidence level, and the
increase in the summer season data is within the confidence limits. It appears that both
Umkehr and SBUV OP CUSUM analysis of ozone data in layer 4 selected during the
spring season show a close agreement with the ozone recovery rate predicted by Polar
2 curve (blue).

4.3 Ozone variability

The relation between ozone and atmospheric temperature is important for quantifying
the rates of ozone destruction. We analyzed relation between ozone and temperature
variability in the upper stratosphere using the temperature re-analysis data sets from
the MERRA stratospheric analysis. Furthermore, the correlation between Southern An-
nular Mode (SAM), EI Nino Southern Oscillations (ENSO), and long-term temperature
variability are also examined.
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After removing solar activity and QBO, ozone layer 8 shows clear relationships to
temperature, ENSO, and SAM. Ozone has a negative correlation with temperature,
and a positive correlation with the ENSO index (Fig. 8). The high correlation appears
clearly in the late spring period (October to December) when the solar elevation is
relatively high. In November, the clear negative correlation between ozone and the
monthly mean temperature variability at 2 hPa is the most remarkable. Monthly aver-
ages of ozone (layer 8) and temperature at 2 hPa for the month of November show
a strong correlation between a decline in temperature and the increase in ozone that is
based on the photochemical ozone destruction cycle. There appears to have been an
especially high correlation (R = 0.9) in the last 10 yr. The relation between temperature
(2-hPa) and ozone (layer 8) has clear negative slope (-0.17 DU K™"). The tempera-
ture of the middle and upper stratosphere over middle latitudes decreased over the
past several decades (Randel et al., 2009; Stolarski et al., 2010). At the same time,
the rate of temperature decrease in the Polar lower stratosphere (altitude 10-25km)
is the largest as determined from the radio sonde data at Syowa station (Sato and
Motoyoshi, 2008). Although caution is required when using the JMA radiosonde data
record from Syowa since there have been four types of instruments used since 1969.
The decrease in middle and low stratospheric temperature in Syowa record begins in
1990s, and is amplified by the increase in stratospheric ozone destruction. However,
above 27 km (~ 15 hPa), temperature continues to increase (Fig. 9a—d). In the MERRA
data, change of the temperature in the upper stratosphere shows the maximum trend
during winter, which appears to have decreased in the 2000s (Fig. 9e).

The studies of Lu et al. (2009) and Kuroda et al. (2005) showed that the 11-yr solar
cycle and associated change had detectable effects on the stratospheric and tropo-
spheric circulation. In this study, we examine the relationship of the high solar activity
years (HS) to the SAM index. High correlation is seen between ozone and SAM from
separated HS years (1978-1982, 1988-1992, and 1998-2002). A strong correlation
was found between upper stratospheric ozone and the SAM proxy during periods with
high solar activity. The correlation coefficient for ozone and SAM in layer 6—7 in Novem-
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ber is 0.9. Such a high correlation in HS continues from spring to summer from the tro-
posphere to the upper stratosphere (Fig. 10a). The relationships of ozone to the Heat
Flux (55-75° S mean, 1-3 waves, downloaded from MERRA web page) and Equivalent
Latitude data for Syowa are also analyzed. The MERRA reanalysis data set (Rienecker
et al., 2008; Schubert et al., 2008) was used to provide a temperature record at 5hPa
over Syowa and to calculate an Equivalent Latitude trend at several pressure levels
during the period from 1979 through 2010. The long-term changes in station’s equiv-
alent latitude are derived from MERRA analysis at ~3hPa and ~50hPa (Fig. 10b).
These data are used to attribute some of the upper and middle stratospheric ozone
changes to the changes in vortex position relative to station location. Higher negative
values represent a more “poleward” location of the station, that is, the station is closer
to the center of the polar vortex. The high correlation of the Southern Hemisphere
Annular Mode (SAM) with polar upper stratospheric ozone during years of maximum
solar activity points toward a strong relationship between the strength of the Brewer-
Dobson circulation and Polar stratospheric ozone recovery. Since the SAM and upper
stratospheric ozone are both affected by planetary wave propagation, their correlation
reflects their response to the same mechanism, especially during High Solar years.
The increase in the downward planetary polar wave driving during austral spring since
1979 (Harnik et al., 2011) is affected by changes in the vortex structure at the upper
stratosphere levels and by the delayed breakup of the vortex. Another point to inves-
tigate is stronger solar cycle differences in the short UV radiation described by Haigh
et al. (2010). The authors show that Solar UV radiation determined from the Solar Radi-
ation and Climate Experiment has a 4—6 times stronger solar cycle signal than at other
wavelengths. Simulations (Stiller et al., 2008) suggest that this effect reduces ozone
concentrations below 45 km.

The long-term trend of ozone at the Syowa station in the lower stratosphere is found
to be in agreement with the expected trend based on EESC Polar 2. However, in the
upper stratosphere, the recent ozone changes appear to indicate that ozone recovery
follows the ODS decline with rates slower that defined by the EESC Polar 2 curve, but
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faster than predicted by the Polar 3 curve. This results could imply an age of air longer
than 5.5 yr for the upper stratosphere over Antarctica and longer ODS transit time from
the source regions. Although apparent age of air (10 yr) can be derived from the MIPAS
SF6 stratospheric measurements over Antarctica, it is most likely affected by descent
of mesospheric SF6-depleted air masses, and thus cannot be used to estimate dis-
tribution of stratospheric ODS concentrations (or EESC curve) at Polar region (Ray
et al., 2010; Garcia et al., 2011; Hall et al., 2011; Steeler et al., 2012). Thus, the latest
analyses of the age of air do not support the choice of 10 yr used in the Polar 3 curve
modeling (private communications with Fred Moore and Eric Ray, NOAA, Boulder, CO.,
March 2012). Another possible explanation is that while the increase in greenhouse
gases has raised surface temperatures, the stratosphere has cooled, an effect ampli-
fied in the Antarctic by the reduction of ozone by ODS and increase in water vapor
and carbon dioxide concentrations, and resultant changes in the radiative absorption
balance (Thompson et al., 2011). Temperatures in the upper and middle stratosphere
at mid-latitudes have remained constant since the middle of 1990s (WMO, 2007; Stein-
brecht et al., 2009). According to Hassler et al. (2011), the change of the dynamics of
the Antarctic stratosphere has affected ozone reduction at the Antarctic Syowa station.

5 Conclusions

We have investigated the long-term ozone trend in the upper stratosphere over the
Antarctic region using the re-processed Umkehr data. Our research is based on
Umkehr observations from the Dobson ozone spectrophotometers that are of the high
quality required for detection of significant ozone change (recovery) in relation to the
decrease in the ODS concentrations. The long-term variability and trend observed in
Umkehr ozone profile data is in good agreement with that seen in the SBUV V8.6
Merged Ozone Dataset (see Sect. 3.4 for details). Several explanatory variables (prox-
ies) are utilized in a statistical model to remove effects of quantifiable atmospheric
parameters related to inter-annual and dynamically-driven long-term ozone changes,
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such that the trends related to the ODS levels in the stratosphere can be examined. We
also verified that part of the long-term ozone changes over Syowa, even in the upper
stratosphere, are associated with the changes in the polar vortex position and persis-
tence relative to the geophysical location of Syowa station (Hassler et al., 2011), and
that this effect can be attributed in the statistical model using equivalent latitude data
at corresponding atmospheric pressure levels. The middle stratospheric ozone trend is
found to closely follow the pattern suggested by the polar 2 EESC curve that is currently
recommended by the Ozone Assessment (2010) for analysis of data in polar region
(5.5yr). However, at the higher altitudes (to pressure lower than 4 hPa) ozone recovery
in Syowa data appears to be delayed (see Fig. 11). Ozone in the upper stratosphere
could be affected by a longer transport time. A better fit to Syowa observed ozone
variability in the upper stratosphere is obtained using the EESC curve associated with
somewhat older age of air (between 6 and 10yr). Results of the analysis presented
in this paper suggest that Syowa’s ozone record in the upper stratosphere has not yet
reached the second stage of ozone recovery (WMO, 2007; Yang et al., 2008). The
Syowa record indicates a statistically significant decrease between 1977 and 2001; af-
ter 2000, however, while the stratospheric ozone record essentially remains flat even
after the growth of the ODS concentrations has stopped (WMO, 2011). This leveling off
of the ozone values in the last ten years suggests continuing ozone destruction caused
by a possible delay in the transport of the ODS to the Antarctic upper stratosphere. A re-
cent paper by Stiller et al. (2012) analyzed the MIPAS satellite SF4 data and estimated
an increase in BDC, but also a weakening of the subtropical and polar mixing barriers,
meaning a reduction in the strong gradient in the age of air along the edge of the strato-
spheric jets. The authors find that the changes in the age of air during the 2002-2010
time periods vary between Northern and Southern Hemispheres, as well as between
middle, tropical and high latitude regions. The findings of the paper point to differences
between lower, middle and upper stratospheric transport processes. For the southern
polar upper stratosphere Stiller et al. (2012) find a positive linear increase in the age of
air that is larger than published by Engel et al. (2009). Further analysis of the processes
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that could affect analysis of the MIPAS SFg data are needed in order to understand the
dynamical processes that affect temperature, wave breaking and descent of meso-
spheric ozone in the polar upper stratosphere in the winter season. Another important
process that can contribute to ozone variability in upper stratosphere is the solar flux
cycle. Several publications in recent years described potential changes observed in
the UV and visible solar flux spectra when transitioning between the maximum and the
minimum stages in the solar cycle and associated effects on stratospheric temperature
and photochemical processes (Haigh et al., 2010; Oberlander et al., 2012). These pa-
pers indicate the importance of understanding the long-term changes in photochemical
processes that lead to the production of stratospheric ozone (Haigh et al., 2010). The
last Solar cycle maximum was observed in 2000—-2002, and the sun’s activity declined
until December 2009. This longer than usual minimum of the solar cycle could be one
factor contributing to the delay in ozone recovery in the upper stratosphere where pho-
tochemical processes dominate over dynamical processes. Haigh et al. (2010) showed
that an apparent decline of as much as 0.7 % in stratospheric ozone values near 4 hPa
between 2004 and 2007 was actually associated with an ozone decrease near 1.2%
when the spectral changes of the solar cycle were taken into account. With the contin-
uation of observations of ozone over the southern polar regions, it will be possible to
determine which processes play the most important role and how the climate changes
will affect ozone in the future.
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Table 1. List of the proxies and sources.

Proxy Short Hand  Organizational Source Web Link
Solar Activity SOR National Astronomical http://www.nao.ac.jp/E/;
Index Observatory of Japan ftp://solar.nro.nao.ac.jp/pub/norp/data/daily
Quasi-Biennial QBO Freie Universitat Berlin produkte/gbo/index.html
Oscillation Physics of the Middle http://www.geo.fu-berlin.de/en/met/ag/strat/
Atmosphere (FUB)
Southern Hemisphere SAM British Antarctic Survey http://www.antarctica.ac.uk/met/gjma/sam.html
Annular Mode Index
El Nifio Southern ENSO NOAA/NWS Climate http://www.cpc.ncep.noaa.gov/products/analysis_
Oscillation Prediction Center monitoring/ensostuff/ensoyears.shtml
Heat Flux Heat Flux ~ NASA: The Modern Era http://acd-ext.gsfc.nasa.gov/Data_services/met/
Retrospective-analysis for  ann_data.html
Research and Applications
MERRA
Equivalent EqgLat NASA: Atmospheric http://acd-ext.gsfc.nasa.gov/Data_services/met/
Latitude Chemistry and Dynamics ann_data.html
Laboratory
Aerosol optical AOD NASA: Composite -

depth
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Table 2. RMSD for proxies, and the optimal time-lag. (a) RMSD of the difference from EESC
curve (polar 2), and the boldface show minimum of the layer. (b) Optimal time-lag (month) of

ozone and proxies is shown.

(a) RMSD by the difference of EESC curve and ozone

LAYER
Annual mean 1 2+3 4 5 6 7 8 8+9+10
SOR + QBO1(30hPa) 053 498 451 3.01 149 073 0.36 0.46
SOR + QBO2(50 hPa) 055 5.05 467 310 147 0.70 0.36 0.46
SOR + QBO3(30 hPa and 50 hPa) + AOD 0.47 4.61 444 3.09 142 0.68 0.36 0.45
SOR + QBO3 + ENSO 047 494 429 313 143 0.72 0.37 0.48
SOR + QBO3 + EqLat 052 495 454 3.07 138 068 0.34 0.44
SOR + QBO3 + HeatFlax 053 476 443 265 1.18 069 0.34 0.44
SOR + QBO3 + SAM 051 472 415 266 135 0.71 0.35 0.45
SOR + QBO3 + AOD + ENSO + HeatFlux + SAM + EqLat 0.35 3.98 3.72 245 1.07 0.60 0.30 0.39
Summer (JFM)
SOR + QBO1(30 hPa) 059 439 328 339 191 085 0.35 0.46
SOR + QBO2(50 hPa) 059 439 315 344 178 085 0.35 0.45
SOR + QBO3(30 hPa and 50 hPa) + AOD 061 466 3.18 342 1.73 0.72 0.33 0.44
SOR + QBO3 + ENSO 058 427 351 331 173 078 0.35 0.46
SOR + QBO3 + EqLat 058 430 327 366 1.74 0.72 0.31 0.41
SOR + QBO3 + HeatFlax 063 494 369 359 186 084 0.35 0.46
SOR + QBO3 + SAM 062 489 372 359 183 084 0.35 0.46
SOR + QBO3 + AOD + ENSO + HeatFlux + SAM + EqLat 0.52 4.10 3.78 348 1.83 0.82 0.35 0.44
Spring (SON)
SOR + QBO1(30hPa) 1.06 10.79 10.61 6.60 293 1.31 0.51 0.67
SOR + QBO2(50 hPa) 1.09 1110 10.82 6.64 3.11 1.39 0.52 0.68
SOR + QBO3(30 hPa and 50 hPa) + AOD 091 967 1052 6.48 3.01 137 0.51 0.66
SOR + QBO3 + ENSO 1.00 10.60 10.19 6.53 3.00 1.32 0.51 0.66
SOR + QBO3 + EqLat 1.05 10.82 1055 6.14 273 1.19 0.48 0.62
SOR + QBO3 + HeatFlax 0.98 10.74 1025 566 246 1.24 049 0.64
SOR + QBO3 + SAM 089 862 862 501 255 1.18 047 0.60
SOR + QBO3 + AOD + ENSO + HeatFlux + SAM + EqLat 0.78 8.27 7.85 4.04 1.49 0.81 0.32 0.41
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(b) Optimal time-lag to the ozone for proxies (Months) _30
LAYER %;
12+3456788+9+10“g
SOR + QBO30(FUB-30 hPa) 24 24 22 18 22 8 8 8 © Abstract Introduction
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Table 3. Comparison with Umkehr data and SBUV V8.6MOD OP at Umkehr Layer 8 + 9 + 10.

(Annual) all seasons year, (spring) spring season (August through November), (summer) sum-
mer season (December through April). The offset ozone is UMK — SBUV V8.6MOD OP. R is Long term changes
correlation coefficient. in the upper

stratospheric ozone

Jaded uoissnasig

1978-2001 2001-2011 1978-2011 ) .
Slope Offset R Slope Offset R Slope Offset R § S, (L
V8.6MOD OP %’. K. Miyagawa et al.
Annual 1.04 0.0 0.79 1.06 -0.3 0.50 1.03 -01 0.71 -30
Spring 1.30 -0.5 0.77 0.90 -1.0 0.79 1.15 -0.7 0.71 -%;
Summer  0.71 +0.5 057 -1.03 -05 0.28 0.64 +0.4 0.42 E _
V8.6MOD OP Same day I e——
Aug 068 +14 - 067 -32 - 1.03 -09 0.39 =
Sep 1.12 -0.6 0.84 0.49 -1.1 0.61 1.00 -0.9 0.77 2 ! !
Oct 1.25 -0.6 0.86 0.93 -0.8 0.93 1.12 -0.7 0.88 73 ! !
Nov 1.41 -01 0.89 1.65 0.0 0.93 1.48 -01 0.88 S
Dec -1.52 0.0 -0.61 2.38 +0.6 090 -0.37 +0.6 -0.14 9
QO
Jan 1.24 +0.8 067 -105 +1.0 -0.28 0.76 +0.9 0.42 = ! !
Feb 0.51 +0.4 033 -0.13 +09 -0.08 0.21 +0.6 0.15 B
Mar 0.56 +0.1 040 -043 +0.3 -0.20 049 +0.2 0.31 — ! !
Apr 285 -08 094 132 -07 073 234 -07 0.87 ~ Bak  Close
Annual 1.01 0.0 0.80 0.53 -01 0.58 1.00 0.0 0.78 @
Spring 134 -03 087 102 -08 080 133 -05 0.85 2 _
Summer  0.90 +0.3 0.69 0.39 +0.5 0.52 0.74 +0.4 0.64 g.
5
T _
QO
©
g
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Table 4. Calculated ozone trend from Umkehr at Syowa®. The linear trends are associated with
EESC (polar 2) fit for 2001-2011.

Layer 1977-2001
Spring Summer Annual
(% decade™', 95% CONFI) (% decade™', 95% CONFI) (% decade™', 95% CONFI)
1 -9.8 2.3 -2.0 1.7 -6.6 1.1
2+3 -37.0 8.7 -25 27 -16.5 3.1
4 -41.4 11.5 0.4 3.0 -15.8 3.9
5 -18.6 5.9 -0.9 4.4 -9.7 3.1
6 -7.2 25 -7.6 3.2 -7.4 1.7
7 -9.0 2.2 -11.3 2.3 -9.7 1.6
8 -12.1 1.7 -10.1 2.4 -10.4 1.9
8+9+10 -10.4 1.4 -8.6 2.1 -8.8 1.6
2001-2011

1 1.4 2.0 0.4 15 1.1 1.2
2+3 6.5 7.9 0.5 2.4 2.9 2.8
4 71 9.1 -0.2 2.9 2.5 3.0
5 2.9 3.9 -04 2.9 1.2 2.3
6 1.1 1.9 0.4 2.8 0.8 2.1
7 1.7 3.4 1.4 3.4 1.6 3.0
8 2.3 4.2 1.6 2.9 1.9 3.1
8+9+10 20 3.6 1.4 25 1.7 2.6

& Ozone trend and 95 % confidence (95 % CONFI) show spring (September to November), summer (January to
March), and the annual. Seasonal variation, effects of solar activity, QBO, AOD, SAM, ENSO, Heat Flux and EqlLat

signals are removed from the data.

423

Jadeq uoissnosiq | Jadeq uoissnosiq | J4edeq uoissnosiq | Jaded uoissnosi(

ACPD
13, 379-435, 2013

Long term changes
in the upper
stratospheric ozone
at Syowa, Antarctica

K. Miyagawa et al.

1] i


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/379/2013/acpd-13-379-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/379/2013/acpd-13-379-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

Fig. 1. Contribution of proxies to the layer-8 ozone variability Time series of monthly average
variability showing (a) layer 8 ozone, (b) QBO (30 hPa), (¢) ENSO index, (d) solar flax, () SAM
index, (f) Equivalent latitude (1300 K), (g) Heat Flux (55-75° S average at 10-hPa) and (h) AOD

(aerosol optical depth).
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Fig. 2. EESC (Equivalent Effective Stratospheric Chlorine) curve fit associated with changes
in the ODS. Mid-latitude curve shows the estimate based on 2010 WMO scenario. For polar
stations, Polar-2 curve used 5.5yr of mean age-of-air of 2010 WMO scenario. Polar-3 curve
shows EESC applying an 10yr as mean age-of-air values. The arrow indicates the peak of

chlorine concentration.
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Fig. 3. SBUV/(/2) satellites operational time, the vertical profile of Umkehr and overpass ozone
over Syowa. (a) The operational time of the various NOAA satellites over Syowa are shown,
with the shaded (crosshatch) sections indicating time periods for NOAA-16 or NOAA-19 oper-
ations not used in time series. (b) Left panel presents averaged profiles for Umkehr and SBUV,
V8.6 overpass set, including individual satellites (IS) and MOD data. Middle panel shows the
difference for the UMK and SBUV V8.6. The value presents UMK and SBUV ozone column
difference (green square). Right panel shows the difference of UMK with SBUV V8.6 data color
codes by individual satellites. The error bar is + 1 sigma.
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Fig. 4. Time series of the ozone rate of overpass and zonal mean derived from the SBUV
V8.6 above 4 hPa. (a) Time series of V8.61S ZM70S/V8.6MOD OP from individual satellites
(Fitting curve is determined by a 6-degree polynomial), (b) Time series by two ZMs (V8.6MOD
ZM65708S, V8.6MOD ZM7075S) of ZM/V8.6MOD OP.
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Fig. 5. Scatter plots of annual and seasonally averaged Umkehr and SBUV V8.6 MOD over-
pass ozone in layer 8 + 9 + 10 (above 4 hPa). Symbols represent monthly averages of the data
restricted by the 24 h co-incidence criteria. The legend at the top of each plot provides informa-
tion on the slope of the linear fit in the data, offset (calculated as the mean difference between
UMK and SBUV OP ozone in DU), and correlation coefficient. Data comparisons are separated
in three periods: (a) August through April (annual mean), (b) August through November, (c)

December through April.
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Fig. 6. Long-term variations of ozone amount in layer 8 + (above 4 hPa or 40 km altitude).
Umkehr data (red circles) at Syowa and SBUV overpass data (Green squares: V8.6MOD OP),
(a) annual mean, and (b) springtime three-month average (from September to November). The
red and green lines show the EESC (Polar 2) fit in Umkehr and SBUV data respectively. The
dashed lines show linear ozone trends derived from 1977 (1978)-2001 period. The annual
cycle, effects of solar activity and QBO (50 hPa) signals were removed from the data prior to
the ozone record trend analysis. The blue shade indicates the period of El Nino and the yellow-
green shade indicates the period of La Nina. Three symbols on the left side of the plot represent
1957-1972 averaged ozone from 3 stations, Faraday (65° S), King Baudouin (70° S), and Halley
(73.5°S).
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Fig. 7. Time series of monthly ozone variability (red circles) in layer 8+ (a) and layer 4 (c) in the Antarctic Syowa
(69° S); (right) cumulative sum (CUSUM) in percent. Similarly, (b) and (d) show time series change of SBUV V8.6MOD
OP over the Syowa. Upper panels are annual mean (from January to March, and August to December), and middle
panels show the three-month average for springtime (from September to November) and bottom panels summertime
(from January to March). Ozone trend is derived after removing ozone variability explained by effects such as the
seasonal variation, solar activity, QBO, AOD, EqgLat, SAM, Heat Flux and ENSO signals. The dotted line is the ozone
trend calculated from the observation for 1977 to 2001, and indicates the trend forecast afterward linearly, and 95 % of
confidence level envelope is shown. (left) the Y-axis of Spring and Summer adjusts a seasonal mean value. The blue
line shows the EESC curve (Polar 2) representative of effective stratospheric chlorine load at high latitude, and thick
broken lines show linear trends from 1977 to 2001. Shaded area indicates 95 % confidence intervals. Three symbols
on the left side of the plot represent 1957—-1972 averaged ozone from 3 stations, Faraday (65°S), King Baudouin
(70° S), and Halley (73.5° S). (right) Blue and the green line show cumulative sum for EESC Polar region. The dotted
line indicate the 95 % confidence envelopes of departure from natural variability and model uncertainty.
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Continued.
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Fig. 8. Layer 8 Ozone time series compared to SAM, Temperature and ENSO. Ozone, Tem-
perature, and ENSO are November averages. SAM is October to December Average. (a) Time
series layer-8 ozone, temperature anomaly at 2-hPa and 5-hPa pressure levels from MERRA
data, SAM index are September—November mean ENSO index. Layer-8 ozone are shown after
subtraction of seasonal, solar activity, and QBO related variability. (b) The scatter diagram in
each ten years of the MERRA temperature (upper), and preceded scatter diagram for ENSO
(bottom).
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Fig. 9. Decadal temperatures changes over Syowa based on measurements by radiosondes.
(a—c) show the changes from pre-ozone hole period averages (1969—-1979) for the 1980s,
1990s and 2000s. (d) shows the change from 1990s to 2000s. The color level shows a temper-
ature difference and the contour lines the 10-year average temperature. The radiosonde record
has had four changes of instruments (from 1969 using RSII-69, from 1980 using RS2-78, from
1987 using RS2-80 and from 1995 using RSII-91). Decadal changes in the same ranges using
MERRA data at two levels are displayed in (e).
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Fig. 10. (a) Plots show correlation (R) between ozone and the mean Southern Annular Mode
(SAM) index as function of altitude (Umkehr layers) and month. Correlation between SAM-index
and the ozone is sought for high (HS) and low (LS) periods in the solar cycle (maximum and
minimum of the Solar cycle respectively). (b) Time series of the difference between equivalent
latitude and Syowa station latitude (-69°) are plotted for the three-month mean (September—
October—November). The Equivalent latitude is derived from MERRA analysis at 1300K or
3hPa and at 520K or 50 hPa.
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Fig. 11. Long-term variations of ozone amount in layer 8+9+10 (above 4 hPa or 40 km altitude).
Umkehr data (a) at Syowa and SBUV V8.6MOD overpass data (b). Similar to Fig. 6, with ozone
residuals derived from the full statistical model that includes additional explanatory parameters,
such as AOD, EqLat, SAM, Heat Flux and ENSO signals. Here, upper panel shows results for
annual mean (from January to March, and August to December), and bottom panel show the
three-month average for springtime (from September to November). The same data are used in
the top two panels shown on the left side of Fig. 7a. The dotted line is the ozone trend calculated
from the observation taken from 1977 until 2001, whereas after 2001 it indicates the scenario
for continuous ozone depletion in the absence of the Montreal protocol. Three EESC curves
represent several scenarios for the Montreal protocol related changes in ODS concentrations
in the upper stratosphere at the middle (black) and high latitudes (two curves, blue and green).
These curves show similar linear trends during ozone depletion in 1977—2001 time period.
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