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Abstract

We present the first spatial analysis of “fingerprints” of the El Niño/Southern Oscilla-
tion (ENSO) and atmospheric aerosol load after major volcanic eruptions (El Chichón
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 (defined5

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 enhanced 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 southern10

ozone “collar”. For the volcanic eruptions the analysis confirms findings of earlier stud-
ies for the northern mid-latitudes and gives new insights for the Southern Hemisphere.
The results provide evidence that the negative effect of the eruption of El Chichón might
be partly compensated by a strong warm ENSO phase in 1982–83 at southern mid-
latitudes. The strong west-east gradient in the coefficient estimates for the Mt. Pinatubo15

eruption and the analysis of the relationship between the AAO and ENSO phase, the
extent and the position of the southern ozone “collar” and the polar vortex structure
provide clear evidence for a dynamical “masking” of the volcanic signal at southern
mid-latitudes. The paper also analyses the contribution of atmospheric dynamics and
chemistry to long-term total ozone changes. Here, quite heterogeneous results have20

been found on spatial scales. In general the results show that EESC and the 11-yr
solar cycle can be identified as major contributors to long-term ozone changes. How-
ever, a strong contribution of dynamical features (El Niño/Southern Oscillation (ENSO),
North Atlantic Oscillation (NAO), Antarctic Oscillation (AAO), Quasi-Biennial Oscilla-
tion (QBO)) to ozone variability and trends is found at a regional level. For the QBO25

(at 30 and 50 hPa), strong influence on total ozone variability and trends is found over
large parts of the northern and southern mid-latitudes, especially towards equatorial
latitudes. Strong influence of ENSO is found over the Northern and Southern Pacific,

13203

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/13201/2012/acpd-12-13201-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/13201/2012/acpd-12-13201-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
12, 13201–13236, 2012

Total ozone and
atmospheric

dynamics and
chemistry – Part 2

H. E. Rieder et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Central Europe and central southern mid-latitudes. For the NAO, 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 ozone variability and long-term changes is found at lower southern
mid-latitudes, including the southern parts of South America and the Antarctic Penin-5

sula, 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
general public, due to the direct link with changes in erythemal UV-radiation (e.g., Calbo10

et al., 2005).
Multiple linear regression models including independent variables, also called ex-

planatory 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 Oscilla-15

tion (QBO), (linear) trends attributed to anthropogenic ozone depleting substances
(ODS), and atmospheric aerosol load after volcanic eruptions. In addition variables
describing decadal/long-term climate variability, like, e.g., the El Niño/Southern Oscil-
lation (ENSO), the Arctic Oscillation (AO), the North Atlantic Oscillation (NAO), and the
Antarctic Oscillation (AAO), have been included in such analyses.20

There is broad agreement within the scientific community that negative long-term
ozone trends at mid-latitudes between the early 1970s and mid-1990s are dominated
by changes in ODS, while short term changes are attributable to dynamical phenom-
ena such as horizontal advection and convergence of mass related to changes in tropo-
spheric and lower stratospheric pressure systems (e.g., Wohltmann et al., 2007; Mäder25

et al., 2007; Koch et al., 2005).
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However, several recent studies have shown that atmospheric dynamics have had
and still have a significant, and larger than previously thought, influence on total ozone
changes: (i) according to Hood 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 1970s and mid-1990s; (ii) the5

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 Shepherd, 2009).10

The analysis of spatial fingerprints of the 11-yr solar cycle, QBO, ODS, NAO, and
AAO at mid-latitudes is presented in the companion paper (Frossard et al., 2012, from
here on referred to as Part 1). Here we give a complementary discussion of the spatial
“fingerprints” and effects of volcanic eruptions and ENSO on ozone extremes and mean
values. Additionally we analyze the contribution of individual dynamical and chemical15

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; spatial20

resolution of 1.25◦ longitude by 1.0◦ latitude; temporal resolution: daily averages) for
the time period 1979–2007. The NIWA data set is homogenized; drifts between mea-
surements 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 Atmosphere Watch Program (GAW)25

of the World Meteorological Organization (WMO) (see http://www.bodekerscientific.
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com/data/total-column-ozone). For further details on the NIWA assimilated total ozone
data sets we refer to Part 1 and Bodeker et al. (2005), Müller et al. (2008) and Struthers
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)5

in terms of equivalent effective stratospheric chlorine (EESC), the North Atlantic Oscil-
lation Index (NAO) and its southern counterpart the Antarctic Oscillation Index (AAO),
the NINO 3.4 Index, representing the El Niño/Southern Oscillation, and the SATO In-
dex describing atmospheric aerosol load after the volcanic eruptions of El Chichón and
Mt. Pinatubo have been used to describe the state of the atmosphere and atmospheric10

dynamics and chemistry in this study. An overview of the temporal evolution of these
indices (and their sources) is provided in Part 1.

2.3 Statistical models

Extreme values and mean values in total ozone and their relation to important covari-
ates (see above) are analyzed on a grid cell basis using two different types of statistical15

models: (i) a model based on extreme value theory (EVT) for the analysis of extreme
low and high total ozone values (termed ELOS and EHOs, respectively) and (ii) an
ARMA model for ozone mean values. Both models contain a multiple regression term
with the same design matrix Z(t), which is composed of seasonality terms and covari-
ates describing chemical and dynamical processes in the atmosphere (see above and20

Part 1).
Ozone extremes y(x,t) at grid cell x and month t (defined as the r = 3 largest (EHOs)

or lowest (ELOs) values per month) are modeled by the so-called r-largest order statis-
tics model GEVr , which is a special case of the point process model for extremes
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(Coles, 2001; de Haan and Ferreira, 2006). More precisely,

y(x,t) ∼ GEVr

(
µ(x,t), σ(x), ξ(x)

)
,

where the non-stationary location parameter µ takes linear form

µ(x,t) = Z(t)β(x), (1)

and Z(t) is the row of month t in the design matrix Z(t). Details on the choice of r = 35

are given in Part 1 of this paper.
An exploratory analysis showed that the most suitable model is of form

µ(x,t) =β0 +
3∑

i=1

(
β2i−1 cos

2πt
φi

+β2i sin
2πt
φi

)
+β7EESC(t)+β8SOLAR(t)+ (2)

β9QBO30(t)+β10QBO50(t)+β11ENSO(t)+β12

{
AAO(t)
NAO(t)

}
+

β13CHICHON(t)+β14PINATUBO(t),10

where φi are the frequencies allowing for 1-yr, 6-month and 4-month seasonalities, i.e.,
(φ1, φ2, φ3) = (12, 6, 4), and the coefficients β0, . . . , β14 depend on grid cell x.

Further evaluation of different temporal resolutions of the models (an annual and
a seasonal model, see Part 1) by likelihood ratio tests showed that the seasonal15

model is preferable. Therefore some covariates are split into four parts, one for each of
the seasons Dec-Jan-Feb, Mar-Apr-May, Jun-Jul-Aug and Sep-Oct-Nov. For example
β7EESC(t) in Eq. (2) can be replaced by

β7,SpringEESCSpring(t)+β7,SummerEESCSummer(t)+β7,AutumnEESCAutumn(t)+

β7,WinterEESCWinter(t),20

where EESC♦ equals the EESC values for the months of season ♦ and zero for the
other months.
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For total ozone mean values we use an autoregressive moving average (ARMA) pro-
cess (e.g., Brockwell and Davis, 1996), because the basic assumption of the commonly
used multiple linear regression model, i.e., that the errors are independent, does not
hold for the ozone data set analyzed (see Part 1). We use the linear regression term
Z(t)β(x) to express non-stationarity and model the errors using an ARMA(1,1) process.5

Total ozone mean values at grid cell x and month t are modeled as

y(x,t) = Z(t)β(x)+η(x,t), (3)

where

η(x,t) =φη(x,t−1)+ε(x,t)+θ ε(x,t−1), (4)

and ε(x,t)
ind∼ N

(
0, σ(x)2

)
is Gaussian white noise. The term Z(t)β(x) in Eq. (3) equals10

the right hand side of Eq. (2). For further details on the individual models and the model
validation process, as well as a sensitivity analysis on several corrections for multiple
testing, we refer to Part 1 of this paper.

3 Results

In Part 1 it was shown that the spatial analysis confirmed findings of previous studies15

(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 describing decadal/long-term climate variability and
total ozone (i.e., the NAO and AAO) was discussed in detail in Part 1.

Here we focus specifically on the relationship between total ozone extremes and20

mean values and volcanic eruptions (El Chichón, 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.
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3.1 El Niño/Southern Oscillation (ENSO)

The El Niño/Southern Oscillation (ENSO) phenomenon is triggered by the large con-
trast between high tropical and low extra-tropical Pacific sea surface temperatures
(Brönnimann et al., 2004a, b). Previous studies (e.g., Trenberth et al., 1998; Alexan-
der et al., 2002) have shown that stratospheric transport processes, the Hadley cir-5

culation and Rossby wave generation 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 stratospheric 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 atmosphere, all contributing to yield a weaker polar10

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 by Butler
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.15

The p-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 latitudes (from approximately
50◦ N and 50◦ S). This spatial pattern might be interpreted as a consequence of en-
hanced transport of ozone-rich air from the tropics to the extra-tropics during warm20

ENSO events with a strong east-west gradient. While ozone transport is enhanced
during the warm phase of the ENSO (El Niño events), it is reduced during its cold
phase (La Niña events). Especially over the Northern and Southern Pacific, the esti-
mates are strongly positive, revealing the connection between ENSO, the Hadley cell
circulation and Rossby wave generation. Over Central Europe, significant influence of25

moderate and strong El Niño events is found during winter and spring, 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).
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Another interesting feature is that highly significant negative ENSO coefficient esti-
mates are found during austral winter over the Indian Ocean. This spatial pattern can
be explained as connection between the southern ozone “collar” and strong El Niño
and La Niña events (see Fig. 4 and Fig. S1). Due to the reduced transport of ozone-
rich air from the tropics towards polar regions (during the La Niña phase) the gradient5

between the polar vortex and mid-latitudes is increased, thereby leading to a shift and
local/regional enrichment of the ozone “collar” in the Southern Hemisphere (during
winter-spring), visible in the coefficient estimates and p-values in Figs. 2 and 3. 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 ENSO10

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 Rogal (2010b) report an
eastward progression of the Southern Hemisphere maximum ozone from August to15

October during La Niña compared to El Niño due to differences in general circulation
features related to changes in planetary wave patterns in temperature and geopotential
height. During August Hitchman and Rogal (2010b) report a positive anomaly over the
Southern Pacific and a negative anomaly south of Australia during El Niño, (compare
with Figs. 4 and S1 of this analysis), and vice versa during the La Niña phase. During20

the El Niño phase this pattern is related to (i) a strong Australian High stretching south-
westwards across the Southern 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
dynamical feature. In September Hitchman and Rogal (2010b) report a distinct ozone25

anomaly near South Africa related to an upper-troposphere-lower-stratosphere (UTLS)
anticyclone over South Africa during the El Niño phase (compare with Figs. 4 and S1
of this analysis), leading to stronger poleward transport of subtropical ozone-poor air
out of the lower stratosphere. During October Hitchman and Rogal (2010b) describe
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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 subtropical 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 high5

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 eruptions10

Violent volcanic eruptions can inject large amounts of gaseous compounds (including
SO2 and H2S) into the stratosphere. These provide surfaces of sulfate aerosol par-
ticles for heterogeneous processes on polar stratospheric clouds (e.g., Peter, 1997;
Solomon, 1999) in the lower stratosphere that enhance ozone depletion. Addition-
ally, the gaseous compounds absorb infrared radiation leading to a warmer lower15

stratosphere and thereby enhance stratospheric dynamics and ozone depletion (e.g.,
Brasseur and Granier, 1992; Kodera, 1994; Hadjinicolaou et al., 1997). Two major vol-
canic 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 volcanic20

activity (see also Part 1).

3.2.1 El Chichón

The p-values in Fig. 5 show that the volcanic eruption of El Chichón seems to have sig-
nificant influence on total ozone over a substantial part of the northern mid-latitudes.
Especially over the Atlantic Sector, Central and Southern Europe, Northern Russia25

(only for EHOs), the Eastern United States and the southern parts of the Northern
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Pacific coefficients are strongly negative (see Fig. 5a–c) and highly significant (see
Fig. 5g–i), though the significant area reduces when allowance is made for multiple
testing; see Part 1. This is in good agreement with results of previous studies report-
ing on the negative effect of the eruption on total ozone in the Northern Hemisphere
(Staehelin et al., 1998; Fioletov et al., 2002; Mäder et al., 2007; Wohltmann et al.,5

2007; Harris et al., 2008; Rieder et al., 2010a, b, 2011). In the Southern Hemisphere
the picture is different. The p-values in Fig. 5q–s suggest that the El Chichón eruption
had a significant influence at lower Southern mid-latitudes. However, it is puzzling that
in contrast to the Northern Hemisphere the coefficients in the Southern Hemisphere
are strongly positive (see Fig. 5k–m). A possible explanation might be that this pat-10

tern is a fingerprint for infrared heating due to volcanic aerosols (also partly visible
towards equatorial latitudes in the Northern Hemisphere). Further the ENSO phase
(strong El Niño) in 1982–83 might contribute to the “masking” of the volcanic 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 other15

studies (e.g., Fioletov et al., 2002), but the results presented 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 significant20

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 multiple testing. Coefficient estimates (Fig. 6a–c)
are negative throughout the northern mid-latitudes and increase towards higher lati-
tudes. The strong negative influence of the Mt. Pinatubo eruption found for the north-25

ern 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).
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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 chemical species by measurements5

from New Zealand reporting large enhancements in HNO3 and corresponding reduc-
tions 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 that10

for northern mid-latitudes. However, from the p-values (see Fig. 6q–s) it seems that
this eruption had significant influence, for EHOs and particularly 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 Pacific (see Fig. 6k, l). Interestingly the coefficients15

(for ELOs) show a strong west-east gradient from highly negative (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 erup-
tion in the southern mid-latitudes is of dynamical origin (see below). As stated be-
fore, a strong west-east gradient of the coefficient estimates is visible from the results.20

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 S2, shows that in the time period after the volcanic erup-25

tion (1991–92) (i) the vortex was shifted and elongated towards the Antarctic Peninsula
and (ii) the “collar” was richer in ozone than in neighboring years. Further, the maxi-
mum ozone area inside the “collar” was shifted (centered over the Indian Ocean) in
1992 in comparison to neighboring years.
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Overall the strong ozone “collar” following the Mt. Pinatubo eruption suggests that
enhanced transport of ozone from the tropics to mid-latitudes may have happened,
most likely in relation with the concurrent strong warm ENSO phase. Dynamically dia-
batic descent is responsible for the maintenance of the high ozone mixing ratios inside
the ozone “collar”. Further this descent also contributes to observed shifts owing to5

the sloping of the vortex structure. For further details on these processes, see Mar-
iotti et al. (2000) and references therein. The southern polar vortex was shifted and
strengthened due to the low phase of the Antarctic Oscillation (AAO). Figure 8 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 proxy10

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 Lagrangian mean circulation15

is strongly reduced and therefore less ozone is transported to mid- and high latitudes.
This process is closely related to atmospheric wave activity (Thompson and Wallace,
2000). Recently Schnadt Poberaj et al. (2011) analyzed the dynamical state of the
atmosphere following the Mt. Pinatubo eruption and its effect on zonal mean column
ozone. These authors suggest that ozone depletion caused by the volcanic aerosol20

was overcompensated by increased ozone transport from the tropics to the southern
mid-latitudes due to an enhanced stratospheric residual circulation. This enhanced
residual circulation results from anomalously large planetary wave activity emanating
from the troposphere, caused by preconditioning of the atmospheric flow in association
with a combined negative AAO, and warm ENSO phase. The results are in good agree-25

ment with those presented here and provide dynamical arguments for the formation of
the strong southern ozone “collar” and the steep gradient to the shifted polar vortex
area “masking” the volcanic effects.
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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 win-
ter after the eruption) towards the southern part of South America; the depth of the
ozone hole in 1991–1993; the unusual enrichment of the ozone “collar” due to en-
hanced transport from the tropics to the extra-tropics, related to the state of the ENSO5

(especially over the Southern Pacific), the AAO phase (see section above) and to at-
mospheric wave activity (see Schnadt 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 suggest that the state of the AAO is of major importance for
these dynamical patterns. For a further discussion of the relation between AAO and10

atmospheric wave activity we refer to Schnadt Poberaj et al. (2011).
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 atmo-
sphere following the eruption, thereby leading to an identification of the large scale fea-
tures responsible for the “masking” of the Mt. Pinatubo signal at southern mid-latitudes.15

Overall the results suggest, in agreement with earlier work (e.g., Fleming et al., 2007),
that the volcanic effect of the eruption is amplified by the dynamical state of the atmo-
sphere in the northern mid-latitudes but is strongly weakened/shaded in the Southern
Hemisphere.

3.3 Contribution of dynamical and chemical features to ozone changes and20

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. Analysis of the p-values for the different covariates25

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, continental Europe, the southern parts of South America and the
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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 representative grid cell was selected to quantify the influence of the individual
covariates on EHOs, ELOs and mean values (see Figs. 9 and 10).

The analysis showed that: (i) throughout all regions, the temporal variability in EESC5

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.10

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 and 10a–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., Trenberth15

et al., 1998; Alexander et al., 2002). Especially the very strong El Niño 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 extremes and mean values, compared to the other regions.
On a relative scale, the dynamical modulation is larger for EHOs than for ELOs and20

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 total25

ozone changes compared to all other dynamical covariates. Due to transport and block-
ing 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 different regions. While during the positive NAO phase
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ozone is enhanced over Labrador/Greenland and is reduced over the Eastern United
States and the Euro-Atlantic sector, the opposite holds during the negative phase. This
becomes obvious comparing the results for EHOs, ELOs and mean values in Fig. 9d–
m: the strong positive (annual NAO Index mean > 0.5) NAO phase in 1980, 1982 and
1984–85 led to a large positive modulation over the Eastern US and the Euro-Atlantic5

sector (and also over continental Europe, see next paragraph and Fig. 9n–p) while it
had significant negative impact over the Labrador/Greenland region. Over all three re-
gions QBO shows significant contributions to ozone changes compared to the Pacific
region, but the total modulation of EHOs, ELOs and mean values by the QBO remains
an order of magnitude smaller than those of NAO.10

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 described above) are clearly visible in the contribution records.15

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 Conti-
nental Europe. Here the volcanic contribution is for extremes about a factor of 2 larger
over the Labrador/Greenland, Eastern United States or Northern Pacific region than in
the other regions. Interestingly this feature is not preserved for mean values, where the20

volcanic eruptions show similar influence on large spatial scale and are rather weak
compared to dynamical variability.

At lower southern mid-latitudes, including the southern 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 (dynamical ones and solar cycle)25

are of minor importance. However, it is interesting that AAO and ENSO seem to con-
tribute 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
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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” (Fig. 10k–m) the relative contribution of the dynamical covari-
ates (ENSO, AAO, QBO) in comparison to EESC and the solar cycle is much larger5

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).10

4 Discussion and conclusion

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 for the northern
and southern mid-latitudes and the contribution of individual dynamical and chemical
covariates to long-term total ozone changes.15

The results show that the El Niño/Southern Oscillation strongly influences ozone
extremes in both northern and southern mid-latitudes (especially during spring), es-
pecially 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 ear-
lier work (Brönnimann et al., 2004a, b; Rieder et al., 2010a, b, 2011). Further, the20

results show a relationship between the thickness of the southern ozone “collar” and
the ENSO phase (especially La Niña) during winter at southern mid-latitudes, which is
in agreement with recent work of Hitchman 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 volcanic signal at southern mid-latitudes compared25

to northern mid-latitudes is unexplained in the earlier literature. While results for both
El Chichón and Mt. Pinatubo at northern mid-latitudes document the negative influence
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of the volcanic 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 Chichón
significant influence is found at lower southern mid-latitudes, which might be inter-5

preted as “fingerprint” of the infrared heating due to the volcanic aerosol in the tropical
and lower extra-tropical regions. Further the results suggest that enhanced transport of
ozone from the tropics, due to the warm ENSO phase, partly compensates the chemi-
cal depletion and thereby masks the volcanic signal at southern mid-latitudes. However,
a complete explanation for the absence of the volcanic signal is still missing. For the10

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
Peninsula and polewards over the Southern Pacific and strongest positive coefficient15

estimates over the Indian Ocean. Relating the coefficient estimates and significance
areas with the analysis of the position and strength of the ozone hole and ozone “col-
lar” 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 south-
ern polar vortex was shifted towards the Antarctic Peninsula and the southern parts of20

South America in 1991, the first year of the Pinatubo eruption, which might explain the
negative coefficient estimates found in this region. In the following years (1992–1993)
the southern ozone “collar” was displaced and richer than normal, which can be re-
lated 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 to25

enhanced transport of ozone from the tropics to extra-tropics (see also Schnadt Poberaj
et al., 2011) and to a strong blocking/separation between the vortex and “collar” area.
Therefore the position and strength of the ozone “collar” may explain the positive co-
efficient estimates found over the Indian Ocean. The clear separation between areas
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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 the5

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 individual regions in each
hemisphere. The results show that in general ODS (in terms of EESC) are the major10

contributor to negative ozone trends (in extremes and mean values) at both northern
and southern mid-latitudes. EESC is especially important 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 im-15

portance of the EESC to long-term changes may be partly amplified because EESC is
the only trend variable included in the statistical 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 dis-
cussed above, at central southern mid-latitudes dynamical features contribute overall20

more to long-term ozone changes than does the solar cycle. Although EESC and the
solar cycle can be identified as major contributors to long-term ozone changes a strong
contribution of dynamical features to ozone changes is found. Strong influence of the
El Niño/Southern Oscillation is found over the Northern and Southern Pacific, Central
Europe and central southern mid-latitudes. For the North Atlantic Oscillation strong in-25

fluence 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-
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latitudes, including the southern parts of South America and the Antarctic Peninsula,
and central southern mid-latitudes.

The combination of methods from EVT and standard metrics provides deeper insight
into spatial patterns and the influence of atmospheric dynamics and chemistry on col-
umn ozone changes at mid-latitudes, leading to a better understanding of the net effect5

of the individual covariates and of their interactions.

Supplementary material related to this article is available online at:
http://www.atmos-chem-phys-discuss.net/12/13201/2012/
acpd-12-13201-2012-supplement.pdf.
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Fig. 1. Coefficient estimates (in DU(unit ENSO)−1) of the El Niño/Southern Oscillation for (a)
EHOs, (b) ELOs and (c) mean values of total ozone on annual basis at 30◦ N to 60◦ N. (d)–(f)
show corresponding standard errors for coefficients in (a)–(c) while (g)–(i) show p-values for
coefficient estimates in (a)–(c). (k)–(s) as (a)–(i) but for 30◦ S to 60◦ S.
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Fig. 2. Coefficient estimates (in DU(unit ENSO)−1) of 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 corresponding standard errors for coefficients in (a)–(c) while (g)–(i) show p-values
for coefficient estimates in (a)–(c). (k)–(s) as (a)–(i) but for winter (JJA) at 30◦ S to 60◦ S.
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Fig. 3. Coefficient estimates (in DU(unit ENSO)−1) of 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 corresponding standard errors for coefficients in (a)–(c) while (g)–(i) show p-values
for coefficient estimates in (a)–(c). (k)–(s) as (a)–(i) but for spring (SON) at 30◦ S to 60◦ S.
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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: seasonal mean of 1986
and 1987 representing a strong El Niño phase (closed, ozone-rich and homogeneous ozone
“collar”).
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Fig. 5. Coefficient estimates (in DU(unit SATO Index)−1) of the volcanic eruption of El Chichón
for (a) EHOs, (b) ELOs and (c) mean values of total ozone on annual basis at 30◦ N to 60◦ N.
(d)–(f) show corresponding standard errors for coefficients in (a)–(c) while (g)–(i) show p-
values for coefficient estimates in (a)–(c). (k)–(s) as (a)–(i) but at 30◦ S to 60◦ S.
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Fig. 6. Coefficient estimates (in DU(unit SATO Index)−1) of the volcanic eruption of Mt. Pinatubo
for (a) EHOs, (b) ELOs and (c) mean values of total ozone on annual basis at 30◦ N to 60◦ N.
(d)–(f) show corresponding standard errors for coefficients in (a)–(c) while (g)–(i) show p-
values for coefficient estimates in (a)–(c). (k)–(s) as (a)–(i) but at 30◦ S to 60◦ S.
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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.
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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 September 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/annual
data.html). All panels are for 1989–2007.
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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 annual
basis in DU) as derived from the GEV-models for EHOs (left panels (a), (d), (g), (k), (n)), ELOs
(middle panels (b), (e), (h), (l), (o)) and as derived by the ARMA model for mean values (right
panels ((c), (f), (i), (m), (p)) at selected grid cells at the northern mid-latitudes. For convenient
reference the solid orange line in panels (a)–(p) gives the net contribution (sum of individual
estimates) on annual basis.
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Fig. 10. 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 annual basis in DU) as derived from the GEV-models for EHOs (left panels (a), (d), (g),
(k)), ELOs (middle panels (b), (e), (h), (l) and as derived by the ARMA model for mean values
(right panels ((c), (f), (i), (m)) at selected grid cells at the northern mid-latitudes. For convenient
reference the solid orange line in panels (a)–(m) gives the net contribution (sum of individual
estimates) on annual basis.
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