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Abstract

WAVELET ANALYSIS AND SENSING THE TOTAL OZONE CONTENT
IN THE EARTH ATMOSPHERE: MYCROS TECHNOLOGY “GEOMATH”

A. V. Glushkov, V. N. Khokhlov, A. A. Svinarenko,
Yu. Ya. Bunyakova, G. P. Prepelitsa

It is carried out the mycros computer data processing technology for sensing the total ozone
content in the Earth atmosphere, based on the using technical devices observation data and the
joint wavelet analysis PC programs complex “GeoMath”. As example of application, an influ-
ence of the Antarctic Oscillation on the total ozone content in the Southern Hemisphere is stuid-
ed by using the non-decimated wavelet transform. It is shown that the cycles of the Antarctic
Oscillation with periods of 5.5, 3-4, 2-3, and 1 year have greatest wavelet power. The positive
correlation dependence between the 5.5-year period of the Antarctic Oscillation Index and the
mid-latitude total ozone is disclosed.

Key words: mycros computer technology “GeoMath”, wavelet analysis , sensing the total
ozone content

Pesrome

BEVIBJIET AHAJI3 I IETEKTYBAHHSA 3AT'AJIbHOI'O BMICTY O30HY Y 3EMHI
ATMOC®EPI: MIKPOC TEXHOJIOTI'TA “GEOMATH”

O. B. I'nywikos, B. M. Xoxnoe, A. A. Céunapenro,
10. A. Bynskosa, I. I1. IIpeneauya

Po3po61eHo0 MiKpOC TEXHOJIOTH0 00pOOKH TaHHUX 1 JETEKTYBaHHS 3arajlIbHOTO BMICTY 030HY
B 3eMHill aTMocdepi, sika 0a3yeThbcss HA BUKOPUCTAHHI JIJAHHUX CYIyTHUKOBHMX TOIIO CIIOCTEPE-
xeHp Ta 1K xoMmIuiekcy nporpam BeiiBier aHaimizy “GeoMath”. SIk nmpukitag 3acTocyBaHHS,
BUBYAETHCS BIUIMA aHTAPKTHUYHOI OCLMIIALII Ha 3araJlbHUN BMICT O30HY Y IMBIACHHIHN IIBKYJI 3
BUKOPHUCTAHHSIM BelBieT TpaHchopMmailii. [TokazaHo, 1110 HauOiablla BEHBIET MILIHICTh CIIOCTE-
piraeTbCs ISl IUKIIB aHTaPKTUYHOI OCHMIIALIT 3 Tiepiogamu 5.5, 3-4, 2-3 u 1 pik. BussieHo no-
3UTUBHY KOPEJIAII0 MK IHIEKCOM aHTAPKTUYHOI OCHWJIALII 3 5.5-piuHUM I1epioOM Ta BMICTOM
030HY Y CEpEJIHIX IMHUPOTAX.

Kmrouogi ciioBa: Mikpoc TexHosoris “GeoMath”, BeBjIeT aHaIII3, IETEKTYBAHHS 3arallIbHOTO
BMICTY O30HY

© A. V. Glushkov, V. N. Khokhlov, A. A. Svinarenko,
Yu. Ya. Bunyakova, G. P. Prepelitsa, 2005 43



Sensor Electronics and Microsystem Technologies. 3/2005

Pe3rome

BOVIBJIET AHAJIU3 U JETEKTUPOBAHUE OBIIEIO COJEPKAHUS O30HA
B 3EMHOI ATMOC®EPE: MUKPOC TEXHOJIOTUS “GEOMATH”

A. B. I'nywxos, B. H. Xoxnoe, A. A. Ceéunapenxo,
I1O. A. Byuskosa, I. I1. IIpenenuua

Paszpaborana Mukpoc TexHosorust o0paboTKHU JaHHBIX U JIETEKTUPOBAHUSI OOILEro cojepxa-
HUS 030HA B 3¢MHOH aTMocdepe, Oa3upyromascs Ha UCIOIb30BAHUM JAHHBIX CIYTHUKOBBIX U
np. Habmonenuit u I[TK xomiekce mporpamum BaiiBieT ananusa “GeoMath”. B xauecTse nmpume-
pa MpUMEHEHUsI, U3yJaeTCs BIUSHUE aHTAPKTUYECKON OCIMIUISIIMU Ha 00IIiee ocnepkaHue 030-
Ha B I0)KHOM TIOJIYIIAPHH C UCIIOIb30BaHMWEM B3UBIET mpeobpazoBanus. [lokazaHo, 4To Hau-
OoJTbIIIasi BEMBIIET MOIIHOCTH HAOIIOIA€TCS AT IUKIIOB aHTAPKTUYECKOM OCIUIUISIIINY C TIEPUO-
namu 5.5, 3-4, 2-3 u 1 rox. OO6HapyKeHa MOJIOKUTETbHAS KOPPEISAIIHSI MEXKy HHIEKCOM aHTap-
KTUYECKOW OCHUJUISIINY C 5.5-JIETHUM TEPUOIOM M COJEPIKaHNEM O30HA B CPETHHUX IIMPOTAX.

KimoueBble ciioBa: MUKpoc TexHonorus “GeoMath”, BaiiBiieT aHanmu3, IeTEKTUPOBAHUE 00-

ICro coAcpXKaHusd O30Ha

1. Introduction

Carrying out new, avanced sensors and my-
crosystems technologies in the modern atmosphere
and environmental physics is related to ine of the
most important problems. Here we present an ad-
vanced mycros data processing technology for sens-
ing the total ozone content in the Earth atmosphere,
based on the using technical devices observation
data and the joint wavelet analysis PC programs
complex “GeoMath” [1-5]. As example of applica-
tion, an influence of the Antarctic Oscillation on the
total ozone content in the Southern Hemisphere is
stuided by using the non-decimated wavelet trans-
form.

During the past one hundred years, much atten-
tion has been given to low-level atmospheric circu-
lation for understanding the local to planetary scale
climatic anomalies. During the 1920-1930s, a com-
prehensive study on atmospheric oscillations was
carried out by Sir Gilbert Walker. Three oscillations
were revealed and named as “North Atlantic Oscilla-
tion”, “North Pacific Oscillation” and “Southern Os-
cillation”. A large number of papers about these os-
cillations were published after Walker, and more de-
tails on their spatiotemporal variability were also re-
vealed (see e.g. [6-8]). During the last two decades
only, more comprehensive data over the Southern
Hemisphere became available, and more analyses
were carried out (see [8-10]). A fourth atmospheric
oscillation in the middle and high southern latitudes
was found [9,10] and named as the Antarctic Oscil-
lation (AAO). Gong &Wang [9-10] have proposed
the procedure to calculate the AAO Index (AAOI).
The term AAO refers to a large scale alternation of
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atmospheric mass between the mid-latitude surface
pressure and high latitudes surface pressure.Since
the new reanalysis data was appeared [11], an oppor-
tunity offered for investigating the dynamics of at-
mospheric processes in the Southern Hemisphere as
a whole and over the Antarctic in particular. Howev-
er, most reliable data to the south of 50°S exists since
the 1979 only when satellites were used to obtain
various meteorological data. In spite of the fact that
the NCEP-NCAR reanalysis covers the period start-
ing with the 1948, the usefulness of Antarctic analy-
sis in the NCEP-NCAR reanalysis before the satel-
lite era is very questioned [12]. To reveal the low-
frequency periodicities of the AAO phase we use the
wavelet decomposition. Also, using the wavelet
analysis we show the relationship between these
low-frequency variations of AAOI and total ozone
(TO) in the mid-latitudes and tropics of the Southern
Hemisphere. The fact that the atmospheric circula-
tion determines substantially the variability of low-
stratospheric TO and modulates its secular trends is
well known [13]. In particular, the positive phase of
the AAO can be the cause of Antarctic TO decreas-
ing on 25 Dobson Unit.

2. Methods and data
2.1. Non-decimated wavelet transform

Since last decades, many scientists use the new
powerful tool based on the wavelet decomposition
for analyzing various signals. One can say without
exaggeration, the wavelets has made revolution in
both theory and practice of nonstationary signal
processing. At present, the family of analysing func-
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tion dubbed wavelets is being increasingly used in
problems of pattern recognition; in processing and
synthesising various signals, speech for instance; in
analysis of images of any kind (these may be iris
images, X-ray picture of a kidney, satellite images of
clouds or a planet surface, an image of mineral, etc.);
for study of turbulent fields, for contraction (com-
pression) of large volumes of information, and in
many other cases.Some ideas of the wavelet theory
were partially developed a long time ago. For in-
stance, A. Haar published as far back as a 1910 the
complete orthonormal system of basis function with
the local domain of definition, which are now named
as Haar’s wavelets. However one can note that prob-
ably first mention about wavelets has appeared in the
literature on digital processing and analysing of geo-
physical signals and meteorological time series [14-
17]. For detail about wavelet theory, the monograph
of Daubechies [16] can be recommended.

Wavelets are fundamental building block func-
tions, analogous to the trigonometric sine and cosine
functions. Fourier transform extracts details from
the signal frequency, but all information about the
location of a particular frequency within the signal is
lost. As a case in point, Figure 1 shows two periodo-
grams for the AAOI starting with the 1948 (Fig. 1a)
and with the 1979 (Fig. 1b). As is obvious, the struc-
tures of signal differ significantly from each other
and main difference consists in the absent of peaks
for the spectral power at the periodicities of 3 and 4
years in the case of shorter series which is while
more reliable one. On the one hand, this can be
caused by the modification of the AAO dynamics,
but on the other hand the uncertainty of data till the
1979 affects adversely. Fourier transform not deter-
mines exactly the ground for these distinctions.
From aforesaid, at the expense of their locality the
wavelets have advantages over Fourier transform
when nonstationary signals are analyzed. Here, we
use non-decimated wavelet transform that has tem-
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Figure 1. Periodograms of the AAO indices for periods
since 1948 (a) and 1979 (b).

poral resolution at coarser scales and allows to iso-
late time series of the major components of meteoro-
logical signals in a direct way (see [17-20]).

The dilation and translation of the mother wave-
let () generates the wavelet as follows: \|!].,k(t) =2
2Y(2t — k). The dilation parameter j controls how
large the wavelet is, and the translation parameter &
controls how the wavelet is shifted along the r-axis.
For a suitably chosen mother wavelet y(¢), the set
{\uj,k}j,k provides an orthogonal basis, and the func-
tion f which is defined on the whole real line can be
expanded as

oo J

f(t)= 2 CokPo.x (t)+2 2 d, W, (t), (1)

k=—oo j=1 k=—o

where the maximum scale J is determined by the
number of data, the coefficients ¢, represent the
lowest frequency smooth components, and the coef-
ficients d, deliver information about the behaviour
of the function f concentrating on effects of scale
around 27 near time k x 27. This wavelet expansion
of a function is closely related to the discrete wavelet
transform (DWT) of a signal observed at discrete
points in time. In practice, the length of the signal,
say n, is finite and, for our study, the data are availa-
ble monthly, i.e. the function f{#) in Eq. (1) is now a
vector f= (f(t,),..., ft ) with . = i/nand i = 1,...,n.
With these notations, the DWT of a vector fis sim-
ply a matrix product d = Wf, where d is an n x 1
vector of discrete wavelet coefficients indexed by 2
integers, d,, and W is an orthogonal n X n matrix as-
sociated with the wavelet basis. For computational
reasons, it is simpler to perform the wavelet trans-
form on time series of dyadic (power of 2) length.
One particular problem with DWT is that, unlike the
discrete Fourier transform, it is not translation invar-
iant. This can lead to Gibbs-type phenomena and
other artefacts in the reconstruction of a function.
The non-decimated wavelet transform (NWT) of
the data (f(z)), ..., f(z )) at equally spaced points 7, =
i/n is defined as the set of all DWT’s formed from
the n possible shifts of the data by amounts i/n; i =
1, ..., n. Thus, unlike the DWT, there are 2/ coeffi-
cients on the jth resolution level, there are n equally
spaced wavelet coefficients in the NWT:

d; :n_IZLIZj/2I//[2j (i/n—k/n)]yl. , k=0, ..., n-
1, on each resolution level j. This results in log,(n)
coefficients at each location. As an immediate con-
sequence, the NWT becomes translation invariant.
Due to its structure, the NWT implies a finer sam-
pling rate at all levels and thus provides a better ex-
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ploratory tool for analyzing changes in the scale
(frequency) behaviour of the underlying signal in
time. These advantages of the NWT over the DWT
in time series analysis are demonstrated in Nason et
al [18]. As in the Fourier domain, it is important to
assess the power of a signal at a given resolution. In
order to reach this goal, a time-domain model for
encapsulating localized scale activity was proposed
by Nason et al. An evolutionary wavelet spectrum
(EWS) quantifies the contribution to process vari-
ance at the scale j and time k. From the above para-
graphs, it is easy to plot any time series into the
wavelet domain. Another way of viewing the result
of a NWT is to represent the temporal evolution of
the data at a given scale. This type of representation
is very useful to compare the temporal variation be-
tween different time series at a given scale. To ob-
tain such results, the smooth signal S and the detail
signals D, (j =1, ..., J) are defined as follows

SO (f) = ki CoxPo x (t) and Dj (t) = i djij,k (t) (2)

k=—c0

The fine scale features (high frequency oscilla-
tions) are captured mainly by the fine scale detail
components D, and D, . The coarse scale compo-
nents S, D, and D, correspond to lower frequency
oscillations of the signal. Note that each band is
equivalent to a band-pass filter. Further we use the
Daubechies wavelet (db15) as mother wavelet. This
wavelet is biorthogonal and supports discrete wave-
let transform.

2.2. The AAO index and total ozone

Gong & Wang [10] calculated the AAO index as
the difference of normalized zonal-mean pressures
at the 40°S and 60°S. Here, we define the AAO index
by the sea-level pressure anomalies to the south of
20°S, i.e the Antarctic Oscillation is considered as
the counterpart of Arctic Oscillation in the Northern
Hemisphere. For calculations we use the NCEP-
NCAR reanalysis [11]. Since there is the restriction
of dyadic length for time series applied to the NWT,
we use the data from the May 1961 to the December
2003 (2° =512 months). Figure 2 shows that the neg-
ative phase of the AAO prevailed during the 1960s,
but starting with end of 1980s the positive phase of
the AAO was predominating.

Systematic data on the total ozone in the South-
ern Hemisphere became available only after the
Nimbus 7 was launched (November 1978). In the
present work, owing to aforesaid limitations, we use
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data from the September 1982 to the April 1993 (27 =
128 months). Also, the results of the Global Ozone
Monitoring Experiment (GOME) are utilized, which
are available still the August 1995; the data from
January 1998 to April 2003 (2° = 64 months) are here
used. Note that the agreement between the satellite
data and ground-based ones is very high [20]

.
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Figure 2. The AAO indices since January 1962 to De-
cember 2003.

3. Results and discussion
3.1. The AAO phase variations

At the present time, the information on the low-
frequency periodicities of the AAOI is scanty (e.g.
the 45.7-month period documented by Gong &
Wang, 1999). In most cases, this is conditioned by
the insufficiency of reliable data at the Southern
high-latitudes.

Using the non-decimated wavelet transform, de-
scribe the main components of variability for the
Antarctic oscillation by the methods determined in
Section 2.1. Figure 3 shows the detail components
D,-D,, which have the maxima of spectral power
(see Fig. 1). The component D, has the period of
5.5-year, D, — 3-4-year, D, — 2-3-year, and D, —
1-year. As is obvious, the greatest variations of the
AAOI are registered for the components D, and D..
Also, Figure 3 displays the advantages of the wave-
let transform over Fourier transform. In particular,
it shows clearly that starting with the 1980s the
structure of fluctuations with the 3-4-year period
(D) altered profoundly. This explains the absent of
power maxima for these cycles on Fig. 1a. It is nat-
urally that the amplitude of these low-frequency
fluctuations is varied (sometimes significantly)
during the whole period under consideration. For
example, during the 1960s, when the negative AAO
phase was dominating, the amplitude of fluctua-
tions for the detail components D, and D, was mod-
erate.



A. V. Glushkov, V. N. Khokhlov, A. A. Svinarenko, Yu. Ya. Bunyakova, G. P. Prepelitsa

T T T T T T T | L B S B B T T
62 64 66 68 70 72 74 76 78 80 82 84 B6 88 90 92 94 96 98 00 02 04

b)

T T T T T T T T T T USSSSLIAANLILAN BN B B e e |
62 64 66 68 70 72 74 76 78 80 82 &4 86 88 90 92 94 96 98 00 02 04

3 )

T T T T T T T T 1

T T T T
82 84 86 88 90 92 94 96 98 00 02 04

T T T T
62 64 66 68 70 72 74 76 78 80

-3 LUNAELIAN L L S BN BN N B N BNLE B B BELE BN BN BNLAN BRLE LR
62 64 66 68 70 72 74 76 78 RO B2 84 K6 KR OO0 92 94 96 98 00 02 04

Figure 3. Detail components of the AAO indices: a) —
D,b)—D,c)—D,d)—D.

3.2. The AAO impact of total ozone

In the high-latitude stratosphere the low ozone
content occurs in the case of the positive AAO
phase. The low ozone content can be also resulted by
the decreasing of activity in the stratospheric mean
Lagrange circulation (also known as the Brewer-Do-
bson circulation) transporting the ozone from the
tropical stratosphere to the poles. The annual cycle
of Antarctic ozone content is characterized by its
depletion in the August-September. According to
the GOME data, such regime was violated only one
time in the 2002, when the rarely vigorous negative
AAO phase was observed during the October. The
fact that just meteorological conditions caused the
increasing of ozone content is confirmed by Sinnhu-
ber et al [19]. Since the Antarctic Oscillation is char-
acterized by the two pressure anomalies (one of each
located over Antarctic and other is placed at the 40-
50°S), the AAO impact on the total ozone content at
the high, middle, and low latitudes should be differ-
ent. To reveal how the AAO phase replacement
modulates the fluctuations of ozone content in the
mid-latitudes and tropics, we apply the wavelet
transform to the total ozone and calculate the corre-

lation coefficients as compared with same detail
components of the AAOI. The largest correlation
coefficients have been obtained for the detail com-
ponent D, though for some latitudes these coeffi-
cients have opposite signs for the data of Nimbus-7
and GOME. Nevertheless, the positive correlation
dependence is registered for the 5.5-year period de-
tail components of the AAOI and total ozone in the
southern mid-latitudes. On the contrary, the negative
correlations are evident for the 2-3-year period de-
tail components of the AAOI and total ozone in the
southern tropics. Figure 4 illustrates these dependen-
cies.
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Figure 4. Detail component D, for total column ozone
at 40-50€S (a) and the AAO indices (b).

4. Conclusion

The advantage of using wavelet decomposition is
to isolate short- and long-term components while re-
taining the flexibility for variability in the cycle
length. Also, in addition to the revealed periodici-
ties, this technique allows to observe the dynamic
relationship between the variations of the AAO in-
dex and total ozone at the different latitudes of the
Southern Hemisphere. Main findings can be shortly
stated as following. The AAOQI variability with peri-
ods of 5.5, 3-4, 2-3, and 1 year have most spectral
power. The positive correlation dependence is regis-
tered for the 5.5-year period detail components of
the AAOI and total ozone in the southern mid-lati-
tudes. The negative correlations are evident for the
2-3-year period detail components of the AAOI and
total ozone in the southern tropics.

Thus, one can be noted that the wavelet analysis
represents enough the known physical behaviour of
large-scale dynamics in the atmosphere and allows
to detail the characteristics of this behaviour. So, the
mycros data processing technology for sensing the
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total ozone content in the Earth atmosphere, based
on the using observation data and the joint wavelet
analysis PC programs complex “GeoMath”, can be
considered as quite powerful and effective tool in
studying complex geosystems.
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