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Abstract. The study presents a long-term statistical trendThe contribution from volcanic aerosols is only prominent
analysis of total ozone data sets obtained from various satelduring the major eruption periods (El Chichén and Mt.
lites. A multi-variate linear regression was applied to an- Pinatubo), and together with the ENSO signal, is more ev-
nual mean zonal mean data using various natural and ardent in the Northern Hemisphere. The signature of the solar
thropogenic explanatory variables that represent dynamicatycle covers all latitudes and contributes about 10 DU from
and chemical processes which modify global ozone distri-solar maximum to solar minimum. EESC is found to be a
butions in a changing climate. The study investigated themain contributor to the long-term ozone decline and the trend
magnitude and zonal distribution of the different atmosphericchanges after the end of the 1990s. From the EESC fits, sta-
chemical and dynamical factors contributing to long-term to-tistically significant upward trends after 1997 were found in
tal ozone changes. The regression model included the equivthe extratropics, which points at the slowing of ozone decline
alent effective stratospheric chlorine (EESC), the 11-year soand the onset of ozone recovery. The EESC based trends are
lar cycle, the quasi-biennial oscillation (QBO), stratosphericcompared with the trends obtained from the statistical piece-
aerosol loading describing the effects from major volcanicwise linear trend (PWLT) model (known as hockey stick)
eruptions, the El Nifio-Southern Oscillation (ENSO), the with a turnaround in 1997 to examine the differences be-
Arctic and Antarctic oscillation (AO/AAQ), and accumulated tween both approaches. In case of the SBUV merged V8.6
eddy heat flux (EHF), the latter representing changes duelata the EESC and PWLT trends before and after 1997 are
to the Brewer—Dobson circulation. The total ozone columnin good agreement (within @), however, the positive post-
data set used here comprises the Solar Backscater Ultravid997 linear trends from the PWLT regression are not signifi-
let SBUV/SBUV-2 merged ozone data set (MOD) V8.6, the cant within 2o.

merged data set of the Solar Backscaterr Ultraviolet, the To- A sensitivity study is carried out by comparing the
tal Ozone Mapping Spectrometer and the Ozone Monitorregression results, using SBUV/SBUV-2 MOD V8.6
ing Instrument SBUV/TOMS/OMI (1979-2012) MOD V8.0 merged time series (1979-2012) and a merged data
and the merged data set of the Global Ozone Monitoring Exset combining SBUV/SBUV-2 (1979-June 1995) and
periment, the Scanning Imaging Absorption spectroMeter forGOME/SCIAMACHY/GOME-2  (“GSG”) WFDOAS
Atmospheric ChartograpHY and the Global Ozone Monitor- (Weighting Function DOAS) (July 1995-2012) as well
ing Experiment 2 GOME/SCIAMACHY/GOME-2 (GSG) as SBUV/TOMS/OMI MOD V8.0 (1979-2012) in the
(1995-2012). The trend analysis was performed for twenty—regression analysis in order to investigate the uncertainty
six 5° wide latitude bands from 6% to 65 N, and the anal-  in the long-term trends due to different ozone data sets and
ysis explained most of the ozone variability to within 70 to data versions. Replacing the late SBUV/SBUV-2 merged
90 %. The results show that QBO dominates the ozone varidata record with GSG data (unscaled and adjusted) leads
ability in the tropics £7 DU) while at higher latitudes, the to very similar results demonstrating the high consistency
dynamical indices, AO/AAO and eddy heat flux, have sub-between satellite data sets. However, the comparison of the
stantial influence on total ozone variations by up-t0 DU. new SBUV/SBUV-2 MOD V8.6 with the MOD V8.0 and
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MOD8.6/GSG data showed somewhat smaller sensitivities Previous trend assessments modelled the response of ODS
with regard to several proxies as well as the linear EESCrelated signal in terms of linear trends based on the expected
trends. On the other hand, the PWLT trends after 1997 shovlinear increase and phasing out of ODSs. This statistical ap-
some differences, however, within thes2error bars the proximation of ODSs is well known as the piecewise linear
PWLT trends agree with each other for all three data sets. trend (PWLT or hockey stick) model with a turnaround in the
late 1990s, when the stratospheric halogens (released from
. ODSs) reached maximum. In this study we used multiple
1 Introduction linear regression (MLR) which is a standard trend analysis

. tool to quantitatively asses the observed total ozone varia-
Total ozone changes reflect changes in lower stratospherlf:

ozone that are governed by chemical and dvnamical shorti©"S due to different natural and anthropogenic influences
9 y cher y (WMO, 2003, 2007, 2011, and references therein), with the
term as well as long-term variability. Global ozone amounts . ;
R . long-term trend in ozone related to ODSs described by the
decreased severely between the eighties and the mid-nineties, * . . : .
o . . equivalent effective stratospheric chlorine function (EESC).
where they reached minimum values. This decline was :
. ) > Steinbrecht et a{2011) reported a 2 DU decadé EESC-
mainly due to the impact of the uncontrolled anthropogenic ;
.2 - . . “based 2000-2010 trend in annual mean total ozone mea-
emissions containing the halogens, chlorine and bromine :
. sured by Dobson and Brewer spectrometers at the midlat-
(chlorofluorocarbons CFCs, halons), which depleted strato- . . o . :
) . . : itude station Hohenpeissenberg {48 11° E), while Nair
spheric ozone through catalytic chemistry. The chemical pro-
. ; X . et al. (2013 showed that the total column ozone trends
cesses involving ozone depleting substances (ODSs), in par-_.. )
. . ; : estimated over 1997-2010 period measured at the north-
ticular the heterogeneous reactions in the polar region (ozoné e :
X : érn Haute-Provence Observatory (OHP) midlatitude station
hole), are well known and documented in previous stud-

. : - (43.9N, 5.7E) from Dobson and Systeme d'Analyse par
les (e.g.Solomon 1999 Staehelin et aI.ZOQJ) and van- Observation Zénithale spectrometers using the PWLT and
ous ozone assessments (World Meteorological Organizatio

WMO (1999 2003 2007 2011); Stratospheric Processes %ESC. functions are about 6.'5 ‘f"”d 4.'2 DU decddee -
. . ) . spectively. Several other studies investigated ozone variabil-

And their Role in ClimatéSPARG 1998. The ODS emis- . . . .

. . . ity due to various dynamic processdgidder et al.2010a
sions have been controlled by the implementation of the )

’ . b, 2011, 2013 Frossard et al.2013. Ziemke and Chan-
Montreal Protocol (1987) and its Amendments and Adjust- ; )
S dra (2012 found a turnaround in global stratospheric ozone

ments. Global ozone levels showed a slowing in the de- . . ) .

. . oo ., . o~ column (mostly in the Northern Hemisphere) in the mid-
cline and started to increase starting in the mld—nlnet|esnineties from the trend analysis of the 32yr TOMS (Total
in response to the phase out of ODSs in the stratospher: Y y

(WMO, 2003, 2007, 2011 and references therein). SomegZone Mapping Spectrometer) and OMI (Ozone Monitor
. L ing Instrument) record (1979-2010). They found trends of
studies on the other hand have shown that variability of atmo-_.~ . . . 0
. X . . similar magnitudes but with opposite signs before 1993 and
spheric dynamics on decadal time scales may also contribute

to 0zone trends (e.¢ood and Soukharei205 Reinsel o FRIEEEE B B BHOSEE TR T
et al, 2005 Dhomse et a).2006 Wohltmann et al.2007 P )

Méder et al, 2009, Long-term variability of stratospheric They showed that for the majority of stations, the EESC term

. . L . Provides better fits than an MLR with a continuous linear
ozone is also seen to be influenced by variations in sola

radiation Chandra and McPeteré994 Bojkov and Fiole- trend up to the end of the dz_ita record. F_rom this they con
S cluded the success from the implementation by the Montreal
tov, 1995 Miller et al.,, 1996 Zerefos et al.1997 McCor- .
. Protocol and its amendments.
mack et al.1997 Hood 1997 Ziemke et al. 1997 Lee and . : o
) ; The aim of this paper is first to assess and update the global
Smith, 2003 Soukharev and Hogd2006 Fioletov, 2009 ; .
. . . trends of total ozone using updated satellite data records up
and aerosols injected in the stratosphere after major vol-

canic eruptionsHlofmann and Solomari989 Peter 1997 tp 'Fhe end of_2012. _The trends are determined from a sta-
Solomon 1999, tistical analysis of thirty-four years of total ozone data. The

) . . estimated EESC-based trends are compared with the trends
Analysis of long-term changes in ozone in order to detect : . .
2 o2 . obtained from PWLT analysis to assess the differences be-
a statistically significant trend after the levelling off of the

. . . tween the models as the latter is sensitive to adding more
ODSs in the stratosphere requires the full understanding an : .
. - ata after the turnaround point. Moreover, the same statisti-
proper accounting of all the processes contributing to ozone C . : :
S . : cal analysis is applied to different consolidated ozone data
variability from interannual to decadal time scales. Global . : S
) sets to investigate the uncertainty in the long-term trends due
and long-term total ozone measurements acquired from var: . .
to the use of different ozone satellite data sets.

ious satellite-borne atmospheric chemistry sensors (multi- In Sect. 2, the major chemical and dynamical processes

decadal data sets) are very useful for monitoring and study- oo oo : h
) o . contributing to ozone variability are briefly summarized. The
ing ozone variability and for determining long-term global

zonal mean total ozone data sets are described in Sect. 3, and
trends. ; . . .

the multiple linear regression model applied to the zonal to-

tal ozone data is presented in the following section. Section 5
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The different processes are briefly summarized below.
E : —;1600%
3 /\ E oo 2.1 Brewer-Dobson circulation
E ! 12004
I 31000
- oE e @3onPa E Ozone is transported through the Brewer—Dobson circula-
S o 3 tion (BDC) in the lower to middle stratosphere that moves
S 20k 3 the upwelling air parcels from the tropics polewards, and
-40 e . . . . . .
o8 3300 then subsides in extratropics and high latitudes, where it
Solar Cycle 3305 . . . . . - . L
£ M7 g foodc) builds up during wintertime. This meridional circulation is
= o6 Mgl 1508 driven by planetary-scale atmospheric waves (Rossby and
0.15 50 1 H 1
, 038E : gravity waves) which are generated in the troposphere and
§ orof k E propagated upwards to the stratosphétaypes et a).1991
o A i Rosenlof and Holton1993 Newman et al.200% Plumh

2002. The influence of the meridional circulation in a given

s MM winter impacts the ozone variability well into spring and

Aretie A0 ' summer Fioletov and Shepher@003 Weber et al.2011).

oth E The winter-accumulated lower-stratosphere eddy heat flux

(EHF) is considered a good measure (proxy) of the inter-

annual variability of ozone due to the BDC variatioRsi§$co

and Salby1999 Newman et a].2001 Randel and Stolarski

2002 Dhomse et a).2006 Weber et al.2011).

MWWMW\MMMMM ] The dominant recurrent non-seasonal sea level pressure

] variation pattern north/south of 28/N latitude known as

1980 1990 2000 2010 the Arctic Oscillation (AO) and Antarctic Oscillation (AAO)
Time [years] also contribute to ozone fluctuations and can also be consid-

Figure 1. Time series of the different explanatory variables used in €red as a dynamical explanatory varialffeigco and Salhy

this study are displayed: stratospheric loading of ODSs (first panell1999 Hartmann et a).2000 Appenzeller et a.2000 Ran-

in terms of equivalent effective stratospheric chlorine (EESC) in del and Stolarski2002 Kiesewetter et a|201Q Steinbrecht

pptv. Quasi-biennial oscillation (QBO) indices at 10 hPa (red) andet al, 2011). Both the AO/AAO and the QBO phase modulate

at 30 hPa (ber) are shown in the second panel. The third panqhe wave propagation and relate to BDC Variab“m(dwin

displays the 11-year solar cycle as expressed by the solar flux abt al, 2009).

10.7 cm (red) and core-to-wing ratio of the magnesium line Mgll at

280 nm (blue). Time series qf mean optical thickness at 550 nm (or- » Quasi-biennial oscillation (QBO)

ange) to account for volcanic aerosol enhancements are presented

in the fourth panel. Nifio 3.4 Index describing the state of the El The equatorial stratosphere is characterized by the slow re-

Nifio/Southern Qscnlatlon (ENSO) is shown in panel five: El Nifio curring quasi-biennial oscillation (QBORGgell and Ko-

(red) and La Nifia (blue). The next two panels show the telecon'rshover 1964 which influences the interannual variability

nection patterns: Arctic oscillation (AO) index in red and Antarc- .
tic oscillation (AAO) index in blue. In the last panel, extratropical of total ozone columnsHaldwin et al, 200). A secondary

eddy heat flux (EHF) at 100 hPa averaged over midlatitudes (areéne”d'on"jll circulation by the QBO is Indluced ‘_”md SUPe”mj
weighted between 43N and 75 N) and averaged from October to Posed on the normal Brewer—Dobson circulation, which ei-
March in the Northern Hemisphere (magenta) and from March tother enhances or weakens the BDC depending on the phase
September in the Southern Hemisphere (green). of QBO. The QBO signal also affects ozone variability at
high latitudes Bowman 1989 Lait et al, 1989 Chandra and
Stolarskj 1991) and even effects the distortion of wintertime
discusses the results in detail, and Sect. 6 discusses the OBFratospheric polar vortex by modulating the propagating ex-
related trends from EESC and PWLT regressions. The senstratropical wave flux or Eliassen—Palm fluRinkerton and
tivity of using different ozone data sets in the regression areBaldwin, 1991). This modulation is called the Holton-Tan
presented in Sect. 7, and the last section presents the majeffect (Holton and Tan1980 with its largest signal being in
conclusions drawn. winter and springTung and Yang1994 Randel and Cohb
1994 Baldwin et al, 2001).

Oscillations [std]

NG
Oscillations [std]

EHF [K. m/s]

Ghh anen

&o0o0&Ch b o M ab b o M &
e —p——

2 Main contributors to ozone variability 2.3 El Nifio-Southern Oscillation (ENSO)

The various proxies associated with natural and anthroENSO is the dominant source of interannual variability
pogenic processes that describe the chemical and dynamicaf tropical climate, it also impacts the chemistry of trace
changes in total ozone in the MLR are shown in Hig. gases in the troposphere. During the 1997/8 El Nifio event,
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highest amounts of tropospheric column ozone (up to 25 DUrecords and is in phase with i€handra and McPeters994
increase) were registered in the tropi€héndra et al 1998 Bojkov and Fioletoy1995 Miller et al., 1996 Zerefos et al.
Fujiwara et al. 1999 Thompson et a).2001), half of the = 1997 McCormack et a].1997 Hood, 1997 Ziemke et al,
increase resulted from EIl Nifio-driven large scale changed997 Lee and Smith2003 Soukharev and HoQ@008§ Fi-
in the ocean—atmosphere dynamics that transported ozonaetov, 2009.

rich air from the stratosphere to the troposphere as reported

by some modelling studies (e.§udo and TakahasH200, 2.6 Aerosols

Chandra et al.2002 Zeng and Pyle2005. Ziemke et al.

(2010 even proposed a new EI Nifio index derived from trop- : ;
ical column ozone. aerosols into the stratosphere that perturb stratospheric tem-

ENSO phases have a global impact, affecting the circyPerature and circulation and enhance catalytic ozone deple-

lation in the extratropics by modulating the generation andtion (Hofmann and Solomoril989 Peter 1997 Solomon

propagation of Rossby waves which is strongly evident in1999 by releasing chlorine and bromine from ODSs. The
the northern winter monthsT(enberth et aj.2009. The eruptions of the tropical volcanoes of ElI Chichén (Mexico,

warm phase is associated with stratospheric warmiag ( 1982) and Mt. Pinatubo (Philippines, 1991) were the major
Loon and Labitzke 1987 Labitzke and van Loon1999 volcanic activities since the late 1970s. Stratospheric ozone
and a strengthened BDC in the middle atmosphere yie|d_reduced _significantly following the eruptions in the North-
ing an enhanced upwelling of ozone-rich air from the trop- €™ HemisphereRandel et al.1995 Solomon et al.1996

ics and a weaker polar vortedéwman et al.2001, Ran- S,PARC 1998 WMO, 1999 2003 2,007' 2011) which per-

del and Stolarski2002 Bronnimann et a).2004 Manzini sisted for two to three years, while Southern Hemisphere

et al, 200§ Taguchi and Hartman200§ Camp and Tung ~ 9Z0ne records did not show any pronounced ozone deficit
2007. ENSO results in temperature and ozone anomalies irfFioletov et al. 2002 WMO, 2003 2007 201]). Several

the stratosphere that are opposite to the tropospheric anom&tudies Schnadt Poberaj et a01% Aquila et al, 2013
lies. showed that enhanced ozone transport through changes in

dynamical processes counteracted the chemical losses.

Major volcanic eruptions inject large amounts of sulfate

2.4 Chlorine and bromine containing (ODSSs)

, ) i 3 Satellite total ozone time series
The evolution of the long-lived ODSs is a key parameter

to describe long-term ozone changes. Equivalent Effectivezonal mean total ozone columns from the Solar Backscat-
Stratospheric Chlorine (EESC) index is used as a measurgr Ultraviolet (SBUV/SBUV-2) Merged Ozone Data Set
of the inorganic chlorine and bromine amounts accumulateqMOD) Version 8.6 spanning from 1979 to 201ith et al,

in the stratosphere weighted by their ozone-destructive po2012, were used in this study. MOD V8.6 is constructed
tential and fractional release ral@fO, 1999 2003 2007, by combining the homogenized records from the Nimbus 7
2011). This is proportional to changes in total column ozone SBUV instrument and series of SBUV(/2) instruments on the
(Daniel et al, 1999. Stratospheric EESC is calculated from National Oceanic and Atmospheric Administration (NOAA)
the surface measurements of tropospheric ODS abundancegtellites (NOAAs 9, 11, 14, 16, 17, 18, and 19), the con-
taking into account the greater per-atom potency of stratostruction of the MOD V8.6 is based on the calibration and
spheric bromine (Br) compared to chlorine (Cl) in its 0zone analysis processes including a detailed analysis of instru-
destruction with a constant factar,(EESC=Cl+«-Br),  mental uncertainties and presentedieLand et al(2012),
conversion of Gl and By, and the transit times (or ages) the Bhartia et al(2013 andMcPeters et a2013. For the sen-

air takes to be transported from surface to different regionssitivity study, the TOMS/SBUV/OMI Version 8.0 ozone data
in the stratosphere. The EESC index has already been usgstoduct (1979-2012) were also used. This data set combines
in several statistical models of ozone trends, (Blewman  data from eight independent backscatter ultraviolet tech-
et al, 2004 Fioletov and Shepher®005 Dhomse et al.  nique (BUV-type) satellite instruments, Total Ozone Map-
2008 Stolarski and Frith2006 Rande) 2007 Harris et al, ping Spectrometer (TOMS), SBUV/SBUV-2, and Ozone

2008 Kiesewetter et a]2010. Monitoring Instrument (OMI). Drifts and biases in overlap-
ping periods among instruments were remov&tbkarski
2.5 Solarcycle and Frith 2006. The MOD V8.0 is based upon data that

have been retrieved using the TOMS V8.0 column algo-
Solar variability is considered a dominant form of long-term rithm, while the MOD V8.6 is solely based on SBUV/SVUV-
ozone changes and has been included in all ozone trend ag-data and the SBUV V8.6 retrieval algorithm, which ob-
sessmentsWWMO, 1999 2003 2007 201]). Global total  tains column amounts from integrated profilB&értia et al,
ozone amounts vary by 2 to 3% in phase with the 11-year s02013. Both MOD V8.0 and V8.6 can be obtained from

lar cycle WMO, 2003 2007). In relation to the 11-year solar http://acd-ext.gsfc.nasa.gov/Data_services/merged/
cycle, a clear decadal response is detected in long-term ozone
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In this study we also used the merged total ozone merged annual mean total ozone 1979-2012
data from the Global Ozone Monitoring Experiment, the
Scanning Imaging Absorption spectroMeter for Atmospheric
ChartograpHY and the Global Ozone Monitoring Experi-
ment 2 GOME/SCIAMACHY/GOME-2 (GSG). The total
ozone retrieval is carried out using the weighting function ,
differential optical absorption spectroscopy (WFDOAS) al- 350
gorithm (Coldewey-Egbers et al2005. This data set ex-
tends from 1995 to 2012 and combines data from GOME 340

global (60°S-60°N)

DU

NH (35°N-60°N)

(1995-2003) Coldewey-Egbers et al2005 Weber et al. 3 ‘

2005, SCIAMACHY (2002-2006) Bracher et al. 2005 S0 e omsron oo v | 1
and GOME-2 (2007—presentj\eber et al.2007). GOME cvescnonycone: |

was very stable over the operational period (1995-2012) and *Fp) ]

selected as a reference for bias adjusting SCIAMACHY and
GOME-2 data Kiesewetter et a].201Q Weber et al.2011,
2013. Adjustments were made by determining latitude-
dependent scaling factors (GOME-2 and SCIAMACHY)
from the monthly mean zonal mean ozone ratio with respect
to GOME. The data can be obtained frdittp://www.iup.
uni-bremen.de/gome/wfdoas/merged/

Figure 2 shows annual means of the area-weighted total
ozone columns over the period 1979-2012 of the different
global data sets used in this study and the ground-based mea-
surements which combines Brewer, Dobson, and filter spec-
trometer data for various zonal bands: global’(8860 N),
middle latitudes in both hemispheres (35268nd the trop- o iems 100 e 2000 2008 2010
ics (25 S—-25 N), respectively. The observed total column
ozone values are currently 2% lower than the 1964—-198digure 2. Annual mean area-weighted total ozone time se-
total ozone columns on a global scale, abewt% in the ries of grqund-based measurements c_omblnlng Brewer, Dob-
Northern Hemisphere (35-66l) and about—7% in the son, and filter spectrometer data (redkiofetov et al, 2002

. o . 2008), the merged SBUV/TOMS/OMI MOD V8.0 (dark blue:
Southern Hemisphere (35-68) while in the tropics (255— gyoarski and Frith 2008), the merged SBUV/SBUV-2 MOD

25° N) total column are almost unchanged. . . V8.6 (blue: DeLand et al.(2012; McPeters et al.(2013),
The SBUV MOD V8.6 ozone columns are consistent with 5ny GOME/SCIAMACHY/GOME-2 “GSG” (green, Kiesewet-

about 1 % when compared to ground based data from Brewegr et al, 2010 Weber et al. 2011, 2013), in the zonal bands:
and Dobson spectrophotometefdcPeters et al.2013. (@) 60° S—60 N (global), (b) 30-6C N (NH), (c) 25° S—25 N

The TOMS/SBUV/OMI V8.0 ozone zonal average data are(tropics), andd) 35-60 S (SH) zonal bands.

mostly 1-2 % higher than MOD V8.6 data. The WFDOAS

GSG data set shows very good agreement (within 1 %) with

ground-based data and with other satellite d#fal{er etal. 4 Multivariate linear regression

2005 Fioletov et al, 2008 Koukouli et al, 2012 Lerot et al, , ) )

2013 McPeters et al.2013 Weber et al. 2013 including Trequ |n.global total ozone are |nvest|_ga.ted throug_h a mul-
SBUV/SBUV-2 MOD V8.6 data set and the GOME-Type tivariate linear regression m_odel consisting of various ex-
total 0zone record (GTO) from the three European sensor§lanatory parameters (as discussed above) which account
based on the DOAS approach using products obtained witor chemical and dynamical processes in the atmosphere.

the GOME Data Processor (GDP5/GODFIWat Roozen- This statistical method has been frequently used in ozone
dael et al, 2006 Loyola and Coldewey-Egberg012 Lerot ~ assessmentspjkov et al. (1990; SPARC (199§; CCM-
etal, 2013. Val (2010; WMO (1999 2003 2007, 2011) and references

therein) in order to assess the contributions of various natu-
ral and anthropogenic changes to long-term and short-term
variability of ozone. The annual mean total ozone column

(TOZ) time series is constructed as a simple linear sum of
explanatory-variable time series as follows:

270 tropics (25°S-25°N) 4

265 T

DU

260 [~ T

255 T

330

320

DU

310

300
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o EESC The residual circulation transports more stratospheric
T0Z(m)= TOZ(ny"+a -EESQn) ozone in winter and the wintertime ozone anomalies remain
3. qboyg(n) + a30°- qbosg(n) evident till autumn.Weber et al.(2011) reported positive

correlation between spring-to-fall ozone ratio and the win-

+

+ o*"". solai(n) ter mean eddy heat flux above and below SIN, while in

- a®®'- aein) the tropics (till 40 S/N) the relation is anti-correlated. To

n «ENSO.ENSQ@) account for ozone wintertime build up and its persistence
through the summer, winter mean of AO/AAO and eddy heat

+ o OO AOIAAO (n) flux indices (from October of the previous year until March

+ oFHF EHF() for the Northern Hemisphere (NH) and April to September,

+ e(n), 1) for the Southern Hemisphere (SH)) are used. For the other

proxies, the annual mean data obtained by averaging monthly
wheren is a running index (from zero to 34) correspond- mean values are used with no time lags.
ing to all years during the period 1979-2012 whit& rep- The explanatory-variable time series used in a multivari-
resent the time dependent regression coefficients of eachte linear trend analysis must be fully independent (uncorre-
proxy (X) and e is the residual or noise time series. The lated); in this study the correlations between predictors are
EESC concentration was obtained from NASA Goddardvery small (reaching a maximum of 0.3). In order to ac-
Space Flight Center web sitht{p:/acdb-ext.gsfc.nasa.gov/ count for auto-regression, a Cochrane—Orcultt transformation
Data_services/automailer/index.hjrahd was calculated for (Cochrane and Orcytt949 is applied to the regression. The
a mean age of air of three years and width of age-of-airtransformation does not change the estimates of the fitting
distribution of one and half yearsNéwman et al. 2006 coefficients, however, the fitting errors increase due to the
2007 and bromine efficiency af = 60 was usedSinnhuber  reduction in degree of freedom.
et al, 2009. Equatorial zonal winds at 10 and 30 hPa pres-
sure levels (from FU Berlimttp://www.geo.fu-berlin.de/en/
met/ag/strat/produkte/gbo/index.h)miere used to provide 5 Results
the QBO index in the regression analysis. QBO at 10 and
30h Pa are out of phase (r/2, Bojkov and Fioleto(1995; The regression analysis (Eb.is applied to SBUV/SBUV-2
Steinbrecht et a2003) and account for the effect of QBO Version 8.6 annual mean zonal mean total ozone data from
strength and phase on ozone at different latitudes. This 0b65° S to 65 N in steps of 8. An example of the model and
viates the need to find the optimal time la8ofkov et al, the contributions (in Dobson units, DU) of the different nat-
1990. ural as well as anthropogenic explanatory variables are il-
To account for volcanic aerosols after El Chichdn lustrated in Fig.3 for the 60—-65N latitude band. The re-
and Mount Pinatubo eruptions, time dependent strato-gressed ozone time series (blue, first panel) fits well to the
spheric aerosol optical depth (OD) at 550 n8af{o et al.  0zone measurements (red) and follows the general features
1993 is used. The optical deptfhttp:/data.giss.nasa.gov/ capturing the decline of ozone to the mid-1990s, the pro-
modelforce/strataeri¥ multiplied by the stratospheric chlo- nounced ozone losses after the Mt. Pinatubo eruption and the
rine content (EESC)Wohltmann et al. 2007). To inves-  slow increase after that. The black curve (EESC) describes
tigate the impact of UV solar irradiance modulation re- long-term variations attributed to anthropogenic emissions of
lated to the 11-year solar cycle, core-to-wing ratio of the ODSs. After 1997, a small increase3+0.8 DU decade?)
Mgll line at 280 nm (http://www.iup.uni-bremen.de/gome/ is attributed to the EESC decline. The regression fit shows
solar/Mgll_composite.datls used as a proxy. There is no that the the coefficient of determination, & (the ratio of
change in the fitting results when using the F10.7 cm solathe variance of all terms in Ed.to the total variance), is 0.80,
radio flux alternatively. For the El Nifio Southern Oscillation this implies that about 80 % of the observed variance of total
phenomenon, the Nifio 3.4 indext{p://www.cpc.ncep.noaa. 0zone column can be explained by the regression. The resid-
gov/data/indices/ersst3b.nino.mth.81-10.3ssiincluded in  ual mean square (rms, the sample estimate of the variance of
the regression. The AO/AAO index is obtained from the regression residuals) is 5.4 DU.
NOAA National Weather Service Climate Prediction Cen- The green line in the second panel displays the regres-
ter web site(http://www.cpc.ncep.noaa.gov/products/precip/ sion residuals between measured and regressed data (in per-
CWIink/daily_ao_index/teleconnections.shtralpd the ex-  cent). The fitted signal of each explanatory parameterX
tratropical 100hPa eddy heat flux (EHF) averaged overis shown in the third to seventh panel of F8&.The overall
midlatitudes between 45and 75 in each hemisphere is combined QBO related component (blackPo - gboyy+
obtained from the European Centre of Medium Rangeaqb%0~qbo30) contributes to interannual ozone variability, the
Weather Forecasts (ECMRWF) ERA-Interim as described byfluctuation from easterly to westerly QBO phase at 10 hPa
Weber et al(2011). (red) and 30 hPa (blue) amounts to about 10 DU. The 11-year
solar cycle contribution (blue, Mgll index) reaches about
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Figure 3. Annual mean total ozone variations for 60<®bin DU

(SBUV/SBUV-2 Version 8.6 data set from 1979—-2012) and magni- Figure 4. (top panel)R? and rms calculated from multiple linear re-
tude of contributing factors obtained by multiple linear regressions.gression of 1979-2012 merged SBUV/SBUV-2 Version 8.6 annual
Top panel: observed total annual mean data (red), correspondinghean total ozone from 6% to 65 N (results based on regression
fit (blue) and the EESC curve (black). Green line marks the resid-Eq.1). The fitting coefficients of the different explanatory variables
uals between the observed ozone and regressed time series (segsed in this study for each latitude band are displayed in respective
ond panel). Bottom panels show the contributions from: QBO atcolours as in Fig3. Error bars indicate the statistical significance at
10hPa, (red), at 30 hPa (blue) and combined effect (black), bluetwo sigma level.

11-year solar cycle (Mgll index); orange: enhanced stratospheric

aerosols; turquoise: ENSO (3.4) index, eddy heat flux in magenta

and AO/AAO c_)scillz%tion in lime-green, respectively. The coefficient various proxies along with the standard deviation (in brack-
of determination R“) between the observed and regressed ozone .
and root mean square (rms) are indicated in the first panel. The re(-ats)_ are noted as well in t_he plot. _ -
gression coefficients of various proxies along with the 4tandard . Figure4 shows the est.lmates of fitting coefficients of the
deviation (in brackets) are also indicated in each panel. different explanatory variables and the effect of each proxy
on the interannual variability of total ozone measurements
(using the same colour notation as in RBYyfor each latitude
band. The top panel displays the coefficient of determination
10 DU from solar minimum to solar maximum. The aerosol between measured annual ozone and regression results. Typi-
response associated with ElI Chichon and Mount Pinatubaal values are higher than 0.72 across all latitude bands show-
eruptions (orange) accounts for about 12 DU and 19 DU lossng that the statistical model explains the major part of the to-
in total ozone in 1983 and 1992, respectively. The influencetal ozone variance, in the tropics (withif S/N) the regres-
of ENSO (turquoise) is typically abodt4 DU, whereas the  sion describes the total ozone variations almost completely.
1997/8 EIl Nifio event contributed up t83DU. The high-  The values of the coefficients of determination in the North-
est contribution to total ozone variability arises from the ern Hemisphere are less than those of its southern counterpart
dynamical explanatory variables (Eddy heat flux (magenta)due to the larger variability in the Northern Hemisphere.
and the negative and positive phases of AO/AAO (lime- The second panel of Fig.shows the total ozone response
green)) reaching about 12 DU. Both dynamical proxies wererelated to ODS abundance in the selected latitude bands as
included in the analysis as the regression model worked betrepresented by the EESC term. The EESC coefficient in-
ter and improved the correlation and the coefficient of deter-creases in magnitude with increasing latitude. In the inner
mination (not shown here). The regression coefficients of thetropics the EESC trends are zero. The EESC response is
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larger in the Southern Hemisphere as compared to the same  Total ozone (annual mean), SBUV/SBUV-2 MOD 8.6 measurements
latitudes in the Northern Hemisphere latitudes. The largest _ __ Measured AnnualMeans __Regression
ozone loss attributed to the chemical ozone depletion by the =t
accumulated anthropogenic ODSs are found south 6850 ; “f /\/\/\N\/\/\,\/\W
in the “ozone hole” region. This indicates that the Antarc- |

tic ozone loss has a high impact on the long-term decline at =«t22= I

[10-058] [05 - 10N]

Southern Hemisphere midlatitudeShipperfield 2003 Fio- h wos | F -z

letov and Shepher@005 Kiesewetter et al.2010. The er- . F WW

ror bars indicate the statistical significance at two sigma level =} V\;\/\/\/\kp\/\w

(95 % significance level). The EESC term is statistically sig- .t

nificant in all latitude bands except the tropics{33-20 N). wams | f -
The total QBO coefficient, shown in black in the third =

panel, is symmetric about the equator in the tropics and W/\W

changes sign at about 1ftitude. It dominates ozone vari- TF e oms

ability in the tropical and southern subtropical regions with wswss | - aon1
highest and clear influence betweerSsand 3 N while it is '

insignificant in the northern subtropics. Not unexpected, the * v

30 hPa QBO term dominates over the 10 hPa QBO term. The | .- ...
QBO phase change from the equator to the subtropics are due =
to a secondary circulation with the downward branch in the
tropics and the upwelling branch in the subtropics (positive ®., o
ozone anomalies in the tropics and negative in the 20-50
subtropical regions).

The solar coefficients are statistically significant at all lati-
tudes. The coefficients of stratospheric aerosols (orange) ine =f
the fifth panel, are mostly negative and increases with in-
creasing northern latitudes. ElI Chichén and Mt. Pinatubo T T
eruptions significantly influence total ozone over the north- Time [years] Time  [years]

ern latitudes and the negative ozone signal is in good agree-
- 9 - . 9 . 9 . 9 Figure 5. Observed SBUV/SBUV-2 V8.6 (red) annual zonal mean

ment with results reported in previous studiestaghelin total ozone columns for selected latitude bands fro% & 65 N

et al, 1998 Fioletov et al, 2002 Mader et al. 2007,

. ) and regressed (blue) ozone obtained from regression models. The
Wohltmann et al.2007 Harris et al, 2008 Rieder e_t al. right hand scale in each panel gives the residuals in percent (violet).
20103 b, 20113, WMO, 2007, 2011). At southern midlat- g2 and rms are also noted for each latitude band.

itudes the signal is unexpectedly positive. Similar results
were noted by Kioletov et al, 2002 and were also doc-
umented in the WMO reportd\(MO, 2003 2007, 2011). tremely negative AO index in 2010 resulted in very high
This spatial pattern emanates from the dynamical processe®zone throughout the northern extratropicStefnbrecht
in which enhanced ozone transport to southern midlatitude$t al, 2011). Similar to the NH, the negative AAO phases en-
driven by a strong warm ENSO phase and negative AAO achances SH ozone transport, however, the AAO contribution
companied by the shifting and stretching of the vortex to-at high southern latitudes in the regression is statistically not
wards the Antarctic Peninsula suppressed the ozone sign&ignificant except for the 45-5% zonal band.
(Schnadt Poberaj et al2011, Aquila et al, 2013 Rieder The winter mean eddy heat coefficients are statistically
etal, 2013. significant and dominate ozone variability in both hemi-

The sixth panel shows the distribution of the ENSO co- spheres above S0atitude.
efficient over the studied latitude range. A significant mod- The measured and modelled ozone are displayed irbFig.
erate negative influence on total ozone is centered over th&or selected latitude bands. The reconstructed ozone gener-
tropical region (15S—10 N). The positive patterns in the ally captures the temporal ozone variations and follows the
northern high latitudes are interpreted as consequences of egeneral features of the slow decline till the mid-nineties and
hanced transport from the tropics during warm ENSO eventshe increase after that. The residuals (violet, right scale of
(Frossard et al.2013 Rieder et al. 2013 while the coef-  the panels) are typically within 39%R2, and rms are also
ficients are statistically insignificant towards southern highdisplayed for each latitude band.
latitudes (up to 55S).

The AO estimates are found to be significant over the
northern latitudes (35-68MN). Negative AO anomalies lead
to enhanced ozone in the northern extratropics. The ex-

[50S - 455] [45 - 50N]

2 ! 2
R= 0865 rms 3.708 DU R'= 0.844 rms 3.59 DU

380
[60S - 555] 55 - 60N]
a7

0
2 2
R'= 0873 rms 4.617 DU R= 0.802 ms 4.701 DU
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6 ODS related trends in ozone total column oo 50 0 50 100

1.0 E S50v/SBUV-2 MOD 6.6 measurements 10

0.9

Ozone trends related to ODSs are calculated for all latitude

bands according to the full regression model (Eq.Based

on the EESC curves, two clear linear trends can be esti-

mated. A decline in ozone amounts starts at the beginning

of the measurements due to the increases in stratospheric
ODS loading (0.447 ppbv decad® until the turnaround of

o

=)
rm s [DU]

the ODS levels in 1997 (EESC maximum), and a negative o 19972012 trend E
trend following the levelling-off and phase out of ODSs in 8

the stratosphere0.179 ppbv decadé) accompanied with a

an increase in total column levels. Both phases of the ODS 23

related ozone trends can be approximated as the slopes of 2

the declining and increasing phases of EESC multiplied by 2

the EESC coefficient [DU decadey. 2

The pre-1997 and post-1997 EESC based linear trends (red & "¢

solid circles) as a function of latitude are displayed in the _30§ . . ‘979"99”'9?“"9 rend
bottom panel of Fig6. The positive trends after 1997 in- %0°s  e0°s  30°s Eq. 30°N 60N 90°N
crease in magnitude with latitude and are statistically sig- latitude

nificant across nearly all latitude banQS except the tro_plcﬁzigure 6. (top panel) Zonal distribution oR? and rms estimated
(20°S-20'N). In the northern subtropics and extratropics, for the 1979-2012 SBUV/SBUV-2 V8.6 merged data set from re-
the positive trends are smaller than those in southern countegyression model based on E4) (n red and the piecewise linear
parts. This can be explained by the large dynamically driventrend (PWLT or hockey stick) model in blue. (bottom panel) Zonal
variations dominating the ozone variability in northern lati- distribution of the linear trend of ozone in DU decadeunits cal-
tudes Reinsel et a.2005 Dhomse et a).2006 Wohltmann  culated for the declining part of EESC during 1979-1997 and for
et al, 2007 Harris et al, 2008. The statistically significant the increasing part of EESC during 1997-2012 (red) as well as the
trends after 1997 can, therefore, be attributed to the onset dfends before and after the ODS turnaround (1997) calculated by the
anthropogenic (or ODS related) ozone recovery. PWLT model (blue). The statistical significance at t_wo sigma level
The ozone trends before and after the ODS turnaround® indicated as grey shades for PWLT and dashed lines for EESC.
can also be described by calculating piecewise linear trends
(PWLT or hockey stick) Reinsel et al. 2002 2005

Newchurch et a).2003 Miller et al., 2006 Vyushin et al, 1997 compared to the sharp inversion of the ODS abun-

2007, 2010 Yang et al, 2009. The PWLT model replaces dances used in the PWLT regression model. The aerosol sig-

the EESC term=5S% EESCg)) in Eq. 1 by two separate nals of EI Chichén and Mount Pinatubo are screened and

linear trend terms: picked up by ODS signal modelled by EESC which also in-

«FESC. EESQn) = ' - §(< 1997 + a2 - §(> 1997), flue_nce t_he magnitude of the Mgll signal. A brief explanation
@) is given in the supplement_ary material.

Both of the above mentioned approaches equally well de-
wheres(< 1997) is a quantity corresponding to the years be-scribe the total ozone changes during the last thirty years.
fore 1997 subtracted from 1997 and zero after 1997 whileBoth EESC and PWLT related trends before and after 1979
3(>1997) is 0 before 1997 and 1997 subtracted from theare shown in Fig.6. The fit is almost identical in the
years after 1997. 35° S—65 N latitude range, as evident from the rms and coef-

As for the EESC regression, the results obtained fromficient of determination. Above 355, the PWLT fits provide
the PWLT model (not shown here) showed the same patiower residuals than the EESC fits. In this region, the PWLT
terns as in Fig5 with the coefficient of determination bet- trends after 1997 differ more strongly from the EESC trends
ter than 0.72, the contributions of the other explanatory vari-as discussed further down.
ables slightly altered. The Mgll coefficient decreased by 10— Both EESC and PWLT based trends before 1997 are very
30 % south of 35S, the eddy heat flux coefficient slightly in- close to each other and agree within the 2-sigma error bars
creased by 10 % in the same latitude bands while the aerosdggrey shades for PWLT and dashed lines for EESC). On the
signals dropped greatly in the same bands (statistically sigother hand, the positive trends after 1997 are also close to
nificant between 45S and 60 S) when PWLT is used. The each other, the values of the PWLT trend dropped signifi-
significant changes of the aerosols and Mgll contributionscantly south of 40S. Moreover, the positive PWLT is statis-
are due to the evolution of the parameterited EESC in whichtically insignificant over the latitude bands except for the nar-
the turnaround of ODS abundances starts in the early ninetiesow band 20-30in each hemisphere. The post-1997 PWLT
and lasts till the late nineties (slow turnaround) peaking intrend in the southern high latitudes are up to four times less
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than the EESC based trend but agree within the 95% error 108
bars. The PWLT trend values after 1997 are different than
expected and cannot be accounted as a full true response to
the ODS decline after 1997 since PWLT regression analysis o
is very sensitive to the length of the data record after 1997 0.7F
(Vyushin et al, 2010 or may contain contributions from 06E ,
other processes than ODSs. As the ODS related upward trend 0.5 TOMS/SBUV/OMI MOD 5.0 ©o®

rm s [DU]

is fairly small, the PWLT is more strongly affected by uncer- 20 seuvisauv-2 MoD 8.6
tainties in the short-term variability. o F
T 10f
) F
7 Sensitivity of the trends acquired from different ° 0;
satellite ozone data records 2 1ob
N
In this study, the merged WFDOAS GOME/ % 20§_
SCIAMACHY/GOME-2 (GSG, 1995-2012) zonal mean ° i covens ]
total 0zone mean data séi¢sewetter et a).201Q Weber N I , R
et al, 2011 2013 and the TOMS/SBUV/OMI Version 8.0 90°s  60°s  30°S Eq. 30N 60N 90N

latitude

(MODB8.0) ozone data product (1979-2013dlarski and
Frith, 200§ were also analysed using the regression modelFigure 7. (top panel) Zonal distribution oR? and rms estimated
(Eq.1) to investigate the uncertainty in long-term trends duefor the merged GSG data (July 1995-December 2012) combined
to the use of different ozone data sets. The statistical analysiwith SBUV/SBUV-2 MOD V8.6 data (January 1979-June 1995)
was app“ed for the same latitude range 0(65.65 N) dlsplayed in green, SBUV/SBUV-2 MOD V8.6 ozone data (1979—
The GSG data (July 1995-December 2012) was combined012) in que_ and TOMS/SBUV/OMI MOD V8.0_ merged data
with SBUV/SBUV-2 merged V8.6 data (January 1979- (1979_—2012) in red. The results refer to analysis based on re-
June 1995) without adjustments of the GSG data. The resultdression Ed :()..(bottom panel). The EESC'b.aSEd trends repre-
. . . A Senting the decline from 1979 till 1997 (negative values) and and

a; a function of latitude are depicted in F@andg together increase after 1997 (positive values) are displayed for all ozone
with the results fo_r the TOMS/SBUV/OMI Version 8.0 data data sets. Grey shades indicate the statistical significance at two
set and the previous results for the SBUV/SBUV-2 MOD sjgma level for SBUV/SBUV-2 MOD V8.6, red dashed lines for
V8.6 merged data (1979-2012). Both data sets are generallyoms/SBUV/OMI MOD V8.0 and green dashed lines for the
in good agreement with the SBUV/SBUV-2 merged V8.6 SBUV/SBUV-2 MOD V8.6+ GSG WFDOAS data set.
results. For the MOD8.6/GSG data in comparison to MOD
V8.6, the determination coefficient are close at higher
latitudes but decrease in the tropics and subtropics. The As shown in Fig8, within 2¢ all fitting coefficients agree
MOD8.6/GSG rms's are slightly higher within 15-15 N with each other for all three data sets. In particular, the EESC
and almost unchanged elsewhere. The differences whetrends are almost identical. This means that the GSG, MOD
replacing part of the MOD V8.6 data with GSG data are V8.0 and MOD V8.6 data sets are highly consistent.
very small indicating excellent agreement between both data However, there are some differences in the PWLT trends
sets. On the other hand, the determination coefficient as welhfter 1997 between the three data sets as shown in9Fig.
as rms for MOD V8.0 data improved between th€ 3Gand  The post-1997 PWLT trends for the MOD V8.0 data are
60° S latitude range while north of 2% the values dropped. higher than those for MOD V8.6 and are statistically signif-

The fit coefficients of the MOD8.6/GSG and MOD V8.0 icant (95 % confidence). The post-1997 PWLT trends from
data follow the same pattern as that for the MOD V8.6 MOD8.6/GSG data set lie somewhere between the SBUV
merged data set and agree within 2-sigma (see 8ig. merged MOD V8.6 and MOD V8.0. Both MOD V8.0 and
The EESC signals and trends, QBO and aerosols estimatddOD8.6/GSG show positive trends in the tropics after 1997
agree well and are withint15% with MOD V8.6 esti-  that are barely statistically significant. Within the combined
mates. The other signals are significantly altered by the userror bars the PWLT trends agree between all data sets and
of the GSG and MOD V8.0 data. The dynamical signalsat all latitudes. The EESC and PWLT trends before 1997 for
(ENSO, AO/AAO and EHF) obtained from MOD V8.0 re- each data set agree with each other for all three data sets.
gression analysis increased about 15-35% north 8N35  After 1997, there are some differences. For most latitudes
while MOD8.6/GSG data analysis revealed that the samehe MOD V8.0 PWLT trends are larger than their respective
signals are almost unchanged. The solar cycle contribution&ESC trends, while they agree for the MOD V8.6 data as
agree for MOD8.6/GSG and MOD V8.6, but MOD V8.0 mentioned before. An exception are the high southern lati-
show larger contributions in the Northern Hemisphere, buttudes where the MOD V8.0 show better agreement between
all data sets agree within their error bars. PWLT and EESC, while larger differences are observed
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latitude and contributes up te-7 DU depending on its phase while

at higher latitudes the eddy heat flux signai1Q DU) and
Figure 8. The fitting coefficients of the different explanatory vari- tq |esser extent the ENSO and AO/AAO signals represent
ables used in the regression analysis of the different merged dat?ne major attribution to ozone variations. The effects of El
sets. The statistical significance at two sigma level is displayed inChichén (1982) and Mt. Pinatubo (1991) are limited to the
respective colours as in Fig. periods of volcanic eruptions and are responsible for a large

fraction of ozone loss (up te-14 DU and—22 DU, respec-

for MOD V8.6. The MODS.6/GSG trends form EESC and tVely), the signal is more prominent and statistically signifi-
PWLT fits agree for most latitudes except for the positive cant in tr_'e Northern Hemisphere. . .
PWLT trends after 1997 not seen in the EESC trend. The signature of the 11-year solar cycle is evident over

Within the 2o error bars the PWLT trends agree with each all latitude bands and the contribution to ozone variability
other for all three data sets. can reach about 13 DU from solar minimum to maximum.

Replacing the Mgll index by the F10.7 cm proxy, does not
change the ozone signal of the other explanatory variables
8 Summary and conclusions or the statistical significance of the model although the Mgl
index is believed to correlate better with solar UV irradiance
In this study, long-term evolution of zonal mean annual meanchanges than the F10.7 cm solar fliigfeck et al, 2001,
total ozone measurements from merged data sets of var2004.
ous satellites over the period 1979—-2012 betweerséand Figure 4 shows that the EESC function is the dominant
65° N were analysed by multiple linear regression. The re-cause of long-term ozone decline in the stratosphere before
gression analysis included different explanatory variablesl997 and an increase afterwards. The trends are statistically
representing dynamical and chemical processes that modsignificant in the extratropics and indicates the onset of ozone
ify global ozone distributions such as QBO, solar cycle, recovery as expected from the slow decrease in the strato-
aerosols, ENSO, eddy heat flux, AO/AAO and the EESCspheric halogen after measures introduced by the Montreal
terms. The SBUV/SBUV-2 merged data V8.6 (MOD V8.6) Protocol and amendments to phase out the ODSs. The com-
were analysed first. The regression model explained abouparison with trends obtained from the PWLT model yields
70-95 % of the ozone variability across the considered latsimilar results for the long-term decline before 1997. On
itude range. The QBO signal dominates the tropical regionthe other hand, the positive PWLT turnaround trends are
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generally smaller than the EESC trend at southern middleacknowledgementsThe authors acknowledge S. Frith, R. Sto-
latitudes and have larger uncertainties (the latter due to théarski and the NASA TOMS and SBUV instrument teams for the
shorter periods available for PWLT trends in contrast to theNASA MOD product used in this study. Part of this study was
full period used for the EESC trends). The observed ozondunded by the DFG Research Unit SHARP (SHARP-OCF).
changes are as expected from the turnaround in the ODSs

since 1997, however, the large year-to-year variability still E41t€d by: M. Van Roozendael

masks the exact magnitude of the recent (and weak) ODS

related trend.

A sensitivity study was carried out by comparing the
results obtained from the regression model (Hj.re-  Angell, J. K. and Korshover, J.: Quasi-biennial variations in tem-
placing the late MOD V8.6 data after 1995 with the perature, total ozone, and tropopause height, J. Atmos. Sci., 21,
merged GOME/SCIAMACHY/GOME-2 WFDOAS data set ~ 479-492, 1964.

(Kiesewetter et al.201Q Weber et al. 2011, 2013, and Appenzeller, C., Weiss, A. K., and Staehelin, J.: North Atlantic
with TOMS/SBUV/OMI MOD V8.0 ozone data from 1979 Oscillation modulates total ozone winter trends, Geophys. Res.
to 2012 Stolarski and Frith2006. This allows us to assess Lett, 27,1131-1134, 2000.

the uncertainty which may arise form the observational datda‘qu:]'ﬁ; \é’ Aom_?r?é EezL)’oitiaé?g’zsﬁ’eDa%g:(Tiffégé'an}oir;ge’\:thvﬁe
record. Although, SOT“‘? changes. in the individual fit param- Erup,tion of Mt. Pinatubo at Southern and Northern Midlatitudes,
eters were found,. Wlthln the 2—S|gma_error barg the results 3 Atmos. Sci., 70, 894-900, 2013.

were identical. This is in agreement with an earlier study bygajqwin, M., Gray, L., Dunkerton, T., Hamilton, K., Haynes, P.,
Kiesewetter et al(201Q which also showed a high consis-  Randel, W., Holton, J., Alexander, M., Hirota, 1., Horinouchi, T.,
tency between the GSG and the merged SBUV V8.6 data. In  Jones, D., Kinnersley, J., Marquardt, C., Sato, K., and Takahashi,
particular, the EESC related ozone trend is almost identical M.: The Quasi-Biennial Oscillation, Reviews of Geophysics,
for the different total ozone data sets, so that the data quality Rev. Geophys., 39, 179-229, 2001.

of total ozone data appears to be not an issue here. Bhartia, P. K., McPeters, R. D., Flynn, L. E., Taylor, S., Kramarova,

The MOD V8.6 data show better agreement of the PWLT N. A., Frith, S., Fisher, B., and D(_aLand, M Solar Backscatter
with the post-1997 EESC trends, however, the PWLT is for ;_"V és?iuggstgtazlszgozgo ag(igr;r/oﬂl? glggg;hgwdl,;torri%s. Meas.

; Lot i : ech., 6, —. , . amt-6- - .
g]gztréa:;?r?;spzrfn;cc))tsts/t;gsgcdagé Sége?lf:ﬁznggv(ﬂ;f?:ggéf;%merBojkov, _R._ D. ano_l Fioletov, V. E.: Estimating the global ozone char-
. ' . . - acteristics during the last 30 years, J. Geophys. Res., 100, 16537—
1997 is generally higher than the linear part of the EESC 16552, 1995.
trend but except for the northern subtropics they agree withirggjkoy, R. D., Bishop, L., Hill, W. J., Reinsel, G. C., and Tiao,
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