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Abstract. We present the first spatial analysis of “finger-
prints” of the El Nĩno/Southern Oscillation (ENSO) and
atmospheric aerosol load after major volcanic eruptions
(El Chich́on and Mt. Pinatubo) in extreme low and high
(termed ELOs and EHOs, respectively) and mean values of
total ozone for the northern and southern mid-latitudes (de-
fined as the region between 30◦ and 60◦ north and south,
respectively). Significant influence on ozone extremes was
found for the warm ENSO phase in both hemispheres during
spring, especially towards low latitudes, indicating the en-
hanced ozone transport from the tropics to the extra-tropics.
Further, the results confirm findings of recent work on the
connection between the ENSO phase and the strength and
extent of the southern ozone “collar”. For the volcanic erup-
tions the analysis confirms findings of earlier studies for the
northern mid-latitudes and gives new insights for the South-
ern Hemisphere. The results provide evidence that the neg-
ative effect of the eruption of El Chichón might be partly
compensated by a strong warm ENSO phase in 1982–1983
at southern mid-latitudes. The strong west-east gradient in

the coefficient estimates for the Mt. Pinatubo eruption and
the analysis of the relationship between the AAO and ENSO
phase, the extent and the position of the southern ozone “col-
lar” and the polar vortex structure provide clear evidence
for a dynamical “masking” of the volcanic signal at south-
ern mid-latitudes. The paper also analyses the contribution
of atmospheric dynamics and chemistry to long-term total
ozone changes. Here, quite heterogeneous results have been
found on spatial scales. In general the results show that EESC
and the 11-yr solar cycle can be identified as major contrib-
utors to long-term ozone changes. However, a strong contri-
bution of dynamical features (El Niño/Southern Oscillation
(ENSO), North Atlantic Oscillation (NAO), Antarctic Oscil-
lation (AAO), Quasi-Biennial Oscillation (QBO)) to ozone
variability and trends is found at a regional level. For the
QBO (at 30 and 50 hPa), strong influence on total ozone
variability and trends is found over large parts of the north-
ern and southern mid-latitudes, especially towards equato-
rial latitudes. Strong influence of ENSO is found over the
Northern and Southern Pacific, Central Europe and central
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southern mid-latitudes. For the NAO, strong influence on col-
umn ozone is found over Labrador/Greenland, the Eastern
United States, the Euro-Atlantic Sector, and Central Europe.
For the NAO’s southern counterpart, the AAO, strong influ-
ence on ozone variability and long-term changes is found
at lower southern mid-latitudes, including the southern parts
of South America and the Antarctic Peninsula, and central
southern mid-latitudes.

1 Introduction

Since the detection of the Antarctic ozone hole in the late
1980s (Farman et al., 1985), interest in total ozone changes
has increased strongly in the scientific community and gen-
eral public, due to the direct link with changes in biologically
active UV radiation (e.g.,Calb́o et al., 2005).

Multiple linear regression models including independent
variables, also called explanatory variables or covariates,
which represent atmospheric variability have been used to
assess and analyze the attribution to long-term total ozone
trends. The most commonly-used covariates include: the
11-yr solar cycle, the Quasi-Biennial Oscillation (QBO),
(linear) trends attributed to anthropogenic ozone deplet-
ing substances (ODS), and atmospheric aerosol load after
volcanic eruptions (e.g.,Fioletov et al., 2002; Steinbrecht
et al., 2006; Vyushin et al., 2007; Schnadt Poberaj et al.,
2011; WMO, 2003, 2007, 2011). In addition variables de-
scribing decadal/long-term climate variability, like, e.g., the
El Niño/Southern Oscillation (ENSO), the Arctic Oscillation
(AO), the North Atlantic Oscillation (NAO), and the Antarc-
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-
tween the 1980s and mid-1990s are dominated by changes in
ODS, while short-term changes are attributable to dynam-
ical phenomena such as horizontal advection and conver-
gence of mass related to changes in tropospheric and lower
stratospheric pressure systems (e.g.,Wohltmann et al., 2007;
Mäder et al., 2007; Koch et al., 2005).

However, several recent studies have shown that atmo-
spheric dynamics have had and still have a significant, and
larger than previously thought, influence on total ozone
changes: (i) according toHood and Soukharev(2005),
Wohltmann et al.(2007), Mäder et al.(2007), and Harris
et al. (2008), dynamics may account for about one-third or
even more of the total ozone decline observed between the
1980s and mid-1990s; (ii) the observed increase in column
ozone since the late 1990s (at northern mid-latitudes) can be
mainly attributed to dynamical changes (e.g.,Harris et al.,
2008; WMO, 2007); and (iii) the change in the atmospheric
burden in ODS contributed insignificantly to the increase in
column ozone in recent years (e.g.,Hood and Soukharev,

2005; Harris et al., 2008; Shepherd, 2008; Hegglin and Shep-
herd, 2009).

The analysis of spatial “fingerprints” of the 11-yr solar cy-
cle, QBO, ODS, NAO, and AAO at mid-latitudes is presented
in the companion paper (Frossard et al., 2013, from here on
referred to as Part 1). Here we give a complementary discus-
sion of the spatial “fingerprints” and effects of volcanic erup-
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.

2 Data and methods

2.1 Total ozone data

In this study we used the NIWA assimilated total ozone data
set (version 2.7; spatial resolution of 1.25◦ longitude by 1.0◦

latitude; temporal resolution: daily averages) for the time pe-
riod 1979–2007. The NIWA data set is homogenized; drifts
between measurements of different satellite instruments have
been corrected through inter-satellite instrument comparison
and comparison with data from Dobson and Brewer ground-
based instruments, which contribute to the Global Atmo-
sphere Watch Program (GAW) of the World Meteorologi-
cal Organization (WMO) (seehttp://www.bodekerscientific.
com/data/total-column-ozone). For further details on the
NIWA assimilated total ozone data set we refer to Part 1 and
Bodeker et al.(2005), Müller et al.(2008), andStruthers et al.
(2009).

2.2 Indices describing atmospheric dynamics and
chemistry

The 11-yr solar cycle, QBO at 30 and 50 hPa levels, ozone
depleting substances (ODS) in terms of equivalent effective
stratospheric chlorine (EESC), the North Atlantic Oscillation
Index (NAO) and its southern counterpart the Antarctic Os-
cillation Index (AAO), the Nino 3.4 Index, representing the
El Niño/Southern Oscillation, and the Sato Index describ-
ing atmospheric aerosol load after the volcanic eruptions of
El Chich́on and Mt. Pinatubo have been used to describe the
state of the atmosphere and atmospheric dynamics and chem-
istry in this study. An overview of the temporal evolution of
these indices and their sources is provided in the companion
paper byFrossard et al.(2013).

2.3 Statistical models

Extremes and mean values in total ozone and their relation
to important covariates are analyzed on a grid cell basis
using two different types of statistical models: (i) a model
based on extreme value theory (EVT) for the analysis of ex-
treme low and high total ozone values (termed ELOs and
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EHOs, respectively); and (ii) an autoregressive moving aver-
age (ARMA) model for monthly mean values of total ozone.

Since these models are the same as in Part 1, they are only
briefly described here; see Part 1 for more details. We start
with a motivation for our modeling approach, then describe
the common structure of models (i) and (ii) that includes the
covariates, and finally report the individual characteristics of
the two models.

The distinction between models for extremes and mean
values is essential because of the different nature of these
types of data, according to their situation in the tails or in
the “bulk” of the statistical distribution function. Neverthe-
less, we include the same covariate-dependent expression
into both models, in order to compare the effects of the co-
variates on total ozone EHOs, ELOs, and mean values.

Even though the NIWA ozone data are spatial, we fit uni-
variate models to each grid cell separately, mainly because
spatial models for extremes that are computationally feasible
for massive data sets are still not very well developed. Our
approach is not optimal since it neglects the joint spatial be-
havior of ozone, but compared to averaging over zonal bands,
it has the advantage of naturally addressing non-stationarity
in space and time.

The covariates are included through a multiple linear
regression termZ(t)β(x) consisting of a purely time-
dependent design matrixZ(t), which is the same for all grid
cells, and an individual coefficient vectorβ(x) for each grid
cell x. The design matrix is composed of seasonality terms
and covariates describing chemical and dynamical processes
in the atmosphere (see Sect.2.2 and Part 1). An exploratory
analysis in the framework of extremes showed that the most
suitable choice of covariates is

Z(t)β(x) = β0(x) +

3∑
i=1

(
β2i−1(x)cos

(
2πt

ϕi

)
(1)

+ β2i(x)sin

(
2πt

ϕi

))
+ β7(x)EESC(t)

+ β8(x)SOLAR(t) + β9(x)QBO30(t)

+ β10(x)QBO50(t) + β11(x)ENSO(t)

+ β12(x)

{
AAO(t)

NAO(t)

}
+ β13(x)CHICHON(t)

+ β14(x)PINATUBO(t),

where theϕi allow for 1-yr, 6-month, and 4-month seasonal-
ities, i.e.,(ϕ1, ϕ2, ϕ3) = (12, 6, 4). For each model, we esti-
mate the vectorβ(x) separately at every grid cellx by max-
imum likelihood estimation (briefly explained in Sect. A1 of
Part 1) and produce maps of the estimates of each component
βi for interpretation and comparison.

Standard errors of the estimatesβ̂i are easily obtained
from the numerical optimization procedure. From likelihood
theory it is known that the estimate divided by its standard
error has an asymptotically Gaussian distribution with unit
variance and mean proportional to the true value of the pa-

rameter. This result allows us to assess the significance of the
estimates by a so-calledz-test. For every covariatei, we test
whether its coefficientβi is zero in a particular grid cell; if
this hypothesis is rejected, the covariate is said to have a sig-
nificant influence on total ozone in that grid cell. As with any
statistical hypothesis test, rejection is based on thep-value,
which can for our case be oversimplified to the probability
that the estimate obtained is consistent with the trueβi being
zero. A smallp-value (here chosen as≤ 1 %) suggests that
estimate is significantly non-zero. For a more formal descrip-
tion of thez-test andp-values, see Sect. A2 of Part 1. We
perform suchz-tests for every grid cell and produce maps of
thep-values, as for the coefficient estimates.

Evaluation of different temporal resolutions of the models
(anannualand aseasonalmodel, see Part 1) by likelihood ra-
tio tests showed that the seasonal model is preferable. There-
fore some covariates are split into four parts, one for each
of the seasons December-January-February, March-April-
May, June-July-August, and September-October-November.
For exampleβ7(x)EESC(t) in Eq. (1) can be replaced by

β7,spring(x)EESCspring(t) + β7,summer(x)EESCsummer(t)

+β7, fall(x)EESCfall(t) + β7,winter(x)EESCwinter(t),

where EESC♦ equals the EESC values for the months of sea-
son♦ and equals zero for the other months.

Statistical models for extreme events only describe the tail
of the probability distribution and are therefore fitted merely
to a subset of “extreme” observations whose definition de-
pends on the specific model. For ozone extremes, we chose
the so-calledr-largest order statistics model (see Part 1 and
Coles, 2001, Sect. 3.5), where the data are divided into blocks
and just ther largest (for EHOs) or smallest (for ELOs) ob-
servations of each block are used in the fitting procedure. The
covariates are incorporated in the location parameterµ, ac-
counting at the same time for the temporal non-stationarity
of the data. At grid cellx, the location parameter is

µ(x, t) = Z(t)β(x),

where the right-hand side is given by Eq. (1). The time in-
dex t stands for the block length, which has been set to one
month, meaning that the covariates are also at a monthly res-
olution. Details on this and on our choice ofr = 3 are given
in Part 1.

For total ozone mean values we use an autoregressive
moving average (ARMA) process (see Part 1 orBrockwell
and Davis, 2002), which is a flexible model for station-
ary time series. We use this model because the monthly
mean values are autocorrelated. The importance of correla-
tions when analyzing atmospheric data is briefly discussed
in Sect. 3.2.1 of Part 1. IfY (x, t) denotes the mean value of
month t at grid cellx, we fit an ARMA process to the sta-
tionarized sequence

η(x, t) = Y (x, t) − Z(t)β(x),
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Fig. 1. Pointwise regression coefficient estimates (in DU(unit ENSO)−1) for the El Niño/Southern Oscillation on an annual basis for
(a) EHOs,(b) ELOs, and(c) mean values of total ozone at 30◦ N to 60◦ N; (d)–(f) show thep-values of pointwise significance tests for
the estimates in(a)–(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 ofZ(t)β(x) is again given by Eq. (1).
An ARMA(1,1) process was found to be appropriate, i.e.,

η(x, t) = φ(x) η(x, t − 1) + ε(x, t) + θ(x) ε(x, t − 1),

whereφ(x) andθ(x) are parameters describing the autocor-
relation, which is not of primary interest here, andε(x, t) is
Gaussian white noise.

For further details on all these aspects and models, model
validation, as well as a sensitivity analysis on several cor-
rections for multiple testing, we refer to Part 1 of this paper
(Frossard et al., 2013).

3 Results

In Part 1 it was shown that the spatial analysis confirmed
findings of previous studies (e.g.,Steinbrecht et al., 2006)
concerning the significant influence of the 11-yr solar cycle,
QBO, and EESC on column ozone at mid-latitudes on large
spatial scale. Further the relationship between modes de-
scribing decadal/long-term climate variability (i.e., the NAO
and AAO) and total ozone was discussed in detail in Part 1.

Here we focus specifically on the relationship between to-
tal ozone extremes and mean values and volcanic eruptions
(El Chich́on, Mt. Pinatubo) and ENSO. Further, we analyze
the contribution of individual covariates to long-term total
ozone changes for specific regions of interest at northern and
southern mid-latitudes.

3.1 El Niño/Southern Oscillation (ENSO)

The El Niño/Southern Oscillation (ENSO) phenomenon is
triggered by the large contrast between high tropical and low
extra-tropical Pacific sea surface temperatures (Brönnimann
et al., 2004a,b). Previous studies (e.g.,Trenberth et al., 1998;
Alexander et al., 2002) have shown that stratospheric trans-
port processes, the Hadley circulation and Rossby wave gen-
eration in the Northern Pacific, are strongly influenced by
the ENSO phase. Earlier work reported that strong warm
ENSO events are also associated with more frequent strato-
spheric warmings (e.g.,Labitzke and van Loon, 1999; van
Loon and Labitzke, 1987), stronger wave activity fluxes,
and a strengthened meridional circulation in the middle at-
mosphere, all contributing to yield a weaker polar vortex
and enhanced transport of ozone-rich air from the tropics
to the extra-tropical regions (Newman et al., 2001; Randel
et al., 2002). However, a recent study byButler and Polvani
(2011) showed that the frequency of occurrence of sudden
stratospheric warmings is similar during El Niño and La
Niña events, contrasting with earlier work and indicating
similar importance of both ENSO phases for the stratosphere.

Thep-values in Figs.1–3 show that ENSO has significant
influence on total ozone over large parts of the mid-latitudes.
While coefficient estimates are significant at lower mid-
latitudes, they tend to turn insignificant towards high lati-
tudes (from approximately 50◦ N and 50◦ S). This spatial pat-
tern might be interpreted as a consequence of enhanced trans-
port of ozone-rich air from the tropics to the extra-tropics
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Fig. 2. Pointwise regression coefficient estimates (in DU(unit ENSO)−1) for the El Niño/Southern Oscillation for(a) EHOs, (b) ELOs,
and(c) mean values of total ozone during winter (DJF) at 30◦ N to 60◦ N; (d)–(f) show thep-values of pointwise significance tests for the
estimates in(a)–(c). (g)–(m) as(a)–(f) but during winter (JJA) at 30◦ S 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 DU(unit ENSO)−1) for the El Niño/Southern Oscillation for(a) EHOs,(b) ELOs, and
(c) mean values of total ozone during spring (MAM) at 30◦ N to 60◦ 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 30◦ S 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 (El Nĩno events), it is reduced during its cold
phase (La Nĩna events). Especially over the Northern and
Southern Pacific, the estimates are strongly positive, reveal-
ing the connection between ENSO, the Hadley cell circu-
lation, and Rossby wave generation. Over Central Europe,
significant influence of moderate and strong El Niño events
is found during winter (see Fig.2) and spring (see Fig.3),
which confirms earlier findings on ozone enhancement in the
European Sector during the warm ENSO phase (Brönnimann
et al., 2004a,b; Rieder et al., 2010a,b, 2011).

Another interesting feature is that highly significant nega-
tive ENSO coefficient estimates are found during austral win-
ter and spring over the Indian Ocean, in particular for the
extremes (EHOs and ELOs) while less striking for mean val-
ues. This spatial pattern can be explained as connection be-
tween the southern ozone “collar” and strong El Niño and La
Niña events (see Figs.4 and S4). Due to changes in transport
of ozone-rich air from the tropics towards polar regions (dur-
ing the La Nĩna phase) the gradient between the polar vor-
tex and mid-latitudes is increased, thereby leading to a shift
and local/regional enrichment of the ozone “collar” in the
Southern Hemisphere (during winter and spring), visible in
the coefficient estimates andp-values in Figs.2 and3. Our
sensitivity analysis (see Part 1) showed that the anticipated
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.

Our results are in good agreement with recent work of
Hitchman and Rogal(2010a,b) reporting on the influence
of the ENSO phase on Southern Hemisphere column ozone
during the winter to spring transition.Hitchman and Ro-
gal (2010b) report an eastward progression of the Southern
Hemisphere maximum ozone from August to October dur-
ing La Niña compared to El Niño due to differences in gen-
eral circulation features related to changes in planetary wave
patterns in temperature and geopotential height. During Au-
gustHitchman and Rogal(2010b) report a positive anomaly
over the Southern Pacific and a negative anomaly south of
Australia during El Nĩno (compare with Figs.4 and S4 of
this analysis), and vice versa during the La Niña phase. Dur-
ing the El Nĩno phase this pattern is related to (i) a strong
Australian High stretching southwestwards across the South-
ern Indian Ocean and (ii) a South African High extending
southwestwards across the Atlantic to the southern tip of
South America. On the other hand during the La Niña phase
a distinct Southern Indian Ocean High is the dominant dy-
namical feature. In SeptemberHitchman and Rogal(2010b)
report a distinct ozone anomaly near South Africa related
to an upper-troposphere-lower-stratosphere (UTLS) anticy-
clone over South Africa during the El Niño phase (compare
with Figs.4 and S4 of this analysis), leading to stronger pole-
ward transport of subtropical ozone-poor air out of the lower
stratosphere. During OctoberHitchman and Rogal(2010b)

Fig. 4.Southern Hemisphere seasonal mean column ozone (in DU)
during austral winter (JJA) for 1986–1989. Top: seasonal mean
of 1988 and 1989 representing a strong La Niña phase (shifted,
partly opened and locally enriched ozone “collar”). Bottom: sea-
sonal mean of 1986 and 1987 representing a strong El Niño phase
(closed, ozone-rich and homogeneous ozone “collar”).

describe an ozone maximum south of Australia during the
La Niña phase related to a wave one anomaly. The UTLS
anticyclone over the subtropical Indian Ocean is enhanced,
which leads to a more intense and zonally confined sub-
tropical westerly jet (Hitchman and Rogal, 2010b), and net
to more ozone in the “collar” region. Further,Lin et al.
(2009) reported that the eddy components of temperature
and ozone trends at southern high latitudes are dominated
by zonal wavenumber-1 structures. Especially for October
and November they found an interesting pattern relating to
the ozone asymmetry, namely departures from the zonally
symmetric state, in relation with gradual warming over the
subpolar region and Australia, effectively shifting the wave
pattern eastward.

3.2 Volcanic eruptions

Violent volcanic eruptions can inject large amounts of
gaseous compounds (including SO2 and H2S) into the
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Fig. 5. Pointwise regression coefficient estimates (in DU(unit Sato Index)−1) for the volcanic eruption of El Chich́on on an annual basis for
(a) EHOs,(b) ELOs, and(c) mean values of total ozone at 30◦ N to 60◦ N; (d)–(f) show thep-values of pointwise significance tests for the
estimates in(a)–(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 at-
mospheric formation of sulfate aerosol particles, which in
turn provide surfaces for heterogeneous processes on po-
lar stratospheric clouds (e.g.,Peter, 1997; Solomon, 1999)
in the lower stratosphere, enhancing ozone depletion. Ad-
ditionally, the gaseous compounds absorb infrared radiation
leading to a warmer lower stratosphere and thereby enhance
stratospheric dynamics and ozone depletion (e.g.,Brasseur
and Granier, 1992; Kodera, 1994; Hadjinicolaou et al., 1997).
Two major volcanic eruptions (El Chichón, March/April
1982; Mt. Pinatubo, June 1991) occurred in the time period
analyzed. In our analysis we used the Sato Index (Sato et al.,
1993), describing aerosol loading in terms of mean optical
thickness, as a proxy for volcanic activity (see also Part 1).

3.2.1 El Chich́on

The p-values in Fig.5 show that the volcanic eruption of
El Chich́on seems to have significant influence on total ozone
over a substantial part of the northern mid-latitudes. Espe-
cially over the Atlantic Sector, Central and Southern Europe,
Northern Russia (only for EHOs), the Eastern United States,
and the southern parts of the Northern Pacific coefficients
are strongly negative (see Fig.5a–c) and highly significant
(see Fig.5d–f), though the significant area reduces when al-
lowance is made for multiple testing; see Part 1. This is in
good agreement with results of previous studies reporting on
the negative effect of the eruption on total ozone in the North-
ern Hemisphere (Staehelin et al., 1998; Fioletov et al., 2002;

Mäder et al., 2007; Wohltmann et al., 2007; Harris et al.,
2008; Rieder et al., 2010a,b, 2011). In the Southern Hemi-
sphere the picture is different. Thep-values in Fig.5k–m
suggest that the El Chichón eruption had a significant influ-
ence at lower southern mid-latitudes. Significant influence is
found in particular for EHOs and ELOs, while the significant
area is much smaller for mean values. However, it is puz-
zling that in contrast to the Northern Hemisphere the coeffi-
cients in the Southern Hemisphere are strongly positive (see
Fig. 5g–i). A possible explanation might be that this pattern
is a “fingerprint” for infrared heating due to volcanic aerosols
(also partly visible towards equatorial latitudes in the North-
ern Hemisphere). Further the ENSO phase (strong El Niño)
in 1982–1983 might contribute to the “masking” of the vol-
canic signal due to enhanced transport of ozone from the
tropics to the extra-tropics. The absence of the El Chichón
signal at southern mid-latitudes is in general agreement with
other studies (e.g.,Fioletov et al., 2002), but the results pre-
sented here suggest that one or more dynamical processes
(e.g., ENSO, as discussed above) might mask the volcanic
signal.

3.2.2 Mt. Pinatubo

As shown in Fig.6 (top panels) the eruption of Mt. Pinatubo
had a highly significant effect for both extremes and mean
values at northern mid-latitudes (significance level of 1 %
almost over the whole region analyzed), though again the
significant region shrinks when allowance is made for
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Fig. 6. Pointwise regression coefficient estimates (in DU(unit Sato Index)−1) for the volcanic eruption of Mt. Pinatubo on an annual basis
for (a) EHOs,(b) ELOs, and(c) mean values of total ozone at 30◦ N to 60◦ N; (d)–(f) show thep-values of the pointwise significance tests
for the estimates in(a)–(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 (Fig.6a–c) are neg-
ative throughout the northern mid-latitudes and increase to-
wards higher latitudes. The strong negative influence of the
Mt. Pinatubo eruption found for the northern mid-latitudes
is in good agreement with previous studies (Staehelin et al.,
1998; Fioletov et al., 2002; Mäder et al., 2007; Wohltmann
et al., 2007; Harris et al., 2008; Rieder et al., 2010a,b, 2011;
WMO, 2007, 2011).

In contrast, the absence of a clear signal of the
Mt. Pinatubo eruption at southern mid-latitudes (WMO,
2003, 2007, 2011; Fioletov et al., 2002) is puzzling, because
it is expected that heterogeneous reactions on the volcanic
aerosol should lead to chemical ozone depletion (WMO,
2003, 2007, 2011) as found at northern mid-latitudes. Indeed
there is evidence for heterogeneous conversion of chemi-
cal species by measurements from New Zealand reporting
large enhancements in HNO3 and corresponding reductions
in NO2 (Koike et al., 1994). Stolarski et al.(2006), Fleming
et al. (2007) and Telford et al.(2009) suggested that there
may be dynamical causes for the absence of the Mt. Pinatubo
signal at southern mid-latitudes.

In this analysis, the signal found at southern mid-latitudes
is not comparable to that for northern mid-latitudes. How-
ever, from thep-values (see Fig.6k–m) it seems that this
eruption had significant influence, for EHOs and particu-
larly for ELOs, in large parts of the southern mid-latitudes,
while hardly any significant influence is found for mean
values. Significant coefficient estimates are found for lower
latitudes, the Indian Ocean, and parts of the Southern Pa-

cific (see Fig. 6g, h). Interestingly the coefficients (for
ELOs) show a strong west-east gradient from highly nega-
tive (roughly between 160◦ W and 65◦ W) to highly positive
(roughly between 65◦ W and 160◦ W) values.

Our analysis provides evidence that the suppressed signal
of the Mt. Pinatubo eruption in the southern mid-latitudes is
of dynamical origin (see below). As stated before, a strong
west-east gradient of the coefficient estimates is visible from
the results. The strongest positive coefficient estimates are
found over the Indian Ocean while the strongest negative
ones are found towards the Antarctic Peninsula and poleward
over the Southern Pacific. This pattern can be explained as
follows: the analysis of the southern polar vortex structure
and the corresponding southern ozone “collar” during austral
spring, see Figs.7 and S7, shows that in the time period after
the volcanic eruption (1991–1992) (i) the vortex was shifted
and elongated towards the Antarctic Peninsula and (ii) the
“collar” was richer in ozone than in neighboring years. Fur-
ther, the maximum ozone area inside the “collar” was shifted
(centered over the Indian Ocean) in 1992 in comparison to
neighboring years.

Overall the strong ozone “collar” following the
Mt. Pinatubo eruption suggests that enhanced transport
of ozone to mid-latitudes may have happened, most likely
in relation with the concurrent strong warm ENSO phase.
Dynamically diabatic descent is responsible for the main-
tenance of the high ozone mixing ratios inside the ozone
“collar”. Further this descent also contributes to observed
shifts owing to the sloping of the vortex structure. For further
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Fig. 7. Southern Hemisphere October mean column ozone (in DU)
in 1989–1992. Top: 1989–1990 for pre-Pinatubo eruption period.
Bottom: 1991–1992 for the eruption period.

details on these processes, seeMariotti et al. (2000) and
references therein. The southern polar vortex was shifted
and strengthened due to the low phase of the Antarctic
Oscillation (AAO). Figure8 shows that the average ozone
hole area is smaller during the low phase of the AAO,
while correspondingly the observed minimum column ozone
(which can be seen as a proxy for the ozone hole depth)
is higher. Therefore, the strong gradient between the deep
ozone hole and rich ozone “collar” can be related to the
AAO phase.

It is well known that the extra-tropical circulation in the
Southern Hemisphere is driven by the AAO (e.g.,Thompson
and Wallace, 2000; Thompson and Solomon, 2009; Polvani
et al., 2011). During a high phase of the AAO, the La-
grangian mean circulation is strongly reduced and therefore
less ozone is transported to mid and high latitudes. This pro-
cess is closely related to atmospheric wave activity (Thomp-
son and Wallace, 2000). RecentlySchnadt Poberaj et al.
(2011) analyzed the dynamical state of the atmosphere fol-
lowing the Mt. Pinatubo eruption and its effect on zonal mean
column ozone. These authors suggest that ozone depletion
caused by the volcanic aerosol was overcompensated by in-
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Fig. 8. 13-month averages of the Antarctic Oscillation Index (red)
in comparison with(a) the anomaly of the absolute minimum mean
column ozone observed between 21 September and 16 October
based on the period 1989–2007 (grey bars) and(b) the anomaly
of the average area of the southern ozone hole between 7 Septem-
ber and 13 October based on the period 1989–2007 (grey bars).
The ozone hole area and minimum mean column ozone are based
on TOMS data provided by NASA/GSFC (http://ozonewatch.gsfc.
nasa.gov/meteorology/annualdata.html). All panels are for 1989–
2007.

creased ozone transport from the tropics to the southern mid-
latitudes due to an enhanced stratospheric residual circula-
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
in association with a combined negative AAO and warm
ENSO phase. The results are in good agreement with those
presented here and provide dynamical arguments for the for-
mation of the strong southern ozone “collar” and the steep
gradient to the shifted polar vortex area “masking” the vol-
canic effects.

Therefore, the suppression of the Mt. Pinatubo signal at
southern mid-latitudes can be explained by a combination
of the shift of the polar vortex in 1991 (the first winter af-
ter the eruption) towards the southern part of South Amer-
ica; the depth of the ozone hole in 1991–1993; the unusual
enrichment of the ozone “collar” due to enhanced transport
from the tropics to the extra-tropics, related to the state of
the ENSO (especially over the Southern Pacific), the AAO
phase (see section above), and to atmospheric wave activ-
ity (seeSchnadt Poberaj et al., 2011); and the displacement
of the maximum ozone rich region of the ozone “collar”
over the Indian Ocean in the later phase. The results sug-
gest that the state of the AAO is of major importance for
these dynamical patterns. For a further discussion of the re-
lation between AAO and atmospheric wave activity we refer
to Schnadt Poberaj et al.(2011).
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It therefore seems that the coefficient estimates for the
Mt. Pinatubo eruption do not merely cover the volcanic effect
itself but also capture the dynamical state of the atmosphere
following the eruption, thereby leading to an identification of
the large scale features responsible for the “masking” of the
Mt. Pinatubo signal at southern mid-latitudes. Overall the re-
sults suggest, in agreement with earlier work (e.g.,Fleming
et al., 2007), that the volcanic effect of the eruption is ampli-
fied by the dynamical state of the atmosphere in the northern
mid-latitudes but is strongly weakened/shaded in the South-
ern Hemisphere.

3.3 Contribution of dynamical and chemical features to
ozone changes and variability

In a next step the contribution of the individual covariates
(solar cycle, QBO at 30 and 50 hPa, EESC, NAO/AAO,
ENSO, volcanic eruptions of El Chichón and Mt. Pinatubo)
to EHOs, EHOs, and mean values was analyzed based on the
coefficient estimates derived from the spatial models. Anal-
ysis of thep-values for the different covariates highlighted
several regions of specific interest (see above and Part 1): the
Northern and Southern Pacific, the Eastern United States, the
Labrador/Greenland region, the Euro-Atlantic Sector, conti-
nental Europe, the southern parts of South America and the
Antarctic Peninsula, the central southern mid-latitudes, and
the central region of the southern ozone “collar” (South of
Australia and New Zealand). For all these regions one rep-
resentative grid cell was selected to quantify the influence of
the individual covariates on EHOs, ELOs, and mean values
(see Figs.9 and10).

The analysis showed that: (i) throughout all regions, the
temporal variability in EESC and the 11-yr solar cycle are
the dominating forces modulating total ozone changes (and
variability); (ii) there is clear evidence for a strong dynamical
contribution (QBO, ENSO, NAO/AAO) to EHOs and ELOs,
which is generally more weakly expressed for mean values;
(iii) especially for the individual dynamical features, large
regional differences in the modulation of EHOs, ELOs, and
mean values are found.

Over both the Northern and the Southern Pacific, ENSO is
identified as the major modulating force after EESC and the
solar cycle (see Figs.9a–c and10a–c). This can be explained
by increased/decreased ozone transport from the tropics to
the extra-tropics during moderate and strong El Niño/La
Niña periods, as ENSO is well known to trigger changes
in the Hadley cell and Rossby wave generation (e.g.,Tren-
berth et al., 1998; Alexander et al., 2002). Especially the
very strong El Nĩno events (annual ENSO Index> 1) of
1982, 1987, 1991–92, 1997, and 2002 and the very strong La
Niña events (annual ENSO index< −1) of 1988 and 1999
show throughout the Pacific region a strong influence on ex-
tremes and mean values, compared to the other regions. On
a relative scale, the dynamical modulation is larger for EHOs
than for ELOs and mean values over the Northern Pacific

than over the Southern Pacific. For all other covariates, less
pronounced influence on EHOs, ELOs, and mean values was
found over the Pacific region.

Over the Eastern United States (see Fig.9d–f),
Labrador/Greenland (see Fig.9g–i), and the Euro-Atlantic
sector (see Fig.9k–m), NAO contributes significantly to total
ozone changes compared to all other dynamical covariates.
Due to transport and blocking conditions (i.e., the direction
and intensity of the dominant westerly tropospheric jet, e.g.,
Orsolini and Limpasuvan, 2001; Orsolini and Doblas-Reyes,
2003), the sign of the NAO effect is opposite in the differ-
ent regions. While during the positive NAO phase ozone is
enhanced over Labrador/Greenland and is reduced over the
Eastern United States and the Euro-Atlantic sector, the op-
posite holds during the negative phase. This becomes obvi-
ous comparing the results for EHOs, ELOs, and mean val-
ues in Fig.9d–m: the strong positive (annual NAO Index
mean> 0.5) NAO phase in 1980, 1982, and 1984–1985 led
to a large positive modulation over the Eastern US and the
Euro-Atlantic sector (and also over continental Europe, see
next paragraph and Fig.9n–p) while it had significant neg-
ative impact over the Labrador/Greenland region. Over all
three regions QBO shows significant contributions to ozone
changes compared to the Pacific region, but the total modu-
lation of EHOs, ELOs, and mean values by the QBO remains
an order of magnitude smaller than those of NAO.

Over continental Europe (see Fig.9n–p) ENSO, NAO,
and QBO are the dominating dynamical modulation forces.
While for both, EHOs and ELOs, ENSO and NAO are found
to be the dominating dynamical forces, mean values seem to
be influenced by the QBO, ENSO, and NAO in a similar way.
Once again especially strong ENSO and NAO events (as de-
scribed above) are clearly visible in the contribution records.

For the volcanic eruptions of El Chichón and Mt. Pinatubo
at northern mid-latitudes the largest (negative) modulation
was found over the Euro-Atlantic sector and Continental Eu-
rope. Here the volcanic contribution is for extremes about
a factor of 2 larger than in the other regions. Interestingly
this feature is not preserved for mean values, where the vol-
canic eruptions show similar influence on large spatial scales
and are rather weak compared to dynamical variability.

At lower southern mid-latitudes, including the south-
ern parts of South America and the Antarctic Peninsula
(Fig. 10d–f), the temporal evolution of ELOs and EHOs is
mainly dominated by EESC, while all other covariates (dy-
namical ones and solar cycle) are of minor importance. How-
ever, it is interesting that AAO and ENSO seem to contribute
more to ELOs than to EHOs or mean values in this region. As
discussed here and in Part 1 this feature might be explained
by the connection between the ENSO and AAO phase and
the transport of ozone from the tropics to the extra-tropics
(increased ozone transport during low AAO and warm ENSO
phases and vice versa).

Over the central southern mid-latitudes (Fig.10g–i)
and 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 from ther-largest order statistics models for EHOs (left
panels(a), (d), (g), (k), (n)), ELOs (middle panels(b), (e), (h), (l), (o)), and as derived from the ARMA model for mean values (right panels
(c), (f), (i), (m), (p)) at selected grid cells in the northern mid-latitudes. For convenient reference the solid orange line in panels(a)–(p) gives
the net contribution (sum of individual estimates) on an annual basis.
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Southern Pacific:
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Lower Southern Mid-Latitudes:
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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 from ther-largest order statistics models for EHOs (left
panels(a), (d), (g), (k)), ELOs (middle panels(b), (e), (h), (l)), and as derived from the ARMA model for mean values (right panels(c), (f),
(i), (m)) at selected grid cells in the southern mid-latitudes. For convenient reference the solid orange line in panels(a)–(m) gives the net
contribution (sum of individual estimates) on an annual basis.

(Fig. 10k–m) the relative contribution of the dynamical co-
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
at all other regions are the second dominating force after
EESC, dynamics are much more important here. This can
be explained by the connection between the AAO and ENSO
phase and the transport of ozone rich air from the tropics to
the extra-tropical regions (see above and Part 1).

4 Discussion and conclusions

In this study we focused on the interpretation of the spatial
“fingerprints” of ENSO and volcanic eruptions in extreme
and mean values of total ozone at northern and southern mid-
latitudes and the contribution of individual dynamical and
chemical covariates to long-term total ozone changes.

The results show that the El Niño/Southern Oscillation
strongly influences ozone extremes in both northern and
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southern mid-latitudes, especially during spring and towards
low latitudes. This pattern suggests the enhanced transport
of ozone from the tropics to the extra-tropics during strong
El Niño events as discussed in earlier work (Brönnimann
et al., 2004a,b; Rieder et al., 2010a,b, 2011). Further, the re-
sults show a relationship between the thickness of the south-
ern ozone “collar” and the ENSO phase (especially La Niña)
during winter at southern mid-latitudes, which is in agree-
ment with recent work ofHitchman and Rogal(2010a,b).

The results for the volcanic eruptions of El Chichón and
Mt. Pinatubo are of high interest as the “masking” of the vol-
canic signal at southern mid-latitudes compared to northern
mid-latitudes is unexplained in the earlier literature. While
results for both El Chich́on and Mt. Pinatubo at northern
mid-latitudes document the negative influence of the vol-
canic eruptions on column ozone and are in good agreement
with previous studies (Staehelin et al., 1998; Fioletov et al.,
2002; Mäder et al., 2007; Wohltmann et al., 2007; Harris
et al., 2008; Rieder et al., 2010a,b, 2011; WMO, 2007, 2011),
new insights could be gained for the Southern Hemisphere.
For the eruption of El Chich́on significant influence is found
at lower southern mid-latitudes, which might be interpreted
as “fingerprint” of the infrared heating due to the volcanic
aerosol in the tropical and lower extra-tropical regions. Fur-
ther the results suggest that enhanced transport of ozone from
the tropics, due to the warm ENSO phase, partly compen-
sates the chemical depletion and thereby masks the volcanic
signal at southern mid-latitudes. However, a complete expla-
nation for the absence of the volcanic signal is still missing.
For the volcanic eruption of Mt. Pinatubo things are different;
the results provide clear evidence that the “masking” of the
Mt. Pinatubo signal at southern mid-latitudes is particularly
due to atmospheric dynamics in 1991–1993. The coefficient
estimates show a strong west-east gradient with strongest
negative coefficient estimates towards the Antarctic Penin-
sula and polewards over the Southern Pacific and strongest
positive coefficient estimates over the Indian Ocean. Relating
the coefficient estimates and significance areas with the anal-
ysis of the position and strength of the ozone hole and ozone
“collar” together with the state of the AAO provides clear
evidence that the suppression of the Mt. Pinatubo signal at
southern mid-latitudes is of dynamical origin. The southern
polar vortex was shifted towards the Antarctic Peninsula and
the southern parts of South America in 1991, the first year of
the Pinatubo eruption, which might explain the negative co-
efficient estimates found in this region. In the following years
(1992–1993) the southern ozone “collar” was displaced and
richer than normal, which can be related to the negative mode
of the AAO and its relation to the wave activity in tropical
regions leading to a strengthening of the Lagrangian mean
circulation and thereby to enhanced transport of ozone from
the tropics to extra-tropics (see alsoSchnadt Poberaj et al.,
2011) and to a strong blocking/separation between the vor-
tex and “collar” area. Therefore the position and strength of
the ozone “collar” may explain the positive coefficient es-

timates found over the Indian Ocean. The clear separation
between areas with enhanced ozone and reduced ozone can
explain the average “zero signal” found at southern mid-
latitudes in previous studies (e.g.,WMO, 2003, 2007, 2011;
Fioletov et al., 2002), and is also visible in the analysis
presented for mean values. Overall the results indicate that
the Mt. Pinatubo eruption was amplified by the dynamical
state of the atmosphere in the Northern Hemisphere but was
strongly weakened/masked in the Southern Hemisphere.

Regarding the contribution of individual dynamical and
chemical covariates to long-term total ozone changes, rather
heterogeneous results have been found for northern and
southern mid-latitudes, with big differences between individ-
ual regions in each hemisphere. The results show that in gen-
eral ODS (in terms of EESC) are the major contributor to
negative ozone trends (in extremes and mean values) at both
northern and southern mid-latitudes. EESC is especially im-
portant towards higher latitudes in the Southern Hemisphere,
which can probably be related to chemical ozone depletion
inside the polar vortex. The major importance of EESC is
in agreement with previous studies (e.g.,WMO, 2003, 2007,
2011), but it is important to note that the major importance
of the EESC to long-term changes may be partly amplified
because EESC is the only trend variable included in the sta-
tistical models applied. After the EESC, the 11-yr solar cycle
strongly contributes to long-term ozone changes. The 11-yr
phase of the solar cycle can be clearly identified in the time
series analysis; however, as discussed above, at central south-
ern mid-latitudes dynamical features contribute overall more
to long-term ozone changes than does the solar cycle. Al-
though EESC and the solar cycle can be identified as major
contributors to long-term ozone changes, a strong contribu-
tion of dynamical features to ozone changes is found. Strong
influence of the El Nĩno/Southern Oscillation is found over
the Northern and Southern Pacific, Central Europe, and the
central southern mid-latitudes. For the North Atlantic Os-
cillation strong influence on column ozone is found over
Labrador/Greenland, the Eastern United States, the Euro-
Atlantic sector, and Central Europe. For the NAO’s southern
counterpart, the AAO, strong influence on long-term ozone
changes is found at lower southern mid-latitudes, including
the southern parts of South America and the Antarctic Penin-
sula, and central southern mid-latitudes.

The combination of methods from EVT and standard met-
rics provides deeper insight into spatial patterns and the in-
fluence of atmospheric dynamics and chemistry on column
ozone changes at mid-latitudes, leading to a better under-
standing of the net effect of the individual covariates and of
their interactions.

Supplementary material related to this article is
available online at:http://www.atmos-chem-phys.net/13/
165/2013/acp-13-165-2013-supplement.pdf.
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Mäder, J. A.: A process-oriented regression model for
column ozone, J. Geophys. Res.-Atmos., 112, D12304,
doi:10.1029/2006jd007573, 2007.

www.atmos-chem-phys.net/13/165/2013/ Atmos. Chem. Phys., 13, 165–179, 2013

http://dx.doi.org/10.5194/acp-8-251-2008
http://dx.doi.org/10.5194/acp-8-251-2008
http://dx.doi.org/10.1256/qj.02.165
http://dx.doi.org/10.5194/acp-10-10021-2010
http://dx.doi.org/10.5194/acp-10-10033-2010
http://dx.doi.org/10.1111/j.1600-0889.2011.00575.x
http://dx.doi.org/10.3137/ao.460106
http://dx.doi.org/10.5194/acp-6-349-2006
http://dx.doi.org/10.5194/acp-6-349-2006
http://dx.doi.org/10.5194/acp-9-6363-2009
http://dx.doi.org/10.5194/acp-9-6363-2009
http://dx.doi.org/10.5194/acp-9-4251-2009
http://dx.doi.org/10.1175/2008jcli2482.1
http://dx.doi.org/10.1029/2006JD008168
http://dx.doi.org/10.1029/2006jd007573

