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Abstract. TOMS (Version 8) ozone records are analysed
between latitudes 60◦ S and 60◦ N, in order to extract au-
tocorrelation properties with high spatial resolution. After
the removal of semi-annual, annual, and quasi-biennial back-
ground oscillations, the residuals are evaluated by detrended
fluctuation analysis. Long-range correlations are detected ev-
erywhere. Surprisingly, the latitude dependence of zonally
averaged correlation exponents exhibits the same behaviour
as the exponents for daily surface temperature records. This
suggests that the correlation properties of total ozone column
are dominated by the global atmospheric circulation patterns,
and the effect of chemical processes seems to be subsidiary.

1 Introduction

There is a widespread interest in understanding the proper-
ties and dynamics of atmospheric ozone. Special attention
is paid to the observed slow decline of the total amount of
stratospheric ozone in the past decades, and the strong sea-
sonal depletion over the polar regions known as ozone hole
(e.g.,Weatherhead and Andersen, 2006; WMO, 2007). In
recent years, the question how a recovery of stratospheric
ozone can be detected and attributed to the observed de-
cline of the halogen loading has attracted considerable in-
terest (WMO, 2007). The chemistry affecting stratospheric
ozone is today largely understood and, likewise, the general
mechanisms are known that determine the impact of dynam-
ics on total column ozone (TO). Nonetheless, a reproduction
of the interplay between chemistry and dynamics and the re-
sulting ozone levels in models still constitutes a consider-
able challenge (Eyring et al., 2006) and extracting the chem-
ical contribution to observed ozone trends is difficult (WMO,
2007). Deducing correlation properties from measured data
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is a starting step to characterise the dynamics, and has also
relevant implications in trend analysis (Vyushin et al., 2007).

The Total Ozone Mapping Spectrometers (TOMS) have
been a successful series of instruments designed for measur-
ing TO, and providing other products such as the aerosol
index, reflectivity, ultraviolet radiation, and volcanic SO2
(http://toms.gsfc.nasa.gov/). Here we present a detailed anal-
ysis for two TO data sets collected on the satellites Nimbus-7
(N7) in the period 1 November 1978–6 May 1993, and Earth-
Probe (EP) between 25 July 1996 and 30 Dec. 2005. We use
the method of detrended fluctuation analysis (DFA) (Peng
et al., 1994, 1995), which is able to eliminate slow trends
from long nonstationary signals. The proper technique is
crucial, especially because instrumental problems were de-
tected in early 2001, and a warning was released that EP-
TOMS data past mid 2000 should not be used for trend anal-
ysis (http://toms.gsfc.nasa.gov/news/news.html).

In the next Section we give details on the data and meth-
ods. Special care is taken to remove the quasi-biennial os-
cillations (QBO) from the signals, because such background
cycles are known to distort correlation exponents (Jánosi and
Müller, 2005). Then we present a detailed map of exponent
values and comparison with existing results for other meteo-
rological variables. We argue that the correlation properties
of the total ozone time series suggest the dominance of dy-
namical processes, thus TO outside the polar regions over a
given geographic location can be considered as a “passive”
scalar, similarly to temperature.

2 Data and methods

The TOMS instruments measure backscattered ultraviolet ra-
diation at six wavelengths, and provide a contiguous grid-
ded mapping of TO with a spatial resolution of 1.0◦

×1.25◦

(lat/long). In order to minimise the effects of known instru-
mental distortions at high solar zenith angles and missing
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Fig. 1. (a) Daily mean total ozone (in Dobson units) averaged in
the band 60◦ S and 60◦ N latitude for the TOMS data bank.(b)
Number of daily observations for the Nimbus-7 and Earth-Probe
satellites (note the logarithmic vertical scale).
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Fig. 2. Annual cycle of daily mean total ozone (TO) averaged over
0◦–60◦ N lat (northern hemisphere, black symbols) and 0◦–60◦ S
lat (southern hemisphere, white symbols) for(a) N7-TO, and(b)
EP-TO. Gray bands indicate one sigma standard deviations.

polar night intervals, data evaluation is restricted between lat-
itudes 60◦ S and 60◦ N covering∼ 87% of the earth surface.
Daily average TO values over this band are plotted in Fig.1a,
the number of observations is shown in Fig.1b.

Figure2 illustrates the daily mean TO levels averaged sep-
arately over the northern and southern hemispheres, for a
given calendar day. The total column ozone has very sim-
ilar annual cycles for both satellite records (apart from the
clear baseline drop of EP data), the different amplitudes and
phase shift between the hemispheres explain the net annual
periodicity visible in Fig.1a.

Since a reasonable application of DFA requires the re-
moval of all dominant periodicities, we have performed a de-
tailed spectral analysis of TO time series for each geographic
location. We have implemented the Lomb periodogram al-
gorithm (Press et al., 1992) in order to properly treat missing
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Fig. 3. Unnormalised power spectrum as a function of frequency
(note the logarithmic scale) for the geographic location 0.5◦ N,
0.625◦ E. (a) N7 signal. (Leading period lengths are labelled.)(b)
N7 signal after removing the annual periodicities.(c) N7 signal
after Wiener filtering for QBO. Orange lines indicate a power-law
background with an exponent –1/2.

data points. The spectra for a given geographic location are
very similar for both instruments. Since the EP records are
shorter, somewhat higher noise level and peak broadening
are experienced. Nevertheless the main features are retained
for both satellite measurements: the dominant periodicities
are semi-annual, annual, and quasi-biennial (Fig.3a). The
TO levels are known to be affected also by the solar cycle of
∼11 years (Hood, 1997; Calisesi and Matthes, 2006), how-
ever the TOMS records are too short and the amplitude of
the solar signal is too low for a direct detection by Fourier
methods.

As a first step of filtering, the annual periodicity is re-
moved from the daily values TOi by the long-time climato-
logical mean〈TO〉d for the given calendar dayd=1 . . . 365
(leap days are omitted) to get the ozone-anomaly series
TOai=TOi−〈TO〉d . This procedure cannot remove smeared
oscillations from the records, such as QBO (Fig.3b) or a
gradual shift of the annual means. In order to remove the
QBO background as well, the Wiener filter method (Press et
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Fig. 4. Geographic distribution of the N7 spectral peak intensities
indicated in Fig.3: (a) QBO peak(s) between 2 and 3 years;(b)
Annual peak (1±0.1 year);(c) semi-annual peak (0.5±0.05 year);
(d) the continuum background (total area minus the area under the
three peaks). Each individual power spectrum is normalised, note
the different colour scales.

al., 1992; Hegger et al., 1999) is used by cutting the spectral
amplitudes to base-line values in the interval of periods 1.1-
4.3 years. The result for an equatorial location is shown in
Fig. 3c.

The relative peak heights at the different characteristic fre-
quencies (Fig.3a) depend on the geographic location. The
spectral intensity of the semi-annual, annual, and QBO com-
ponents is estimated by integrating the area under the peaks
of normalised spectra. The map in Fig.4a illustrates that
QBO is almost negligible away from the equator by∼10◦

latitude. Fig.4b reveals a marked asymmetry between the
hemispheres regarding the strength of annual periodicity,
which is also clear in Fig.2. Similar north-south asymme-
try is reflected in the semi-annual periodicities (Fig.4c). It
is quite remarkable that large areas exhibit very weak peri-

odicities (Fig.4d), especially over the South Atlantic Basin.
Note that maps for Earth-Probe data show very similar fea-
tures with negligible differences, therefore we use only the
(longer) Nimbus-7 record for visualisation.

As a next step, the Wiener filtered ozone-anomaly series
are evaluated by DFA procedure. The method is described in
hundreds of papers (http://www.physionet.org/physiotools/
dfa/citations.shtml), therefore here we settle for a very short
summary. The integrated anomaly time series (so called pro-
file) is divided into nonoverlapping segments of equal length
n. In each segment, the local trend is fitted by a polyno-
mial of orderp and the profile is detrended by subtracting
this local fit. The strength of fluctuations is measured by the
standard deviation in the detrended segment averaged over
all the segments〈Fp(n)〉. A power-law relationship between
〈Fp(n)〉 andn indicates scaling with an exponentδ (DFA-
p exponent):〈Fp(n)〉∼nδ. Notice that such a process has a
power-law autocorrelation functionA(τ) and a power spec-
trumS(f )

A(τ) ∼ τ−α , S(f ) ∼ f −β , (1)

where stationarity requires 0<α<1 and 0<β<1, τ is the
usual time lag andf is the frequency variable of the Fourier
transform. The relationships between the correlation expo-
nents are (Koscielny-Bunde et al., 1998; Talkner and Weber,
2000)

α = 2(1 − δ) , β = 2δ − 1 . (2)

Processes of long-range temporal correlations and finite vari-
ance are characterised by DFA exponents 1>δ>1/2, uncor-
related time series (e.g., pure random walk) obeyδ=1/2.
Signals withδ<1/2 are called antipersistent, expressing the
behaviour that an increasing trend in the past implies a de-
creasing trend in the future, and vice versa.

Local polynomial fits of orderp eliminate polynomial
background trends of orderp − 1, thus DFA-1 does not re-
move any incidental nonstationarity, DFA-2 can discard slow
linear trends, etc. Long-range correlation is inferred for a
given time series when the exponentδ does not depend onp.

After checking that both N7 and EP filtered ozone-
anomalies obey long-range dependence, an important result
by Chen et al.(2002) can be exploited in order to improve the
statistics. Namely, if a record has positive long-range corre-
lations (δ>1/2), segments up to 50% of the total length can
be removed. DFA tests on the rest stitched together show the
same scaling behaviour as the whole record. Based on this
finding, we merged the N7 and EP filtered anomaly series for
a given location resulting in record lengths around 23 years.
An example for DFA scaling is shown in Fig.5.

An essential practical limitation of the DFA method is that
the maximal segment size can not be longer than roughly
one quarter of the total length. This has the consequence that
scaling can be rigorously established only up to timescales
for a few years for TO data. Still, the DFA curves similar to
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Fig. 5. DFA curves for the filtered and merged data (see text) with
linear (black), parabolic (blue), cubic (red), and fourth order poly-
nomial (green) local detrending. Characteristic slopes are indicated.
(51.5◦ N, 110.625◦ E).

Fig. 5 do not show a systematic breakdown at a well defined
threshold time, apart from steeply increasing irregular fluc-
tuations for too largen values. Therefore we use the term
“long-range correlation” to indicate the scaling behaviour of
DFA curves over the intervals permitted by the record lengths
of the time series, and we do not mean that the fluctuations
have an infinite memory.

In a recent paper,Vyushin et al.(2007) determined the
global correlation properties of TO signals from the same
TOMS (version 8) data base. Since their results are quite dif-
ferent from ours (see below), here we summarise the most
essential steps of their procedure. Instead of daily data,
they evaluated time series of zonal and gridded (10◦ lati-
tude by 30◦ longitude grid) monthly mean total ozone val-
ues. Ground based TO measurements were used to fill the
gap (see Fig.1) to obtain nearly continuous time series of
324 monthly mean values. The deterministic part was sepa-
rated by multilinear regression of 20 coefficients in a spec-
tral decomposition model representing the long term aver-
age, seasonal cycle, QBO, solar flux, and a long term trend.
The long term trend was described by two different methods,
a piecewise-linear trend and the equivalent effective strato-
spheric chlorine (EESC) time series. EESC is a measure de-
signed to quantify the combined effect of halogens (chlorine
and bromine) on ozone depletion in the stratosphere (e.g.,
Newman et al., 2007; WMO, 2007).Hurst exponents were
estimated by computing the power spectra for the residuals,
and fitting a power-law for the low frequency part between 1
and 27 years with either a maximum likelihood method or a
log-linear regression of the periodogram. Note that the Hurst
exponent is mathematically equivalent with the DFA expo-
nentδ for an infinite time series, however they can numeri-
cally differ for a finite data set (Pilgram and Kaplan, 1998).

(b)

(a)

Fig. 6. (a)Fitted DFA-3 (cubic local detrending) exponent values
for the ozone anomaly records for each grid point.(b) Residual
percentage variance 100(1–r2) for the linear regression of DFA-3
curve (see Fig.5) at each grid point.

3 Results

We preformed a DFA analysis for the filtered and merged
N7-EP records for each grid point between 65◦S and 65◦N
latitudes in the TOMS data base. (This band is little wider
than the maps shown, in order to compare the results with
temperature data, see below.) Since we could not check vi-
sually all the 37 440 individual curves for occurrent residual
anomalies, we extracted the DFA-3 slopes of cubic local de-
trending which eliminates any contingent linear or quadratic
tendency from the data. The results are shown in Fig.6a.
The quality of exponents is visualised in Fig.6b by com-
puting the regression coefficientr for the linear fits on the
double-logarithmic DFA-3 curves (c.f., Fig.5), and plotting
the residual percentage variance 100(1 − r2) by colour cod-
ing. The unstructured patchy map suggests that the dominant
source of errors is statistical fluctuations as a consequence of
restricted record lengths, indeed.

The main feature of the geographic distribution of expo-
nent values (Fig.6a) is the marked belt of strong correla-
tions between∼20◦S and 20◦ N latitudes. 866 grid points
(∼2.5%) have fitted exponent values slightly larger than 1
(the absolute maximum is 1.09± 0.04), which indicates that
our filtering method is not perfect (we have no reason to as-
sume that TO fluctuations obey infinite variance). The ab-
solute minimum value is 0.57±0.03, therefore each record
exhibits long-range correlations.

The strength of correlations has negligible seasonality.
This we checked by the method of “cutting and stitching”
(Chen et al., 2002) separately for the summer and winter half-
years (1 June–30 November, and 1 December–31 May). The
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maps similar to Fig.6a do not show systematic differences,
the overall pattern is the same in both half-years.

Atmospheric variables commonly exhibit long-range
asymptotic correlations. Besides the detailed investigation
of terrestrial and sea surface temperature records (Pelletier,
1997; Koscielny-Bunde et al., 1998; Talkner and Weber,
2000; Kantelhardt et al., 2001; Weber and Talkner, 2001;
Kir ály and J́anosi, 2002; Blender and Fraedrich, 2003; Eich-
ner et al., 2003; Fraedrich, 2003; Fraedrich and Blender,
2003; Fraedrich et al., 2003; Monetti et al., 2003; Pattantýus-
Ábrah́am et al., 2004; Kir ály and J́anosi, 2005; Bartos and
Jánosi, 2006; Huybers and Curry, 2006; Kir ály et al., 2006;
Rybski et al., 2006), power-law autocorrelation detected for
pressure height fluctuations (Tsonis et al., 1999), total ozone
level (Toumi et al., 2001; Jánosi and M̈uller, 2005; Vyushin
et al., 2007) or carbon-dioxide (Patra et al., 2006), only to
mention a few. Since we have data for daily mean temper-
ature correlations, we can directly compare them with the
present results for TO. The maps of exponent distributions
for temperature show much more complicated patterns (Bar-
tos and J́anosi, 2006; Kir ály et al., 2006), therefore we de-
termined the zonal averages for both sets of exponents. The
result is shown in Fig.7a.

The agreement of zonally averaged correlation exponents
for daily surface temperature and TO is quite striking. One
might expect much higher variablity for temperature data,
since local factors (topography, land coverage, vertical con-
vection, etc.) obviously affect strongly how the temperature
fluctuates at 2 m height. The variation of TO levels, in con-
trast, reflects changes mostly in the lower stratosphere, where
ozone concentration is the highest. And indeed, the vari-
ability of the correlation exponents with longitude is much
stronger for temperature (Bartos and J́anosi, 2006; Kir ály et
al., 2006) than for TO (Fig.6a). However, the impact of local
factors on the correlation exponents of temperature is obvi-
ously not strong enough to show up in the zonal average.

Finally, we show a comparison with the results ofVyushin
et al.(2007) in Fig.7b. They determined Hurst exponents for
zonally averaged monthly mean ozone levels for the same in-
terval (January 1979 - December 2005) and for the same geo-
graphic area (60◦ S–60◦ N). We plotted their Hurst exponents
computed by the widely used log-linear regression and based
on the EESC estimate for the long term trend. Hurst expo-
nents computed employing a maximum likelihood method
in contrast to a log-linear regression show somewhat less
latitudinal variationVyushin et al.(2007). Further, when a
piecewise-linear trend is used to describe the long term trend,
Hurst exponents for the Northern Hemisphere decrease by
about 0.1, leading to values not significantly different from
0.5 and thus to a loss of long range correlation in the North-
ern Hemisphere midlatitudes. Note again that the Hurst ex-
ponent should essentially be the same as the DFA exponent
δ. However, all of the zonally averaged Hurst exponents re-
ported by Vyushin et al. (2007) show a stronger latitudinal
variation than our results forδ (see Fig.7b). Similarly, the
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Fig. 7. Comparison of zonally averaged DFA exponent values.(a)
Black symbols: daily mean temperature anomalies for terrestrial
stations (Kir ály et al., 2006). Blue symbols: data from Fig.6a. The
error bars are comparable with the symbol sizes.(b) The blue curve
is the same as in (a). Red symbols: Hurst exponents for monthly
mean TO levels byVyushin et al.(2007) computed using log-linear
regression based on the EESC estimate for the long term trend (their
Fig. 4b).

geographic distribution (Fig. 12 bottom panel inVyushin et
al., 2007) is different from our map Fig.6a, they obtained
a strong longitudinal variability. The discrepancy can not
be related to the fact that we evaluated daily data instead of
spatial and monthly mean values. When we computed aver-
age values over the same grid (10◦

×30◦ lat/long) and time
interval (1 month), and performed our filtering procedure
to remove annual and QBO cycles, the residuals exhibited
the same correlation properties with exponent values signifi-
cantly larger than 1/2 everywhere.

4 Discussion

The main difference between our results and the Hurst expo-
nents computed byVyushin et al.(2007) shown in Fig.7b is
that we do not see decaying correlations toward the Antarc-
tic, in the contrary, the exponent values start to increase at
latitudes poleward of∼40◦. One key step in correlation
analysis is the proper separation of deterministic periodici-
ties and long term trends from the residual fluctuations. The
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(a)

(b)

Fig. 8. (a) The difference between the average TO level (over the
whole record) for a given grid point and the zonal average for the
given latitude (in Dobson units). (b) Topographic map for the same
region as in (a). Black colour indicates all the sites of elevation
larger than 6000 m.

A particularly transparent linkage between the TO level
and airflow dynamics is represented by the ozone “mini-
holes”, which are spatially localised and transient ozone de-
pletion events (McKenna et al., 1989; Peters et al., 1995).

Typical for the dynamics of mini-holes is a lifting of the
tropopause above a tropospheric anticyclone and poleward
motion of ozone poor subtropical air in the upper troposphere
and lower stratosphere, which, in combination, causes a re-
duction in column TO (Peters et al., 1995; Reid et al., 2000).
The dynamics of mini-holes further results in equatorward
excursions of polar air in the mid-stratosphere; in a situation
when this air is chemically depleted by halogen chemistry
in the polar vortex, particularly low ozone mini-holes may
occur (Weber et al., 2002; Keil et al., 2007)

The mini-hole mechanism is demonstrated nicely by the
visualisation of a “permanent” mini-hole over the Himalaya
Mountains in Fig. 8a, where the difference between the aver-
age total column ozone (computed over the whole period for
a given gridpoint) and the zonal average determined along
each degree latitude is plotted in a colour scale. (The topo-
graphic setting for the same area is shown in in Fig. 8b.)

The strong coupling between measured TO and circula-
tion patterns is evident (Fusco and Salby, 1999), however the

general view assumes a restricted temporal range for correla-
tions. The results in Fig. 7a suggest that the source of long-
range correlations is in the dynamics of atmospheric circula-
tion for both TO and temperature. It is well known that high-
frequency atmospheric processes are crucial in achieving the
long-term balance of energy, momentum, and water vapour
in the atmosphere (Tsonis et al., 1999). Long-range tempo-
ral correlations in the fluctuations mean that an anomaly of
a given sign persists much longer (in statistical sense) than
the characteristic timescales of the physical processes deter-
mining the variability of the meteorological parameter. This
behaviour is expected when the atmospheric flow is strongly
coupled to the slowly varying components of the climate sys-
tem such as the oceanic gyre modes. For example, a slowly
changing sea surface temperature forcing can affect atmo-
spheric flow for decades (Latif and Barnett, 1996).

Ozone and temperature share a number of common fea-
tures. For example, the main source of “production” is
around the equator, but both ozone and temperature are “gen-
erated” over large extratropical areas with decreasing intensi-
ties. Both ozone and heat are transported toward the poles by
the atmospheric flow, mostly cyclones in the troposphere and
by the Brewer-Dobson circulation in the stratosphere (Plumb
and Eluszkiewicz, 1999). The curves in Fig. 7a are very
similar, the smooth meridional changes of average correla-
tion exponents are rather impressive. This observation fits to
our present understanding of atmospheric dynamics, namely
that the tropospheric and stratospheric processes are more
strongly coupled than was believed earlier (Haynes, 2005).
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that TO variations are strongly affected by the atmospheric
circulation. Of course, the obligate connection was recog-
nised much earlier (see e.g.,Dobson, 1968; Schoeberl, 1987;
Salby and Callaghan, 1993). Clearly, the values of correla-
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Hemisphere are 3% and 6% below pre-1980 values, respec-
tively, is due to anthropogenic ozone depleting substances,
that is due to chemistry (WMO, 2007). But this chemical

effect is apparently not strong enough to impact correlation
exponents.

A particularly transparent linkage between the TO level
and airflow dynamics is represented by the ozone “mini-
holes”, which are spatially localised and transient ozone de-
pletion events (McKenna et al., 1989; Peters et al., 1995).

Typical for the dynamics of mini-holes is a lifting of the
tropopause above a tropospheric anticyclone and poleward
motion of ozone poor subtropical air in the upper troposphere
and lower stratosphere, which, in combination, causes a re-
duction in column TO (Peters et al., 1995; Reid et al., 2000).
The dynamics of mini-holes further results in equatorward
excursions of polar air in the mid-stratosphere; in a situation
when this air is chemically depleted by halogen chemistry
in the polar vortex, particularly low ozone mini-holes may
occur (Weber et al., 2002; Keil et al., 2007)

The mini-hole mechanism is demonstrated nicely by the
visualisation of a “permanent” mini-hole over the Himalaya
Mountains in Fig.8a, where the difference between the aver-
age total column ozone (computed over the whole period for
a given gridpoint) and the zonal average determined along
each degree latitude is plotted in a colour scale. (The topo-
graphic setting for the same area is shown in in Fig.8b.)

The strong coupling between measured TO and circula-
tion patterns is evident (Fusco and Salby, 1999), however the
general view assumes a restricted temporal range for correla-
tions. The results in Fig.7a suggest that the source of long-
range correlations is in the dynamics of atmospheric circula-
tion for both TO and temperature. It is well known that high-
frequency atmospheric processes are crucial in achieving the
long-term balance of energy, momentum, and water vapour
in the atmosphere (Tsonis et al., 1999). Long-range tempo-
ral correlations in the fluctuations mean that an anomaly of
a given sign persists much longer (in statistical sense) than
the characteristic timescales of the physical processes deter-
mining the variability of the meteorological parameter. This
behaviour is expected when the atmospheric flow is strongly
coupled to the slowly varying components of the climate sys-
tem such as the oceanic gyre modes. For example, a slowly
changing sea surface temperature forcing can affect atmo-
spheric flow for decades (Latif and Barnett, 1996).

Ozone and temperature share a number of common fea-
tures. For example, the main source of “production” is
around the equator, but both ozone and temperature are “gen-
erated” over large extratropical areas with decreasing intensi-
ties. Both ozone and heat are transported toward the poles by
the atmospheric flow, mostly cyclones in the troposphere and
by the Brewer-Dobson circulation in the stratosphere (Plumb
and Eluszkiewicz, 1999). The curves in Fig.7a are very
similar, the smooth meridional changes of average correla-
tion exponents are rather impressive. This observation fits to
our present understanding of atmospheric dynamics, namely
that the tropospheric and stratospheric processes are more
strongly coupled than was believed earlier (Haynes, 2005).
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field, M. P., Cordero, E., Dameris, M., Deushi, M., Fioletov,
V. E., Frith, S. M., Garcia, R. R., Gettelman, A., Giorgetta, M. A.,
Grewe, V., Jourdain, L., Kinnison, D. E., Mancini, E., Manzini,
E., Marchand, M., Marsh, D. R., Nagashima, T., Nielsen, E.,
Newman, P. A., Pawson, S., Pitari, G., Plummer, D. A., Rozanov,
E., Schraner, M., Shepherd, T. G., Shibata, K., Stolarski, R. S.,
Struthers, H., Tian, W., and Yoshiki, M.: Assessment of tem-
perature, trace species and ozone in chemistry-climate simula-
tions of the recent past, J. Geophys. Res., 111(D22), D22308,
doi: 10.1029/2006JD007327, 2006.

Fusco, A. C. and Salby, M. L.: Interannual variations of total ozone
and their relationship to variations of planetary wave activity, J.
Climate, 12, 1619–1629, 1999.

Fraedrich, K.: Predictability: short- and long-term memory of the
atmosphere, in: Chaos in Geophysical Flows, edited by: Bof-
fetta, G., Larcotta, S., Visconti, G., and Vulpiani, A., Otto Edi-
tore, Torino, 63–104, 2003.

Fraedrich, K. and Blender, R.: Scaling of atmosphere and ocean
temperature correlations in observations and climate models,
Phys. Rev. Lett., 90, 108501, 2003.

Fraedrich, K., Luksch, U., and Blender, R. A.: 1/f-model for long
time memory of the ocean surface temperature, Phys. Rev. E, 70,
037301, 2003.

Govindan, R. B., Bunde, A., and Havlin, S.: Volatility in atmo-
spheric temperature variability, Physica A, 318, 529–536, 2003.

Haynes, P. H.: Stratospheric dynamics, Ann. Rev. Fluid Mech., 37,
263–293, 2005.

Hegger, R., Kantz, H., and Schreiber, T.: Practical implemen-
tation of nonlinear time series methods: The TISEAN pack-
age, Chaos, The software package is publicly available athttp:
//www.mpipks-dresden.mpg.de/∼tisean, 9, 413–435, 1999.

Hood, L. L.: The solar cycle variation of total ozone: Dynamical
forcing in the lower stratosphere, J. Geophys. Res. D, 102, 1355–
1370, 1997.

Huybers, P. and Curry, W.: Links between the annual, Mi-
lankovitch, and continuum of temperature variability, Nature,
441, 329–332, 2006.

Jánosi, I. M. and M̈uller, R., Empirical mode decomposition and
correlation properties of long daily ozone records, Phys. Rev. E,
71, 056126, 2005.

Kantelhardt, J. W., Koscielny-Bunde, E., Rego, H. H. A., Havlin, S.,
and Bunde, A.: Detecting long-range correlations with detrended
fluctuation analysis, Physica A, 295, 441–454, 2001.

Keil, M., Jackson, D. R., and Hort, M. C.: The January 2006 low
ozone event over the UK, Atmos. Chem. Phys., 7, 961–972,
2007.
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