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Abstract. TOMS (Version 8) ozone records are analysedis a starting step to characterise the dynamics, and has also
between latitudes 6% and 60N, in order to extract au- relevantimplications in trend analysigyushin et al, 2007).
tocorrelation properties with high spatial resolution. After The Total Ozone Mapping Spectrometers (TOMS) have
the removal of semi-annual, annual, and quasi-biennial backbeen a successful series of instruments designed for measur-
ground oscillations, the residuals are evaluated by detrendeghg TO, and providing other products such as the aerosol
fluctuation analysis. Long-range correlations are detected evindex, reflectivity, ultraviolet radiation, and volcanic $O
erywhere. Surprisingly, the latitude dependence of zonally(http://toms.gsfc.nasa.ggvHere we present a detailed anal-
averaged correlation exponents exhibits the same behavioussis for two TO data sets collected on the satellites Nimbus-7
as the exponents for daily surface temperature records. ThigN7) in the period 1 November 1978-6 May 1993, and Earth-
suggests that the correlation properties of total ozone columiProbe (EP) between 25 July 1996 and 30 Dec. 2005. We use
are dominated by the global atmospheric circulation patternsthe method of detrended fluctuation analysis (DFRgItg

and the effect of chemical processes seems to be subsidianet 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-

There is a widespread interest in understanding the proper)-’SIS mttp://toms.gs_fc.nasa.gov/new_s/news.l)tml

ties and dynamics of atmospheric ozone. Special attention !N the next Section we give details on the data and meth-
is paid to the observed slow decline of the total amount of®dS- Special care is taken to remove the quasi-biennial os-
stratospheric ozone in the past decades, and the strong segillations (QBO) from .the signals, '?ecause such bac_:kground
sonal depletion over the polar regions known as ozone hol&YC!€S are known to distort correlation exponenipsi and
(e.g., Weatherhead and Anderse2006 WMO, 2007. In Muller, 2005. Theq we pr'esen'F a'detalled map of exponent
recent years, the question how a recovery of stratospheri(‘falues and comparison with existing results for other meteo-

ozone can be detected and attributed to the observed g&ological variables. We argue that the correlation properties

cline of the halogen loading has attracted considerable in®f the total ozone time series suggest the dominance of dy-

terest (WMO, 2007). The chemistry affecting stratospheric namical processes, thus TO outside the polar regions over a

ozone is today largely understood and, likewise, the generadVen geographic location can be considered as a “passive”

mechanisms are known that determine the impact of dynamSc@lar, similarly to temperature.

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-2 Data and methods

able challengeHyring et al, 2006 and extracting the chem- . ]

ical contribution to observed ozone trends is difficMitNIO, T_he' TOMS |_nstruments measure baclfscattered yltrawolep ra-

2007. Deducing correlation properties from measured datadiation at six wavelengths, and provide a contiguous grid-
ded mapping of TO with a spatial resolution of .25
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Fig. 1. (a)Daily mean total ozone (in Dobson units) averaged in 3 __
the band 60S and 60 N latitude for the TOMS data bank(b) ol
Number of daily observations for the Nimbus-7 and Earth-Probe
satellites (note the logarithmic vertical scale). 1=
340 O_Illll 1 1111111
1(@ Nimbus-7 | {(b) Earth-Probe 0.1 1 10
§320{ H frequency [Llyear]
o 3ooi ]
é 280 ] r Fig. 3. Unnormalised power spectrum as a function of frequency
1 H note the logarithmic scale) for the geographic locatio
( he | h le) for th hic | r° 6l
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° 0 o mo b e 2o o 0.625’ E. (a) N7 5|gnal._ (Leading period Ie_ng_th_s_ are Iabell_ech)
day of year day of year N7 signal after removing the annual periodicitieg) N7 signal

after Wiener filtering for QBO. Orange lines indicate a power-law
background with an exponent —1/2.

Fig. 2. Annual cycle of daily mean total ozone (TO) averaged over

0°-6C° N lat (northern hemisphere, black symbols) afg-@ S

lat (southern hemisphere, white symbols) faf N7-TO, and(b) . . . .

EP-TO. Gray bands indicate one sigma standard deviations. 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

polar night intervals, data evaluation is restricted between latare experienced. Nevertheless the main features are retained
itudes 60 S and 60 N covering~ 87% of the earth surface. for both satellite measurements: the dominant periodicities
Daily average TO values over this band are plotted in Fag. ~ are semi-annual, annual, and quasi-biennial (B&). The
the number of observations is shown in Fig. TO levels are known to be affected also by the solar cycle of

Figure2 illustrates the daily mean TO levels averaged sep-~-11 years Klood 1997 Calisesi and Matthe2006), how-
arately over the northern and southern hemispheres, for §ver the TOMS records are too short and the amplitude of
given calendar day. The total column ozone has very simthe solar signal is too low for a direct detection by Fourier
ilar annual cycles for both satellite records (apart from themethods.
clear baseline drop of EP data), the different amplitudes and As a first step of filtering, the annual periodicity is re-
phase shift between the hemispheres explain the net annuatoved from the daily values T.(by the long-time climato-
periodicity visible in Fig.1a. logical mean(TO), for the given calendar day=1...365

Since a reasonable application of DFA requires the re<(leap days are omitted) to get the ozone-anomaly series
moval of all dominant periodicities, we have performed a de-TOg=TO; —(TO),. This procedure cannot remove smeared
tailed spectral analysis of TO time series for each geographioscillations from the records, such as QBO (F3h) or a
location. We have implemented the Lomb periodogram al-gradual shift of the annual means. In order to remove the
gorithm Press et al 1992 in order to properly treat missing QBO background as well, the Wiener filter methé&utdss et
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odicities (Fig.4d), especially over the South Atlantic Basin.

B2 Note that maps for Earth-Probe data show very similar fea-
l034 tures with negligible differences, therefore we use only the
— 025 (longer) Nimbus-7 record for visualisation.

oI As a next step, the Wiener filtered ozone-anomaly series

are evaluated by DFA procedure. The method is described in
hundreds of papershitp://www.physionet.org/physiotools/
dfa/citations.shtn)| therefore here we settle for a very short
0.50 summary. The integrated anomaly time series (so called pro-
lwo file) is divided into nonoverlapping segments of equal length
n. In each segment, the local trend is fitted by a polyno-
mial of order p and the profile is detrended by subtracting

& 0.08

— 0.00

| — o030

- o this local fit. The strength of fluctuations is measured by the
M =00 standard deviation in the detrended segment averaged over
| all the segmentsF,(n)). A power-law relationship between
(Fp(n)) andn indicates scaling with an exponehit(DFA-
02 p exponent):(F,(n))~n’. Notice that such a process has a
IO 19 power-law autocorrelation functioAa(r) and a power spec-
— 0.4 trum S(f)
Y Am~Tr S~ €
&= 0.05
™ o0 where stationarity requiresx<1 and O<g<1, 7 is the
usual time lag and is the frequency variable of the Fourier
: 190 transform. The relationships between the correlation expo-
5 loso nents areKoscielny-Bunde et al1998 Talkner and Weber

I 2000
0490 a=21-9) , B=25—1. 2)

Processes of long-range temporal correlations and finite vari-
ance are characterised by DFA exponent$31/2, uncor-
related time series (e.g., pure random walk) obeyi/2.
Signals withd <1/2 are called antipersistent, expressing the

Fig: 4. Gepgrqphic distribution of the N7 spectral peak intensities behaviour that an increasing trend in the past implies a de-
indicated in Fig.3: (a) QBO peak(s) between 2 and 3 yeafls) . o4qing trend in the future, and vice versa.

Annual peak (1:0.1 year);(c) semi-annual peak (8:£0.05 year); Local polynomial fits of orderp eliminate polynomial

(d) the continuum background (total area minus the area under th
three peaks). Each individual power spectrum is normalised, not ackgroun_d t_rends of Order_— 1, f[hus DFA-1 doe_s not re-
the different colour scales. move any incidental nonstationarity, DFA-2 can discard slow
linear trends, etc. Long-range correlation is inferred for a
given time series when the exponéritoes not depend om.
al,, 1992 Hegger et al.1999 is used by cutting the spectral ~ After checking that both N7 and EP filtered ozone-
amplitudes to base-line values in the interval of periods 1.1-anomalies obey long-range dependence, an important result
4.3 years. The result for an equatorial location is shown inby Chen et al(2002 can be exploited in order to improve the
Fig. 3c. statistics. Namely, if a record has positive long-range corre-
The relative peak heights at the different characteristic fredations ¢>1/2), segments up to 50% of the total length can
guencies (Fig3a) depend on the geographic location. The be removed. DFA tests on the rest stitched together show the
spectral intensity of the semi-annual, annual, and QBO comsame scaling behaviour as the whole record. Based on this
ponents is estimated by integrating the area under the peakiding, we merged the N7 and EP filtered anomaly series for
of normalised spectra. The map in F#p illustrates that a given location resulting in record lengths around 23 years.
QBO is almost negligible away from the equator t{0° An example for DFA scaling is shown in Fi8.
latitude. Fig.4b reveals a marked asymmetry between the An essential practical limitation of the DFA method is that
hemispheres regarding the strength of annual periodicitythe maximal segment size can not be longer than roughly
which is also clear in Fig2. Similar north-south asymme- one quarter of the total length. This has the consequence that
try is reflected in the semi-annual periodicities (Mg). It scaling can be rigorously established only up to timescales
is quite remarkable that large areas exhibit very weak perifor a few years for TO data. Still, the DFA curves similar to

www.nonlin-processes-geophys.net/14/435/2007/ Nonlin. Processes Geophys., 242426067
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Fig. 5. DFA curves for the filtered and merged data (see text) wit
linear (black), parabolic (blue), cubic (red), and fourth order poly
nomial (green) local detrending. Characteristic slopes are indicate
(51.5°N, 110.625 E).

Fig. 5 do not show a systematic breakdown at a well definedFig. 6. (a)Fitted DFA-3 (cubic local detrending) exponent values
threshold time, apart from steeply increasing irregular fluc-for the ozone anomaly records for each grid poi) Residual
tuations for too large: values. Therefore we use the term Ppercentage variance 100¢#) for the linear regression of DFA-3
“long-range correlation” to indicate the scaling behaviour of CUrve (see Figd) at each grid point.
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. 3 Results

In a recent paperyyushin et al.(2007 determined the ) i
global correlation properties of TO signals from the same'Ve Preformed a DFA analysis for the filtered and merged

TOMS (version 8) data base. Since their results are quite dif!N7-EP records for each grid point betweert &nd 65N

ferent from ours (see below), here we summarise the mod@titudes in the TOMS data base. (This band is little wider

essential steps of their procedure. Instead of daily datath@n the maps shown, in order to compare the results with

they evaluated time series of zonal and gridded (ti- temperature data, see t_)e_low.) Since we could not chgck vi-
tude by 30 longitude grid) monthly mean total ozone val- sually a_II the 37 440 individual curves for occurrent residual
ues. Ground based TO measurements were used to fill th@homalies, we extracted the DFA-3 slopes of cubic local de-
gap (see Figl) to obtain nearly continuous time series of trending which eliminates any contingent linear or_quadratic
324 monthly mean values. The deterministic part was sepal€ndency from the data. The results are shown in 6ég.
rated by multilinear regression of 20 coefficients in a spec-1"€ quality of exponents is visualised in Figh by com-

tral decomposition model representing the long term averPuting the regression coefficientfor the linear fits on the

age, seasonal cycle, QBO, solar flux, and a long term trenddouble-logarithmic DFA-3 curves (c.f., Fi§), and plotting

: - 2
The long term trend was described by two different methods "€ residual percentage variance (0@ <) by colour cod-

a piecewise-linear trend and the equivalent effective strato!Nd- The unstructured patchy map suggests that the dominant

spheric chlorine (EESC) time series. EESC is a measure de2°Urce of errorsiis statistic_al fluctuations as a consequence of
signed to quantify the combined effect of halogens (chlorineestriicted record lengths, indeed.
and bromine) on ozone depletion in the stratosphere (e.g., "€ main feature of the geographic distribution of expo-
Newman et al.2007 WMO, 2007).Hurst exponents were Nnent values (Fig6a) is the marke.d belt of strong cor'rela-
estimated by computing the power spectra for the residualsiions between~20°S and 20N latitudes. 866 grid points
and fitting a power-law for the low frequency part between 1 (~2.5%) have fitted exponent values slightly larger than 1
and 27 years with either a maximum likelihood method or a(the absolute maximum is9+ 0.04), which indicates that
log-linear regression of the periodogram. Note that the Hurs©Ur filtering method is not perfect (we have no reason to as-
exponent is mathematically equivalent with the DFA expo- SUMe tha_lt .TO fluctuathns obey infinite variance). The ab-
nents for an infinite time series, however they can numeri- Sluté minimum value is .67+0.03, therefore each record
cally differ for a finite data setRilgram and Kaplaf1998. 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 Figba do not show systematic differences, L L L L L Y L L B L L B
the overall pattern is the same in both half-years. I .S

Atmospheric variables commonly exhibit long-range a
asymptotic correlations. Besides the detailed investigation
of terrestrial and sea surface temperature recdrafigtier
1997 Koscielny-Bunde et gl.1998 Talkner and Weber
200Q Kantelhardt et a).2001, Weber and Talkner2001%
Kiraly and &nosj 2002 Blender and Fraedri¢gt2003 Eich-
ner et al, 2003 Fraedrich 2003 Fraedrich and Blender
2003 Fraedrich et a).2003 Monetti et al, 2003 Pattantyis-
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Abratam et al, 2004 Kiraly and &nosj 2005 Bartos and 05 - ,QI -
Janosj 2006 Huybers and Curry2006 Kiraly et al, 2006 1-(b) . pa -
Rybski et al, 2006, power-law autocorrelation detected for _ F ! ‘ ]
pressure height fluctuationgonis et al.1999, total ozone & 09 Q | E
level (Toumi et al, 2001 Janosi and Miller, 2005 Vyushin g 08 . o\ ]
et al, 2007 or carbon-dioxide Ratra et al.2006, only to e F So | S
mention a few. Since we have data for daily mean temper—-% 07F ; =
ature correlations, we can directly compare them with the‘g - o ; \‘ / ]
present results for TO. The maps of exponent distributions3 0.6 |- | o ! —
for temperature show much more complicated patteBas-( F 0o©° | \ S 3
tos and anosj 2006 Kiraly et al, 2006, therefore we de- 05F T | 1. |‘o'| e
termined the zonal averages for both sets of exponents. The -60 -50 -40 -30 -20 -10 O 10 20 30 40 50 60
result is shown in Fig7a. |atitude [deg]

The agreement of zonally averaged correlation exponents

for daily surface temperature and TO is quite striking. One _ )
Fig. 7. Comparison of zonally averaged DFA exponent valas.

might expect much higher variablity for temperature data,BI K bols: dail t . lies for t rial
since local factors (topography, land coverage, vertical con- ack symools. daily mean temperaiure anomales fof terrestria

. . tati iraly et al, 2009. Bl bols: data f Figa. Th
vection, etc.) obviously affect strongly how the temperatureSalons Kiraly etal, 2009. Blue symbols: data from Figa. The

. oo ) error bars are comparable with the symbol siZbyThe blue curve
fluctuates at 2m height. The variation of TO levels, in con- i the same as in (a). Red symbols: Hurst exponents for monthly

trast, reflects changes mostly in the lower stratosphere, whergean TO levels byyushin et al (2007 computed using log-linear

ozone concentration is the highest. And indeed, the variyegression based on the EESC estimate for the long term trend (their

ability of the correlation exponents with longitude is much Fig. 4b).

stronger for temperaturdértos and dnosj 2006 Kiraly et

al., 2006 than for TO (Fig6a). However, the impact of local

factors on the correlation exponents of temperature is obvigeographic distribution (Fig. 12 bottom panelNigushin et

ously not strong enough to show up in the zonal average. al.,, 2007 is different from our map Fig6a, they obtained
Finally, we show a comparison with the resultsfyfushin a strong longitudinal variability. The discrepancy can not

etal.(2007) in Fig. 7b. They determined Hurst exponents for be related to the fact that we evaluated daily data instead of

zonally averaged monthly mean ozone levels for the same inspatial and monthly mean values. When we computed aver-

terval (January 1979 - December 2005) and for the same geage values over the same grid {&B( lat/long) and time

graphic area (60S—-60 N). We plotted their Hurst exponents interval (1 month), and performed our filtering procedure

computed by the widely used log-linear regression and basetb remove annual and QBO cycles, the residuals exhibited

on the EESC estimate for the long term trend. Hurst expo-the same correlation properties with exponent values signifi-

nents computed employing a maximum likelihood method cantly larger than 1/2 everywhere.

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 trend4  Discussion

Hurst exponents for the Northern Hemisphere decrease by

about 0.1, leading to values not significantly different from The main difference between our results and the Hurst expo-

0.5 and thus to a loss of long range correlation in the North-nents computed byyushin et al.(2007) shown in Fig.7b is

ern Hemisphere midlatitudes. Note again that the Hurst exthat we do not see decaying correlations toward the Antarc-

ponent should essentially be the same as the DFA exponettic, in the contrary, the exponent values start to increase at

3. However, all of the zonally averaged Hurst exponents re-atitudes poleward of~40°. One key step in correlation

ported by Vyushin et al. (2007) show a stronger latitudinal analysis is the proper separation of deterministic periodici-

variation than our results far (see Fig.7b). Similarly, the  ties and long term trends from the residual fluctuations. The

www.nonlin-processes-geophys.net/14/435/2007/ Nonlin. Processes Geophys., 242426067
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effect is apparently not strong enough to impact correlation

5.0 exponents.
0.0 A particularly transparent linkage between the TO level
15.0 and airflow dynamics is represented by the ozone “mini-
| =00 holes”, which are spatially localised and transient ozone de-
— 50 pletion eventsNicKenna et al.1989 Peters et a].1995.
— oo Typical for the dynamics of mini-holes is a lifting of the
— -50 tropopause above a tropospheric anticyclone and poleward
100 motion of ozone poor subtropical air in the upper troposphere
-15.0 and lower stratosphere, which, in combination, causes a re-
-200 duction in column TOReters et al. 1995 Reid et al, 2000.
~25.0 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 WWeber et al.2002 Keil et al,, 2007

The mini-hole mechanism is demonstrated nicely by the

>6000

4800

600 visualisation of a “permanent” mini-hole over the Himalaya
Mountains in Fig8a, where the difference between the aver-
B ... age total column ozone (computed over the whole period for
a given gridpoint) and the zonal average determined along
— 1200 each degree latitude is plotted in a colour scale. (The topo-
graphic setting for the same area is shown in in Bim)
0 The strong coupling between measured TO and circula-
(b) tion patterns is evidenFsco and Salhy1999, however the

general view assumes a restricted temporal range for correla-
tions. The results in Figia 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-
given latitude (in Dobson unitsjb) Topographic map for the same frequency atmospheric processes are crucial in achieving the
region as in (a). Black colour indicates all the sites of elevation !ong-term balance of e_nergy, momentum, and water vapour
larger than 6000 m. in the atmosphereTEonis 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-
complicated spectral decomposition procedureVigyshin — ining the variability of the meteorological parameter. This
et al. (2007 mentioned at the end of Se@might contain  pepaviour is expected when the atmospheric flow is strongly
some uncertainties. For example, if the background trend ig,pled to the slowly varying components of the climate sys-
estimated by a picewise-linear trend, the choice of the breakso .y, such as the oceanic gyre modes. For example, a slowly
ing point is somewhat arbitrary. Likewise, if the background changing sea surface temperature forcing can affect atmo-
trend is described by the EESC time series, there is no ””iqugpheric flow for decade4 &tif and Barnett1998.
definition of EESC (Newman et al., 2007). Moreover, the * 5,one and temperature share a number of common fea-
calculated Hurst exponents are rather sensitively dependeqfres  For example, the main source of “production” is
on the frequency interval used for the parameter estimation.;rqund the equator, but both ozone and temperature are “gen-
Already the maps of spectral intensities in Figndicate  erated” over large extratropical areas with decreasing intensi-
that TO variations are strongly affected by the atmosphericies. Both ozone and heat are transported toward the poles by
circulation. Of course, the obligate connection was recog-the atmospheric flow, mostly cyclones in the troposphere and
nised much earlier (see e.pobson 1968 Schoeberl1987, by the Brewer-Dobson circulation in the stratosph&eifib
Salby and Callaghar1993. Clearly, the values of correla- and Eluszkiewicz1999. The curves in Fig7a are very
tion exponents of TO are dominated by dynamical processessimilar, the smooth meridional changes of average correla-
Nonetheless, the fact that ozone abundances in recent yeation exponents are rather impressive. This observation fits to
over the extrapolar regions of the Northern and Southerrour present understanding of atmospheric dynamics, namely
Hemisphere are 3% and 6% below pre-1980 values, respechat the tropospheric and stratospheric processes are more
tively, is due to anthropogenic ozone depleting substancesstrongly coupled than was believed earlidagnes 2005.
that is due to chemistrytyMO, 2007). But this chemical

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
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