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Abstract. We present the first spatial analysis of “finger- the coefficient estimates for the Mt. Pinatubo eruption and
prints” of the El Niio/Southern Oscillation (ENSO) and the analysis of the relationship between the AAO and ENSO
atmospheric aerosol load after major volcanic eruptionsphase, the extent and the position of the southern ozone “col-
(El Chichon and Mt. Pinatubo) in extreme low and high lar” and the polar vortex structure provide clear evidence
(termed ELOs and EHOs, respectively) and mean values ofor a dynamical “masking” of the volcanic signal at south-
total ozone for the northern and southern mid-latitudes (de-ern mid-latitudes. The paper also analyses the contribution
fined as the region between<3@nd 60 north and south, of atmospheric dynamics and chemistry to long-term total
respectively). Significant influence on ozone extremes wa®zone changes. Here, quite heterogeneous results have been
found for the warm ENSO phase in both hemispheres durindound on spatial scales. In general the results show that EESC
spring, especially towards low latitudes, indicating the en-and the 11-yr solar cycle can be identified as major contrib-
hanced ozone transport from the tropics to the extra-tropicsutors to long-term ozone changes. However, a strong contri-
Further, the results confirm findings of recent work on the bution of dynamical features (El Ro/Southern Oscillation
connection between the ENSO phase and the strength an@ENSO), North Atlantic Oscillation (NAO), Antarctic Oscil-
extent of the southern ozone “collar”. For the volcanic erup-lation (AAO), Quasi-Biennial Oscillation (QBO)) to ozone
tions the analysis confirms findings of earlier studies for thevariability and trends is found at a regional level. For the
northern mid-latitudes and gives new insights for the South-QBO (at 30 and 50 hPa), strong influence on total ozone
ern Hemisphere. The results provide evidence that the negvariability and trends is found over large parts of the north-
ative effect of the eruption of El Chiéim might be partly  ern and southern mid-latitudes, especially towards equato-
compensated by a strong warm ENSO phase in 1982-1988al latitudes. Strong influence of ENSO is found over the
at southern mid-latitudes. The strong west-east gradient imMNorthern and Southern Pacific, Central Europe and central
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166 H. E. Rieder et al.: Total ozone and atmospheric dynamics and chemistry at mid-latitudes — Part 2

southern mid-latitudes. For the NAO, strong influence on col-2005 Harris et al, 2008 Shepherd2008 Hegglin and Shep-
umn ozone is found over Labrador/Greenland, the Easterterd 2009.

United States, the Euro-Atlantic Sector, and Central Europe. The analysis of spatial “fingerprints” of the 11-yr solar cy-
For the NAQO'’s southern counterpart, the AAO, strong influ- cle, QBO, ODS, NAO, and AAO at mid-latitudes is presented
ence on ozone variability and long-term changes is foundn the companion papeFfossard et al2013 from here on

at lower southern mid-latitudes, including the southern partgeferred to as Part 1). Here we give a complementary discus-
of South America and the Antarctic Peninsula, and centralsion of the spatial “fingerprints” and effects of volcanic erup-
southern mid-latitudes. tions and ENSO on ozone extremes and mean values. Addi-
tionally we analyze the contribution of individual dynamical
and chemical covariates on long-term total ozone changes
for several regions of interest at northern and southern mid-
latitudes.

1 Introduction

Since the detection of the Antarctic ozone hole in the late2 Data and methods
1980s Farman et a).1989, interest in total ozone changes

has increased strongly in the scientific community and gen?-1 Total ozone data
eral public, due to the direct link with changes in biologically

active UV radiation (€.g Caltb et al, 2009. set (version 2.7; spatial resolution of 1°2bngitude by 1.0

Multiple linear regression models including independent; . ) I .
. . . latitude; temporal resolution: daily averages) for the time pe-
variables, also called explanatory variables or covariates,.

which represent atmospheric variability have been used tr%Od 1979-2007. The NIWA data set is homogenized; drifts

In this study we used the NIWA assimilated total ozone data

assess and analyze the attribution to long-term total ozon etween measurements of different satellite instruments have

trends. The most commonly-used covariates include: the een corrected through inter-satellite instrument comparison

11-yr solar cycle, the Quasi-Biennial Oscillation (QBO), and comparison with data from Dobson and Brewer ground-

(linear) trends attributed to anthropogenic ozone deplet-gars]g(rjeinwsgtlérr??)r;f'r\;/:]icr(';;\(/)\? trlguttﬁet?/vg:ﬁj (I\B/Ilggirgt)mg-
ing substances (ODS), and atmospheric aerosol load after 9 ( ) g

volcanic eruptions (e.gFioletov et al, 2002 Steinbrecht cal Organization (WMO) (sebttp://www.bodekerscientific.
et al, 2008 Vyushin et a 2007 Schnadk poberaj et al. - LB EENE SR B LT CERE 28 O
2011 WMO, 2003 2007 201D In addition variables de- Bodeker et al(2005, Muller et al.(2008, andStruthers et al
scribing decadal/long-term climate variability, like, e.g., the ' ' ' '

El Nifio/Southern Oscillation (ENSO), the Arctic Oscillation (2009.

(AO), the North Atlantic Oscillation (NAO), and the Antarc- 29

tic Oscillation (AAO), have been included in such analyses.
There is broad agreement within the scientific commu-

nity that negative long-term ozone trends at mid-latitudes be-rpe 11-yr solar cycle, QBO at 30 and 50 hPa levels, ozone
tween the 1980s and mid-1990s are dominated by changes iffepleting substances (ODS) in terms of equivalent effective
ODS, while short-term changes are attributable to dynamsyratospheric chlorine (EESC), the North Atlantic Oscillation
ical phenomena such as horizontal advection and convefgex (NAO) and its southern counterpart the Antarctic Os-
gence of mass related to changes in tropospheric and lowejjjation Index (AAO), the Nino 3.4 Index, representing the
stratospheric pressure systems (&¢phltmann etal.2007  g| Nifo/Southern Oscillation, and the Sato Index describ-
Mader et al.2007 Koch et al, 200_59- ing atmospheric aerosol load after the volcanic eruptions of
However, several recent studies have shown that atmog| chichon and Mt. Pinatubo have been used to describe the
spheric dynamics have had and still have a significant, andate of the atmosphere and atmospheric dynamics and chem-
larger than previously thought, influence on total ozonejsry in this study. An overview of the temporal evolution of

changes: (i) according télood and Soukharef2009,  these indices and their sources is provided in the companion
Wohitmann et al(2007, Mader et al.(2007, andHarris  paper byFrossard et a(2013.

et al. (2008, dynamics may account for about one-third or

even more of the total ozone decline observed between the 3 Statistical models

1980s and mid-1990s; (ii) the observed increase in column

ozone since the late 1990s (at northern mid-latitudes) can b&xtremes and mean values in total ozone and their relation
mainly attributed to dynamical changes (eldarris et al, to important covariates are analyzed on a grid cell basis
2008 WMO, 2007); and (iii) the change in the atmospheric using two different types of statistical models: (i) a model
burden in ODS contributed insignificantly to the increase inbased on extreme value theory (EVT) for the analysis of ex-
column ozone in recent years (e.glpod and Soukhargev treme low and high total ozone values (termed ELOs and

Indices describing atmospheric dynamics and
chemistry
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EHOs, respectively); and (ii) an autoregressive moving aver+ameter. This result allows us to assess the significance of the
age (ARMA) model for monthly mean values of total ozone. estimates by a so-callegtest For every covariaté, we test
Since these models are the same as in Part 1, they are onlyhether its coefficieng; is zero in a particular grid cell; if
briefly described here; see Part 1 for more details. We starthis hypothesis is rejected, the covariate is said to have a sig-
with a motivation for our modeling approach, then describenificant influence on total ozone in that grid cell. As with any
the common structure of models (i) and (ii) that includes thestatistical hypothesis test, rejection is based onpthalue
covariates, and finally report the individual characteristics ofwhich can for our case be oversimplified to the probability
the two models. that the estimate obtained is consistent with the giugeing
The distinction between models for extremes and mearzero. A smallp-value (here chosen as1 %) suggests that
values is essential because of the different nature of thesestimate is significantly non-zero. For a more formal descrip-
types of data, according to their situation in the tails or in tion of the z-test andp-values, see Sect. A2 of Part 1. We
the “bulk” of the statistical distribution function. Neverthe- perform such-tests for every grid cell and produce maps of
less, we include the same covariate-dependent expressidhe p-values, as for the coefficient estimates.
into both models, in order to compare the effects of the co- Evaluation of different temporal resolutions of the models
variates on total ozone EHOs, ELOs, and mean values. (anannualand aseasonamodel, see Part 1) by likelihood ra-
Even though the NIWA ozone data are spatial, we fit uni- tio tests showed that the seasonal model is preferable. There-
variate models to each grid cell separately, mainly becauséore some covariates are split into four parts, one for each
spatial models for extremes that are computationally feasiblef the seasons December-January-February, March-April-
for massive data sets are still not very well developed. OuMay, June-July-August, and September-October-November.
approach is not optimal since it neglects the joint spatial beFor examplesd7(x)EESQ?t) in Eq. (1) can be replaced by
havior of 0zone, but compared to averaging over zonal bands
it has the advantage of naturally addressing non-stationarityh spring(*) EESGpring(1) + A7, summefx) EES Gummet )
in space and time. + B7.1all (x) EESGan () + B7, winter(x) EESGyinter(?),
The covariates are included through a multiple linear

regression termZ nsisting of rely time-
egression te (DA(x) consisting of a purely time son¢ and equals zero for the other months.

dependent design matri&(z), which is the same for all grid . . .
P g (1) g Statistical models for extreme events only describe the tail

cells, and an individual coefficient vect@(x) for each grid e .
cell x. The design matrix is composed of seasonality termsOf the probability distribution and are therefore fitted merely

and covariates describing chemical and dynamical processetg a subset of extrgme observations whose definition de-
in the atmosphere (see Se2r2and Part 1). An exploratory pends on the specific model. For ozone extremes, we chose

analysis in the framework of extremes showed that the mos he so-called--largest order statistics mode_l (see _Part 1 and
suitable choice of covariates is oles 2001, Sect. 3.5), where the data are divided into blocks

and just the largest (for EHOs) or smallest (for ELOs) ob-

where EESG equals the EESC values for the months of sea-

3 21t servations of each block are used in the fitting procedure. The
Z(DB(x) = pox) + Z Pai-1(x)co o (1) covariates are incorporated in the location parameteac-
i=1 counting at the same time for the temporal non-stationarity
+ Boi (x)sin(ﬁ)) + B7(x) EESQY) of the data. At grid celk, the location parameter is
Pi
+ Ba(x) SOLAR(?) + Bo(x) QBO3p(2) p(x, 1) =Z(t)B(x),
+ B1o(x) QBOso(?) + B11(x) ENSQ() where the right-hand side is given by Ed).(The time in-

AAO (1) dext stands for the block length, which has been set to one
+Ar2(x) { NAO(7) } + B13(x) CHICHON(™) month, meaning that the covariates are also at a monthly res-
+ B1a(x) PINATUBO(7), olution. Details on this and on our choicesof 3 are given
in Part 1.
where they; allow for 1-yr, 6-month, and 4-month seasonal-  For total ozone mean values we use an autoregressive
ities, i.e.,(¢1, 92, ¢3) = (12, 6, 4). For each model, we esti- moving average (ARMA) process (see Part 1Boockwell
mate the vectoB(x) separately at every grid cellby max-  and Davis 2002, which is a flexible model for station-
imum likelihood estimation (brleﬂy eXplained in Sect. Al of ary time series. We use this model because the month|y
Part 1) and produce maps of the estimates of each componef{ean values are autocorrelated. The importance of correla-
B: for interpretation and comparison. _ . tions when analyzing atmospheric data is briefly discussed
Standard errors of the estimatgs are easily obtained iy Sect. 3.2.1 of Part 1. If (x, r) denotes the mean value of

from the numerical optimization procedure. From likelihood month at grid cellx, we fit an ARMA process to the sta-
theory it is known that the estimate divided by its standardtionarized sequence

error has an asymptotically Gaussian distribution with unit
variance and mean proportional to the true value of the pan(x,t) =Y (x,t) — Z(t)B(x),
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168 H. E. Rieder et al.: Total ozone and atmospheric dynamics and chemistry at mid-latitudes — Part 2

(@) -150 (b) -150 150 (C)-150
60 = 1 1 1 n L n 1 - - 7 v, i g T N3

i

(é) —1'50

= — — - - - L —~ ot~ 60
" ] & e 7 3 b SR v T 7] 75
: ‘4‘ ."\W‘ S £ I | ' ki 18 %
) i ) TR vy i & o 0.5
-150 -60 0 60 150 -150 -60 0 60 150 -150 -60 0 60 150 0
(9) -150 (i) -150

60 +————
(k) -150
~30 i

8

Fig. 1. Pointwise regression coefficient estimates (in @bit ENSO™1) for the El Nifio/Southern Oscillation on an annual basis for
(a) EHOs, (b) ELOs, and(c) mean values of total ozone at38 to 60° N; (d)—(f) show thep-values of pointwise significance tests for
the estimates ifa)-(c). (g)+(m) as (a){f) but at 30 S to 60 S. An augmented version of this figure including standard errors for all
coefficient estimates is provided in Fig. S1.

where the expression &(¢)B(x) is again given by Eq.1). 3.1 El Nifio/Southern Oscillation (ENSO)
An ARMA(1,1) process was found to be appropriate, i.e.,

nGe,t) =) n(x,t —1) +elx, 1) +0(x)e(x,t — 1), The El Nifo/Southern Oscillation (ENSO) phenomenon is
triggered by the large contrast between high tropical and low
where¢ (x) andd (x) are parameters describing the autocor- extra-tropical Pacific sea surface temperatuBrsrinimann
relation, which is not of primary interest here, and,¢) is  etal, 2004ab). Previous studies (e.dlrenberth et a).1998
Gaussian white noise. Alexander et a.2002 have shown that stratospheric trans-
For further details on all these aspects and models, modgbort processes, the Hadley circulation and Rossby wave gen-
validation, as well as a sensitivity analysis on several cor-eration in the Northern Pacific, are strongly influenced by
rections for multiple testing, we refer to Part 1 of this paperthe ENSO phase. Earlier work reported that strong warm
(Frossard et a12013. ENSO events are also associated with more frequent strato-
spheric warmings (e.gLabitzke and van Logn1999 van
Loon and Labitzke 1987, stronger wave activity fluxes,
3 Results and a strengthened meridional circulation in the middle at-
mosphere, all contributing to yield a weaker polar vortex

In Part 1 it was shown that the spatial analysis Conflrmedand enhanced transport of ozone-rich air from the tropics

findings of previous studies (e.gSteinbrecht et al.2006 to the extra-tropical regionsNewman et al.2001 Randel

concerning the significant influence of the 11-yr solar cycle,et al, 2002. However, a recent study Butler and Polvani

QBO_’ and EESC on column ozone at. mid-latitudes on Iarge(201]) showed that the frequency of occurrence of sudden
spatial scale. Further the relationship between modes de

- . R stratospheric warmings is similar during Elidi and La
scribing decadal/long-term climate variability (i.e., the NAO b v 9

) . M Nifla events, contrasting with earlier work and indicating
and AAO) and total 0zONe was dlscussegl n d_etall InPart 1. gimilar importance of both ENSO phases for the stratosphere.
Here we focus specifically on the relationship between to-

) ) The p-values in Figs1-3 show that ENSO has significant
tal ozone extremes and mean values and volcanic eruptio

L ; "Wfluence on total ozone over large parts of the mid-latitudes.
(El Chichon, Mt. Pinatubo) and ENSO. Further, we analyze While coefficient estimates are significant at lower mid-

the contribution of individual covariates to long-term total titudes, they tend to turn insignificant towards high lati-

ozo?he chan_g(als;?rjpeC|flc regions of interest at northern an des (from approximately B0\ and 50 S). This spatial pat-
southern mid-iatitudes. tern might be interpreted as a consequence of enhanced trans-
port of ozone-rich air from the tropics to the extra-tropics

Atmos. Chem. Phys., 13, 16579 2013 www.atmos-chem-phys.net/13/165/2013/
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Fig. 2. Pointwise regression coefficient estimates (in @bit ENSQ 1) for the El Niio/Southern Oscillation fofa) EHOs, (b) ELOs,
and(c) mean values of total ozone during winter (DJF) at Bto 6C° N; (d)—f) show thep-values of pointwise significance tests for the
estimates ifa)-c). (g>{(m) as(a)}f) but during winter (JJA) at 30S to 60 S. An augmented version of this figure including standard
errors for all coefficient estimates is provided in Fig. S2.
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Fig. 3. Pointwise regression coefficient estimates (in @bit ENSO 1) for the El Nifio/Southern Oscillation fai) EHOs, (b) ELOs, and

(c) mean values of total ozone during spring (MAM) at’30to 6C° N; (d)—f) show thep-values of pointwise significance tests for the
estimates in(a)—(c). (g-(m) as(a)f) but during spring (SON) at 3 to 60 S. An augmented version of this figure including standard
errors for all coefficient estimates is provided in Fig. S3.
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during warm ENSO events with a strong east-west gradient.
While ozone transport is enhanced during the warm phase

of the ENSO (EI Niio events), it is reduced during its cold 410

phase (La Nia events). Especially over the Northern and ~ ; 360

Southern Pacific, the estimates are strongly positive, reveal- j

ing the connection between ENSO, the Hadley cell circu- ¢ 370

lation, and Rossby wave generation. Over Central Europe,

significant influence of moderate and strong Efidlievents - 350

is found during winter (see Fi@®) and spring (see Fig), _

which confirms earlier findings on ozone enhancement in the ~ 330

European Sector during the warm ENSO ph&séinimann

et al, 2004ab; Rieder et al.2010ab, 2011). - 310
Another interesting feature is that highly significant nega- | 290

tive ENSO coefficient estimates are found during austral win-

ter and spring over the Indian Ocean, in particular for the L 570

extremes (EHOs and ELOs) while less striking for mean val-

ues. This spatial pattern can be explained as connection be- - 250

tween the southern ozone “collar” and strong Eidland La

Nifia events (see Figd.and S4). Due to changes in transport - 230

of ozone-rich air from the tropics towards polar regions (dur-

ing the La Nia phase) the gradient between the polar vor- 210

tex and mid-latitudes is increased, thereby leading to a shift i : . -

and local/regional enrichment of the ozone “collar” in the

Southern Hemisphere (during winter and spring), visible in 170

the coefficient estimates angvalues in Figs2 and3. Our

sensitivity analysis (see Part 1) showed that the anticipated 150

shrinkage of the significant areas is less pronounced in the
northern mid-latitudes, where the effect of the ENSO persists

even under very conservative correction methods. Fig. 4. Southern Hemisphere seasonal mean column ozone (in DU)
Our results are in good agreement with recent work of yring austral winter (JJA) for 1986-1989. Top: seasonal mean

Hitchman and Roga(2010ab) reporting on the influence of 1988 and 1989 representing a strong Ldidlphase (shifted,

of the ENSO phase on Southern Hemisphere column ozongartly opened and locally enriched ozone “collar”). Bottom: sea-

during the winter to spring transitiorHitchman and Ro-  sonal mean of 1986 and 1987 representing a strong i Nhase

gal (20100 report an eastward progression of the Southern(closed, ozone-rich and homogeneous ozone “collar”).
Hemisphere maximum ozone from August to October dur-

ing La Niftla compared to El Nio due to differences in gen-

eral circulation features related to changes in planetary wavelescribe an ozone maximum south of Australia during the
patterns in temperature and geopotential height. During Audia Nifia phase related to a wave one anomaly. The UTLS
gustHitchman and Roga010H report a positive anomaly anticyclone over the subtropical Indian Ocean is enhanced,
over the Southern Pacific and a negative anomaly south ofvhich leads to a more intense and zonally confined sub-
Australia during El Nfio (compare with Figs4 and S4 of tropical westerly jet flitthman and RogalR010b, and net
this analysis), and vice versa during the Lddlphase. Dur- to more ozone in the “collar” region. Furthdrjn et al.

ing the El Niio phase this pattern is related to (i) a strong (2009 reported that the eddy components of temperature
Australian High stretching southwestwards across the Southand ozone trends at southern high latitudes are dominated
ern Indian Ocean and (ii) a South African High extending by zonal wavenumber-1 structures. Especially for October
southwestwards across the Atlantic to the southern tip ofand November they found an interesting pattern relating to
South America. On the other hand during the Lé&phase the ozone asymmetry, namely departures from the zonally
a distinct Southern Indian Ocean High is the dominant dy-symmetric state, in relation with gradual warming over the
namical feature. In Septembitchman and Rogg2010H subpolar region and Australia, effectively shifting the wave
report a distinct ozone anomaly near South Africa relatedpattern eastward.

to an upper-troposphere-lower-stratosphere (UTLS) anticy-

clone over South Africa during the El fib phase (compare 3.2 Volcanic eruptions

with Figs.4 and S4 of this analysis), leading to stronger pole-

ward transport of subtropical ozone-poor air out of the lowerViolent volcanic eruptions can inject large amounts of
stratosphere. During Octobétfitchman and Rogal20108 gaseous compounds (including $@nd HS) into the

Atmos. Chem. Phys., 13, 16579 2013 www.atmos-chem-phys.net/13/165/2013/
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Fig. 5. Pointwise regression coefficient estimates (in @bit Sato Index 1) for the volcanic eruption of EI Chi@n on an annual basis for
(a) EHOs,(b) ELOs, and(c) mean values of total ozone at®38 to 60° N; (d)—(f) show thep-values of pointwise significance tests for the
estimates ifa)-c). (g(m) as(a)f) but at 30 S to 60 S. An augmented version of this figure including standard errors for all coefficient
estimates is provided in Fig. S5.

stratosphere. These compounds are precursors for the atdader et al. 2007 Wohltmann et al. 2007 Harris et al,
mospheric formation of sulfate aerosol particles, which in2008 Rieder et al.2010ab, 2011). In the Southern Hemi-
turn provide surfaces for heterogeneous processes on paphere the picture is different. Thevalues in Fig.5k—m
lar stratospheric clouds (e.dReter 1997 Solomon 1999 suggest that the EI Chiéin eruption had a significant influ-
in the lower stratosphere, enhancing ozone depletion. Adence at lower southern mid-latitudes. Significant influence is
ditionally, the gaseous compounds absorb infrared radiatioriound in particular for EHOs and ELOs, while the significant
leading to a warmer lower stratosphere and thereby enhancarea is much smaller for mean values. However, it is puz-
stratospheric dynamics and ozone depletion (&rasseur  zling that in contrast to the Northern Hemisphere the coeffi-
and Granierl992 Koderag 1994 Hadjinicolaou et a].1997). cients in the Southern Hemisphere are strongly positive (see
Two major volcanic eruptions (EI Chién, March/April Fig. 5g—i). A possible explanation might be that this pattern
1982; Mt. Pinatubo, June 1991) occurred in the time periodis a “fingerprint” for infrared heating due to volcanic aerosols
analyzed. In our analysis we used the Sato In@atq et al. (also partly visible towards equatorial latitudes in the North-
1993, describing aerosol loading in terms of mean optical ern Hemisphere). Further the ENSO phase (strong BbNI
thickness, as a proxy for volcanic activity (see also Part 1). in 1982-1983 might contribute to the “masking” of the vol-
canic signal due to enhanced transport of ozone from the
321 El Chichdn tr_opics to the extra-t_ropic_s. The_ a_bsence of the El C&rrix:h_
signal at southern mid-latitudes is in general agreement with
other studies (e.gFioletov et al, 2002, but the results pre-

Ergé’.'\gues n F![g.ﬁ ShOV.V thfa_t thte. vfcljlcamc erl:pttlcl)n of sented here suggest that one or more dynamical processes
IcTon seems 1o have signiicant Influence on tota ozone(e_g_, ENSO, as discussed above) might mask the volcanic
over a substantial part of the northern mid-latitudes. Espe-

cially over the Atlantic Sector, Central and Southern Europe,SIQnal'

Northern Russia (only for EHOs), the Eastern United States,

and the southern parts of the Northern Pacific coefficients3-2-2 Mt. Pinatubo

are strongly negative (see Figa—c) and highly significant

(see Fig5d—f), though the significant area reduces when al-As shown in Fig6 (top panels) the eruption of Mt. Pinatubo
lowance is made for multiple testing; see Part 1. This is inhad a highly significant effect for both extremes and mean
good agreement with results of previous studies reporting orvalues at northern mid-latitudes (significance level of 1%
the negative effect of the eruption on total ozone in the North-almost over the whole region analyzed), though again the
ern HemisphereStaehelin et al.1998 Fioletov et al, 2002 significant region shrinks when allowance is made for

www.atmos-chem-phys.net/13/165/2013/ Atmos. Chem. Phys., 13, 1683-2013
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Fig. 6. Pointwise regression coefficient estimates (in @bit Sato Index—1) for the volcanic eruption of Mt. Pinatubo on an annual basis
for (a) EHOs,(b) ELOs, andc) mean values of total ozone at°3d to 60° N; (d)—(f) show thep-values of the pointwise significance tests
for the estimates ifa)—(c). (g-(m) as(a)(f) but at 30 S to 60 S. An augmented version of this figure including standard errors for all
coefficient estimates is provided in Fig. S6.

multiple testing. Coefficient estimates (Figa—c) are neg- cific (see Fig.6g, h). Interestingly the coefficients (for
ative throughout the northern mid-latitudes and increase toELOs) show a strong west-east gradient from highly nega-
wards higher latitudes. The strong negative influence of thdive (roughly between 160N and 65 W) to highly positive
Mt. Pinatubo eruption found for the northern mid-latitudes (roughly between 65W and 160 W) values.
is in good agreement with previous studi&gehelin et al. Our analysis provides evidence that the suppressed signal
1998 Fioletov et al, 2002 Mader et al.2007 Wohltmann  of the Mt. Pinatubo eruption in the southern mid-latitudes is
et al, 2007, Harris et al, 2008 Rieder et al.20103b, 2017%; of dynamical origin (see below). As stated before, a strong
WMO, 2007, 2011J). west-east gradient of the coefficient estimates is visible from

In contrast, the absence of a clear signal of thethe results. The strongest positive coefficient estimates are
Mt. Pinatubo eruption at southern mid-latitude#/NIO, found over the Indian Ocean while the strongest negative
2003 2007, 2011 Fioletov et al, 2002 is puzzling, because ones are found towards the Antarctic Peninsula and poleward
it is expected that heterogeneous reactions on the volcaniover the Southern Pacific. This pattern can be explained as
aerosol should lead to chemical ozone depletiéiViO, follows: the analysis of the southern polar vortex structure
2003 2007, 2011 as found at northern mid-latitudes. Indeed and the corresponding southern ozone “collar” during austral
there is evidence for heterogeneous conversion of chemispring, see Fig¥ and S7, shows that in the time period after
cal species by measurements from New Zealand reportinghe volcanic eruption (1991-1992) (i) the vortex was shifted
large enhancements in HN@nd corresponding reductions and elongated towards the Antarctic Peninsula and (ii) the
in NO> (Koike et al, 1994). Stolarski et al(2006, Fleming  “collar” was richer in ozone than in neighboring years. Fur-
et al. (2007 and Telford et al.(2009 suggested that there ther, the maximum ozone area inside the “collar” was shifted
may be dynamical causes for the absence of the Mt. Pinatub@centered over the Indian Ocean) in 1992 in comparison to
signal at southern mid-latitudes. neighboring years.

In this analysis, the signal found at southern mid-latitudes Overall the strong ozone “collar” following the
is not comparable to that for northern mid-latitudes. How- Mt. Pinatubo eruption suggests that enhanced transport
ever, from thep-values (see Figék—m) it seems that this of ozone to mid-latitudes may have happened, most likely
eruption had significant influence, for EHOs and particu- in relation with the concurrent strong warm ENSO phase.
larly for ELOs, in large parts of the southern mid-latitudes, Dynamically diabatic descent is responsible for the main-
while hardly any significant influence is found for mean tenance of the high ozone mixing ratios inside the ozone
values. Significant coefficient estimates are found for lower“collar”. Further this descent also contributes to observed
latitudes, the Indian Ocean, and parts of the Southern Pashifts owing to the sloping of the vortex structure. For further
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Fig. 7. Southern Hemisphere October mean column ozone (in DU)CrFfased ozone transport from the tropics t9 the S_OUther.n mid-
in 1989-1992. Top: 19891990 for pre-Pinatubo eruption period.latitudes due to an enhanced stratospheric residual circula-
Bottom: 1991-1992 for the eruption period. tion. This enhanced residual circulation results from anoma-
lously large planetary wave activity emanating from the tro-
posphere, caused by preconditioning of the atmospheric flow
details on these processes, ddariotti et al. (2000 and in association with a combined negative AAO and warm
references therein. The southern polar vortex was shiftedENSO phase. The results are in good agreement with those
and strengthened due to the low phase of the Antarctiqpresented here and provide dynamical arguments for the for-
Oscillation (AAO). Figure8 shows that the average ozone mation of the strong southern ozone “collar” and the steep
hole area is smaller during the low phase of the AAO, gradient to the shifted polar vortex area “masking” the vol-
while correspondingly the observed minimum column ozonecanic effects.
(which can be seen as a proxy for the ozone hole depth) Therefore, the suppression of the Mt. Pinatubo signal at
is higher. Therefore, the strong gradient between the deepouthern mid-latitudes can be explained by a combination
ozone hole and rich ozone “collar” can be related to theof the shift of the polar vortex in 1991 (the first winter af-
AAO phase. ter the eruption) towards the southern part of South Amer-
It is well known that the extra-tropical circulation in the ica; the depth of the ozone hole in 1991-1993; the unusual
Southern Hemisphere is driven by the AAO (ehpmpson  enrichment of the ozone “collar” due to enhanced transport
and Wallace200Q Thompson and Solomo2009 Polvani  from the tropics to the extra-tropics, related to the state of
et al, 2011). During a high phase of the AAO, the La- the ENSO (especially over the Southern Pacific), the AAO
grangian mean circulation is strongly reduced and thereforgphase (see section above), and to atmospheric wave activ-
less ozone is transported to mid and high latitudes. This proity (seeSchnadt Poberaj et ak011); and the displacement
cess is closely related to atmospheric wave activityoimp-  of the maximum ozone rich region of the ozone “collar”
son and Wallace2000Q. RecentlySchnadt Poberaj et al. over the Indian Ocean in the later phase. The results sug-
(2011 analyzed the dynamical state of the atmosphere fol-gest that the state of the AAO is of major importance for
lowing the Mt. Pinatubo eruption and its effect on zonal meanthese dynamical patterns. For a further discussion of the re-
column ozone. These authors suggest that ozone depletidation between AAO and atmospheric wave activity we refer
caused by the volcanic aerosol was overcompensated by inte Schnadt Poberaj et dR011).
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It therefore seems that the coefficient estimates for thehan over the Southern Pacific. For all other covariates, less
Mt. Pinatubo eruption do not merely cover the volcanic effectpronounced influence on EHOs, ELOs, and mean values was
itself but also capture the dynamical state of the atmospheréund over the Pacific region.
following the eruption, thereby leading to an identification of Over the Eastern United States (see Figd—f),
the large scale features responsible for the “masking” of theLabrador/Greenland (see Figg—i), and the Euro-Atlantic
Mt. Pinatubo signal at southern mid-latitudes. Overall the re-sector (see Figgk—m), NAO contributes significantly to total
sults suggest, in agreement with earlier work (6¢gming  ozone changes compared to all other dynamical covariates.
et al, 2007, that the volcanic effect of the eruption is ampli- Due to transport and blocking conditions (i.e., the direction
fied by the dynamical state of the atmosphere in the northerrand intensity of the dominant westerly tropospheric jet, e.g.,
mid-latitudes but is strongly weakened/shaded in the SouthOrsolini and Limpasuvar2001;, Orsolini and Doblas-Reyes
ern Hemisphere. 2003, the sign of the NAO effect is opposite in the differ-

ent regions. While during the positive NAO phase ozone is
3.3 Contribution of dynamical and chemical featuresto  enhanced over Labrador/Greenland and is reduced over the

ozone changes and variability Eastern United States and the Euro-Atlantic sector, the op-

posite holds during the negative phase. This becomes obvi-
In a next step the contribution of the individual covariates ous comparing the results for EHOs, ELOs, and mean val-
(solar cycle, QBO at 30 and 50hPa, EESC, NAO/AAQ, ues in Fig.9d—m: the strong positive (annual NAO Index
ENSO, volcanic eruptions of EI Chiéh and Mt. Pinatubo) mean> 0.5) NAO phase in 1980, 1982, and 1984-1985 led
to EHOs, EHOs, and mean values was analyzed based on the a large positive modulation over the Eastern US and the
coefficient estimates derived from the spatial models. Anal-Euro-Atlantic sector (and also over continental Europe, see
ysis of the p-values for the different covariates highlighted next paragraph and Fi@n—p) while it had significant neg-
several regions of specific interest (see above and Part 1): thative impact over the Labrador/Greenland region. Over all
Northern and Southern Pacific, the Eastern United States, tharee regions QBO shows significant contributions to ozone
Labrador/Greenland region, the Euro-Atlantic Sector, conti-changes compared to the Pacific region, but the total modu-
nental Europe, the southern parts of South America and théation of EHOs, ELOs, and mean values by the QBO remains
Antarctic Peninsula, the central southern mid-latitudes, andan order of magnitude smaller than those of NAO.
the central region of the southern ozone “collar” (South of Over continental Europe (see Fign—p) ENSO, NAO,
Australia and New Zealand). For all these regions one repand QBO are the dominating dynamical modulation forces.
resentative grid cell was selected to quantify the influence ofwhile for both, EHOs and ELOs, ENSO and NAO are found
the individual covariates on EHOs, ELOs, and mean valuego be the dominating dynamical forces, mean values seem to
(see Figs9 and10). be influenced by the QBO, ENSO, and NAQO in a similar way.

The analysis showed that: (i) throughout all regions, theOnce again especially strong ENSO and NAO events (as de-
temporal variability in EESC and the 11-yr solar cycle are scribed above) are clearly visible in the contribution records.
the dominating forces modulating total ozone changes (and For the volcanic eruptions of El Chiéh and Mt. Pinatubo
variability); (ii) there is clear evidence for a strong dynamical at northern mid-latitudes the largest (negative) modulation
contribution (QBO, ENSO, NAO/AAQO) to EHOs and ELOs, was found over the Euro-Atlantic sector and Continental Eu-
which is generally more weakly expressed for mean valuesrope. Here the volcanic contribution is for extremes about
(iif) especially for the individual dynamical features, large a factor of 2 larger than in the other regions. Interestingly
regional differences in the modulation of EHOs, ELOs, andthis feature is not preserved for mean values, where the vol-
mean values are found. canic eruptions show similar influence on large spatial scales

Over both the Northern and the Southern Pacific, ENSO isand are rather weak compared to dynamical variability.
identified as the major modulating force after EESC and the At lower southern mid-latitudes, including the south-
solar cycle (see Fig9a—c andLOa—c). This can be explained ern parts of South America and the Antarctic Peninsula
by increased/decreased ozone transport from the tropics t@rig. 10d—f), the temporal evolution of ELOs and EHOs is
the extra-tropics during moderate and strong Efiddia  mainly dominated by EESC, while all other covariates (dy-
Nifia periods, as ENSO is well known to trigger changesnamical ones and solar cycle) are of minor importance. How-
in the Hadley cell and Rossby wave generation (&enp-  ever, itis interesting that AAO and ENSO seem to contribute
berth et al. 1998 Alexander et al.200). Especially the  more to ELOs than to EHOs or mean values in this region. As
very strong El Niio events (annual ENSO Index 1) of discussed here and in Part 1 this feature might be explained
1982, 1987, 1991-92, 1997, and 2002 and the very strong LAy the connection between the ENSO and AAO phase and
Nifia events (annual ENSO index—1) of 1988 and 1999 the transport of ozone from the tropics to the extra-tropics
show throughout the Pacific region a strong influence on ex{increased ozone transport during low AAO and warm ENSO
tremes and mean values, compared to the other regions. Quhases and vice versa).

a relative scale, the dynamical modulation is larger for EHOs Over the central southern mid-latitudes (FijOg—i)
than for ELOs and mean values over the Northern Pacificand the central region of the southern ozone “collar”
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Fig. 9. Contributions of EESC (grey), solar cycle (yellow), QBO at 30 (olive) and 50 hPa (green), NAO (red), ENSO (blue), and volcanic
eruptions (purple) to long-term ozone changes (on an annual basis in DU) as derived frolartiest order statistics models for EHOs (left
panelqa), (d), (9), (k), (n)), ELOs (middle panelé), (e), (h), (I), (0)), and as derived from the ARMA model for mean values (right panels
(c), (0, (), (m), (p)) at selected grid cells in the northern mid-latitudes. For convenient reference the solid orange line i(epaiplgives

the net contribution (sum of individual estimates) on an annual basis.
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Fig. 10. Contributions of EESC (grey), solar cycle (yellow), QBO at 30 (olive) and 50 hPa (green), AAO (red), ENSO (blue), and volcanic
eruptions (purple) to long-term ozone changes (on an annual basis in DU) as derived frolartiest order statistics models for EHOs (left
panels(a), (d), (9), (k)), ELOs (middle paneléb), (e), (h), (1)), and as derived from the ARMA model for mean values (right pafedl£f),

(i), (m)) at selected grid cells in the southern mid-latitudes. For convenient reference the solid orange line i(apan@lgives the net
contribution (sum of individual estimates) on an annual basis.

(Fig. 10k—m) the relative contribution of the dynamical co- 4 Discussion and conclusions

variates (ENSO, AAO, QBO) in comparison to EESC and

the solar cycle is much larger for EHOs and ELOs than for

mean values. While contributions of the 11-yr solar cycle IN this study we focused on the interpretation of the spatial
at all other regions are the second dominating force afterfingerprints” of ENSO and volcanic eruptions in extreme
EESC, dynamics are much more important here. This carfnd mean values of total ozone at northern and southern mid-
be explained by the connection between the AAO and ENSdatitudes and the contribution of individual dynamical and

phase and the transport of ozone rich air from the tropics tg-hemical covariates to long-term total ozone changes.
the extra-tropica| regions (see above and Part l) The results show that the El fd/Southern Oscillation

strongly influences ozone extremes in both northern and
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southern mid-latitudes, especially during spring and towarddimates found over the Indian Ocean. The clear separation
low latitudes. This pattern suggests the enhanced transpolietween areas with enhanced ozone and reduced ozone can
of ozone from the tropics to the extra-tropics during strongexplain the average “zero signal” found at southern mid-
El Nifio events as discussed in earlier woBednnimann  latitudes in previous studies (e.§yMO, 2003 2007, 201Z%,
et al, 20044ab; Rieder et al.2010ab, 2011). Further, the re-  Fioletov et al, 2002, and is also visible in the analysis
sults show a relationship between the thickness of the southpresented for mean values. Overall the results indicate that
ern ozone “collar” and the ENSO phase (especially Lida)li the Mt. Pinatubo eruption was amplified by the dynamical
during winter at southern mid-latitudes, which is in agree- state of the atmosphere in the Northern Hemisphere but was
ment with recent work oHitchman and Rog&aR010ab). strongly weakened/masked in the Southern Hemisphere.
The results for the volcanic eruptions of El Chichand Regarding the contribution of individual dynamical and
Mt. Pinatubo are of high interest as the “masking” of the vol- chemical covariates to long-term total ozone changes, rather
canic signal at southern mid-latitudes compared to northerrheterogeneous results have been found for northern and
mid-latitudes is unexplained in the earlier literature. While southern mid-latitudes, with big differences between individ-
results for both El Chichn and Mt. Pinatubo at northern ual regions in each hemisphere. The results show that in gen-
mid-latitudes document the negative influence of the vol-eral ODS (in terms of EESC) are the major contributor to
canic eruptions on column ozone and are in good agreememiegative ozone trends (in extremes and mean values) at both
with previous studiesStaehelin et al.1998 Fioletov et al, northern and southern mid-latitudes. EESC is especially im-
2002 Mader et al. 2007 Wohltmann et al. 2007, Harris portant towards higher latitudes in the Southern Hemisphere,
etal, 2008 Rieder et al.2010ah, 2011, WMO, 2007, 2011), which can probably be related to chemical ozone depletion
new insights could be gained for the Southern Hemisphereinside the polar vortex. The major importance of EESC is
For the eruption of El Chiabn significant influence is found in agreement with previous studies (elyMO, 2003 2007,
at lower southern mid-latitudes, which might be interpreted2011), but it is important to note that the major importance
as “fingerprint” of the infrared heating due to the volcanic of the EESC to long-term changes may be partly amplified
aerosol in the tropical and lower extra-tropical regions. Fur-because EESC is the only trend variable included in the sta-
ther the results suggest that enhanced transport of ozone frotistical models applied. After the EESC, the 11-yr solar cycle
the tropics, due to the warm ENSO phase, partly compenstrongly contributes to long-term ozone changes. The 11-yr
sates the chemical depletion and thereby masks the volcanighase of the solar cycle can be clearly identified in the time
signal at southern mid-latitudes. However, a complete explaseries analysis; however, as discussed above, at central south-
nation for the absence of the volcanic signal is still missing.ern mid-latitudes dynamical features contribute overall more
For the volcanic eruption of Mt. Pinatubo things are different; to long-term ozone changes than does the solar cycle. Al-
the results provide clear evidence that the “masking” of thethough EESC and the solar cycle can be identified as major
Mt. Pinatubo signal at southern mid-latitudes is particularly contributors to long-term ozone changes, a strong contribu-
due to atmospheric dynamics in 1991-1993. The coefficiention of dynamical features to ozone changes is found. Strong
estimates show a strong west-east gradient with strongeshfluence of the El Nio/Southern Oscillation is found over
negative coefficient estimates towards the Antarctic Peninthe Northern and Southern Pacific, Central Europe, and the
sula and polewards over the Southern Pacific and strongestentral southern mid-latitudes. For the North Atlantic Os-
positive coefficient estimates over the Indian Ocean. Relatingillation strong influence on column ozone is found over
the coefficient estimates and significance areas with the anal-abrador/Greenland, the Eastern United States, the Euro-
ysis of the position and strength of the ozone hole and ozondtlantic sector, and Central Europe. For the NAQ’s southern
“collar” together with the state of the AAO provides clear counterpart, the AAO, strong influence on long-term ozone
evidence that the suppression of the Mt. Pinatubo signal athanges is found at lower southern mid-latitudes, including
southern mid-latitudes is of dynamical origin. The southernthe southern parts of South America and the Antarctic Penin-
polar vortex was shifted towards the Antarctic Peninsula andsula, and central southern mid-latitudes.
the southern parts of South America in 1991, the first year of The combination of methods from EVT and standard met-
the Pinatubo eruption, which might explain the negative co-rics provides deeper insight into spatial patterns and the in-
efficient estimates found in this region. In the following years fluence of atmospheric dynamics and chemistry on column
(1992-1993) the southern ozone “collar” was displaced andzone changes at mid-latitudes, leading to a better under-
richer than normal, which can be related to the negative modetanding of the net effect of the individual covariates and of
of the AAO and its relation to the wave activity in tropical their interactions.
regions leading to a strengthening of the Lagrangian mean
circulation and thereby to enhanced transport of ozone from
the tropics to extra-tropics (see alSehnadt Poberaj et al.
2017 and to a strong blocking/separation between the vor-Supplementary material related to this article is
tex and “collar” area. Therefore the position and strength ofavailable online at: http://www.atmos-chem-phys.net/13/
the ozone “collar” may explain the positive coefficient es- 165/2013/acp-13-165-2013-supplement.pdf
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