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Abstract

The vertical features of the variations in the atmospheric ozone density, temperature and wind
velocity observed at Ny-Alesund, Svalbard were studied by applying the principal component
analysis to the ozonesounding data collected during the 1992 — 2016 period. Two data sets
corresponding to intra-seasonal (IS) variations, which are composed by harmonics with lower than 1
year periods and inter-annual (1A) variations, characterised by larger periods, were extracted and
analysed separately. The IS variations in all the three parameters were found to be composed mainly
by harmonics typical for the Madden-Julian Oscillation (from 30- to 60-day periods) and, while the
first four principal components (PCs) associated with the temperature and wind contributed about
90% to the IS variations, the ozone IS oscillations appeared to be a higher dimensional object for
which the first 15 PCs presented almost the same extent of contribution. The 1A variations in the three
parameters were consisted of harmonics that correspond to widely registered over the globe Quasi-
Biennial, El Nifio-Southern, North Atlantic and Arctic Oscillations respectively, and the A variations
turned out to be negligible below the tropopause that characterises the Svalbard troposphere as
comparatively closed system with respect to the long-period global variations. The behaviour of the
first and second PCs associated with IS ozone variations in the time of particular events, like the
strong ozone depletion over Arctic in the spring 2011 and solar eclipses was discussed and the
changes in the amplitude-frequency features of these PCs were assumed as signs of the atmosphere

response to the considered phenomena.
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1. Introduction

Solar radiation is the main energy source for our planet, which affects variety of chemical and
dynamical processes taking place in the upper terrestrial layers. Due to the rotation of the Earth both
around its axis and around the Sun, radiation entering the atmosphere is a subject of diurnal, semi-
annual and annual oscillations (Igbal, 1983) that can be recognised also in the temporal behaviour of
many geophysical parameters (Yashayaev and Zveryaev, 2001; Mlynczak et al., 2011; Youssouf et
al., 2016; Lembo et al., 2017). Examinations of the atmospheric thermodynamic variables and trace
gas components, like the ozone, have evidenced on the other hand that except for the induced by solar
radiation oscillations, their temporal evolution is characterised by harmonics, which pertain to a very
large spectral band extended from daily to decade time scales (Sitnov 1996 and 2004; Goswami and
Ajaya Mohan 2001; Ziemke et al., 2007; Lee et al., 2010; Li et al., 2012; Petkov et al., 2012;
Henderson et al., 2014; Christiansen et al., 2017). The appearance of these secondary oscillation
modes can be considered a result of internal geophysical processes including interactions among the
atmosphere, Earth surface and ocean, and hence, their study could contribute to a better understanding
of the mechanisms driving the atmospheric dynamics and could enhance the forecasting reliability
(Jones et al., 2001; Hollingsworth et al., 2008; Lau and Waliser 2012). However, despite the
advantages in this issue, many specific features of the variations remain still far from a clear
explanation (Baldwin et al., 2001; Wanner 2001; Zhang 2005; Li et al., 2013, Henderson 2014) that
makes their study an important task for the atmospheric science.

According to the nowadays concepts, variety of the oscillations usually observed in the
atmospheric parameters turn out to be generated in the tropical regions as a result of the interaction
between the ocean and atmosphere and propagate after that toward the extratropical and high latitude
areas (Lou 1997; Garcia-Herrera et al., 2006; Fletcher and Kushner, 2011; Flatau and Kim, 2013).
Madden-Julian Oscillation (MJO, Madden and Julian 1971; Reid 1994; Zhang 2005; Tian et al., 2007)

with periodicities of 30 — 60-day that are considered to be the main mode of the intra-seasonal



variations and EI Nifio-Southern Oscillation (ENSO, Stenseth et al., 2003; Garcia-Herrera et al., 2006;
Wang et al., 2012) characterised by periods from 2 to 10 years, respectively are two important modes
of the variations originated in the tropics and persistent over the globe. Quasi-biennial oscillation
(QBO, Baldwin et al., 2001), observed in the winds of the equatorial stratosphere that is characterised
by a period of about 28 months is another important class of variations recognised also in the
behaviour of various atmospheric parameters all over the world (Sitnov, 1996 and 2004; Lee et al.,
2010; WMO, 2014, Sofieva et al., 2017). The North Atlantic and Arctic oscillations (NAO and AO,
respectively) originate in the higher latitudes of the northern hemisphere (Wanner et al. 2001;
Stenseth et al., 2003; Kim et al., 2014) and they are composed by harmonics extended from weekly
and longer than seasonal time-scales to approximately 10 years. In addition, the interaction among
above listed oscillations, or between one of them and the annual cycle is able to produce variations
with intermediate periodicities (Baldwin et al., 2001; Zhou and Miller, 2005; Stuecker et al., 2013).
It should be pointed out that the fluctuations in solar activity, which were found to contain spectral
components lying from 1- to 100-year periods (Moussas et al., 2005; Lilensten 2007; Hathaway 2015)
can also be an external factor, able to impact the variations observed in the atmospheric parameters
(Reid, 1991; Svendby and Dahlback, 2004; Haigh, 2007; Solheim et al., 2011; WMO, 2014; Li and
Tung, 2014; Fytterer et al., 2015; Steinbrecht et al., 2017).

All these oscillations, induced by dynamical processes that occur in the upper layers of our planet
and that are driven by the solar radiation, can be registered at each point of the globe to a different
extent of intensity depending on the specific geographical characteristics of the site. On the other
hand, the response to these variations indicates how sensitive is the environment of the studied
location to the global processes that could contribute to enlargement of our knowledge about the
corresponding geographical region. In this context, the evolution of atmospheric parameters in the
polar regions, where the winter vortex causes appreciable periodic change in the regional dynamics
and the ocean-atmosphere interactions are forced also by the sea-ice cover, appears to be an important

issue (Serreze and Barry, 2011; Mitchell et al., 2011; Kim et al., 2014). Such considerations designed



the idea of the present study, aimed to analyse the vertical features of the variations in the atmospheric
ozone, temperature and wind velocity, and to give a picture of the spectral composition characterising
these variations by examining the data collected from ozonesondes, which were launched at Ny-
Alesund, Svalbard. To achieve this goal, the principal component analysis was applied to the studied
data-set in order to outline how the intensities of the variations characterised by different periodicities
are distributed in height. Similar approach was applied by Lee et al. (2010) to analyse the QBO
observed in the ozone variations registered in the layer between 20 and 28 km altitudes in the tropical
regions and by Petkov (2015), who examined the vertical distributions of the variations in the
temperature given by radiosondes launched at San Pietro Capofiume station in north Italy from 1987
to 2010. The next section presents the data-sets and shortly describes the method applied for the

analyses, while the results are exhibited and discussed in section 3.

2. Datasets and method

Data provided by 2207 ozone soundings launched from 1 January 1992 until 3 August 2016 at Ny-
Alesund (78°56'N, 11°55'E, 11 m amsl), Svalbard by the group of Alfred Wegner Institute, Germany
with frequency varying between 1 and 10 days were examined for the purposes of the present analysis.
Vaisala RS80, RS90 and RS92 radiosondes equipped with electrochemical concentration cell ozone
sensor gave the vertical profiles of atmospheric pressure, relative humidity, temperature, ozone partial
pressure and both horizontal wind direction and velocity. Since the type of the ozone sensor together
with sensing solution was the same during the period under study, the inhomogeneity of the collected
ozone profiles was assumed to be negligible. The thermocap sensor mounted on the RS80 radiosondes
is characterised by comparatively high response time at low pressures that leads to significant lag
errors in the temperature measurements at upper altitude levels and to minimise such uncertainties,

the correction procedure developed by Toamsi et al. (2012) was applied. Figure 1 exhibits the vertical



profiles of the ozone density Co in molecules per cm?® (hereinafter referred to as cm™), temperature T
in degree K and horizontal wind velocity V in m s taken from the ozonesondes, which were the
subject of the following study.

The principal component analysis, adopted to examine the variations of the considered parameters
is an approach, widely used in meteorology to study the spatio-temporal evolution of a scalar field
presented by an atmospheric parameter and forecasting its behaviour (Bjornsson and Venegas, 1997,
Camp et al. 2003; Hannachi et al. 2007). The method explores the anomaly matrix F composed by

the deviations AX of the variable under study X from its average trend. The spatial distributions

of the anomalies AX(t, )J. over a surface area determined by a grid of j=1,2,A ,n observational

points obtained at fixed times t; are presented as rows in F, while the columns are uniquely sampled

time series for each grid point j composed by the values of anomalies at times t; (i =1 2,A, m):

AX(L), AX(h), A AX(),
= AX (tz )1 AX (tz )z A AX (tz )n (1)
M M A M
AX(t,), AX(t,), A AX(t,),

The covariance matrix C=[1/(m—1)]F'F that is assumed to characterise the variations of the

scalar field over the considered area, can be projected onto orthogonal vectors by solving the
eigenvalue problem, which projection can also be performed by applying the Singular Value

Decomposition (SVD) to the anomaly matrix F . In case of m > n, this alternative approach presents

F as a product of three matrices:

F=PSE', )



where the columns of the mxn matrix P are uncorrelated time series named as Principal
Components (PCs), while the columns of the nxn matrix E are orthogonal to each other vectors
known as Empirical Orthogonal Functions (EOFs). Each EOF; of the EOFs are considered to
represent a basis spatial pattern of the variations in the examined scalar field, while the corresponding

PC; gives the time evolution of this pattern. The diagonal matrix Sz(sj,- 1811 >S5 2A =5, zo)

contains the singular values, which allow the estimation of the weight w; of each j-th pair (EOF, PC);

in the spatio-temporal variations:

2

w,(in %)= i 100 3)

n

2.5
j=1

In practice, only a few of the EOFs and PCs have significant weight Wj and hence, the

decomposition performed through Eq. (2) projects the variations presented by n time series and m
spatial maps, respectively onto a space determined by k (k << m, n) orthogonal vectors EOFs (maps)
and k uncorrelated time series (PCs) reducing significantly the dimension of the problem. The

cumulative weight
W, =2 w, 4

determined as the sum of the first k values of W; in the most of the real cases rapidly increases to
100% (see Fig. 5 for instance) that provides an estimate of the number k ( k :W, ~100% ) of pairs

(EOF, PC);, which allow a realistic reconstruction of the spatio-temporal variability in the studied
parameter.

In the current study this approach was applied to examine the altitude-temporal structure of the
variations in the ozone, temperature and wind velocity using their profiles provided by the

ozonesondes and taking the height distribution as spatial component. In this case the anomalies,



estimated for each of these variables at n altitude levels z, (j=12,A ,n) were taken as rows in the

corresponding matrix F that assumes the columns as time series representing the temporal evolution
of these anomalies at each zj. The SVD procedure (Eg. 2) was performed by using the corresponding
MATLAB function and each EOF was multiplied by the associated singular value and each PC was
divided by the same value, respectively that, according to Camp et al. (2003) returns the EOFs in
absolute units. In addition, the PCs were subjects of spectral analysis, performed following the
Lomb—Scargle [24, 25] periodogram approach in order to study their spectral features and hence, the

features of the variability in the studied parameters.

3. Results and discussion

As a first step of the adopted procedure, each profile of the variables under study was interpolated
over an altitude grid that starts from the station level (11 m) and increases after that by a step of 100
m from the second level equal to 100 m. It was found that 94% of the ozonesoundings reached an
altitude above 20 km, 88% exceeded 25 km, 73% overshoot 30 km and only 16% arrived at altitude
higher than 35 km that led us to assume the height of 25 km as the upper border in the present analysis
and the altitude grid in this case turns out to contain n = 251 levels. The next step was the construction
of the data matrix F’ that, similarly to F, contains all the 2207 ozonesoundings as rows and Fig. 2
illustrates the time patterns of the three studied parameters presented as columns of F’ and
corresponding to 15 km altitude. The missing values in each column were filled by linear interpolation
and if such a value was at the beginning or at the end of the time series, it was replaced by the average
of the column. Since the chosen method requires uniquely sampled time series, each column was
additionally interpolated over a time grid presenting a constant discrepancy A¢ between the neighbour
sampling times. Intervals between the sounding launches were characterised by bimodal distribution

indicating that about 70% of the sondes were floated with intervals between 1 and 6 days among the



launches, with a maximum of nearly 18% at 3 days, while approximately 30% pertained to the launch
intervals between 6 and 10 days with a peak of about 21% at 7 days. Since the major launching
frequency varied from 1 to 6 days the corresponding distribution peak at 3 days was assumed to
provide a reasonable sampling step A4¢ for the second interpolation of the columns in F’ that acted also
as a smoothing, which reduced the amplitudes of the variations with periods lower than 3 days. As a

result of the above initial steps, a (2994x 251) data matrix F’ was constructed for each of the three

parameters subject of the present analysis.

Figure 2 clearly shows that the annual oscillations are the main mode in the ozone, temperature
and wind velocity variations, which turns out to be modulated by both higher- and lower-frequency
variations. To perform a precise study of these spectral components it was decided to separate them
and the high-frequency band characterised by periods lower than 1 year, hereinafter referred to as
intra-seasonal (IS) oscillations according to the common terminology, were analysed separately from
the inter-annual (I1A) oscillations characterised by periods longer than 1 year. The strong dominating
annual oscillations were removed from the examined data and the next subsection presents the
construction of the two anomaly matrices corresponding to IS and IA variations for each of the

parameters under study, which matrices were the inputs for the SVD approach expressed by Eq. (2).

3.1. Construction of the anomaly matrices.

The filtering of the long-period components from the time series represented by the columns of F
was made through running average procedure applied with a 30-day window and repeated 10 times
in order to achieve a better effect. The curve in Fig. 3(a) illustrates the result of this smoothing in case
of Co variations observed at 18 km, which was removed from the original data to obtain the anomalies
that represent the IS variations in the ozone, exhibited by Fig. 3(b). Following this approach the

columns of each matrix F' composed from the Co, T and V data, respectively were elaborated to

construct the anomaly matrices F that correspond to the IS variations in the three variables. It should



be pointed out that despite the removal of the seasonal variations from the original data, a modulation
of the IS variations by the annual component can be seen in Fig. 3(b) that will be discussed in
Subsection 3.3.

The sequence, found as a result of the smoothing was detrended through linear best-fitting over
the whole 1992-2016 period that returns the time series, illustrated by the grey curve in Fig. 3(c). The

vertical distributions of the trends y,, y;, 7y found for each of the time series characterising the

behaviour of Co, T and V respectively, are exhibited in Fig. 4. It is seen that negative ozone trends
took place in the boundary layer and in the upper troposphere region, while in the middle troposphere
7o Vvaried closely around zero and yg >0 characterised the ozone evolution in the lower
stratosphere. The positive trend ranging from 0.5 to 3.5 % dec™ between 10 and 25 km altitudes (Fig.
4(a)) is similar to that given in the WMO report (2014), where an average trend from 0 to 2 % dec™
was found to characterise the ozone behaviour at 60°N after 2000. The temperature trend (Fig. 4(b))
sharply decreased in the boundary layer showing a surface value of nearly 1.6 K dec™ that is consistent
with the corresponding value of 1.3+0.7 K dec?, obtained by Maturilli et al. (2015) from the analysis
of the meteorological surface measurements at Ny-Alesund. In the troposphere and up to about 14

km y. shows values varying between 0.4 and 0.8 K dec?, and gradually decreased after that
converting into negative values at altitudes over 20 km. The wind trend y, (Fig. 4(c)) exhibited

significant oscillations within the layer until 25 km remaining between -0.4 and 0.1 m s*dec™.
The grey curve in Fig. 3(c) illustrates detrended long-period variations in the ozone from which
the annual cycle together with the shorter period harmonics and noises, given by the black curve in

Fig. 3(c) were removed to obtain the anomalies determining the 1A oscillations presented in Fig. 3(d).
Analogously to the matrices Fis, the corresponding three F,, anomaly matrices associated with the

IA oscillations in Co, T and V have been constructed and were the subject of the following study.
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3.2. Basis profiles (EOFs) of the ozone, temperature and wind variability.

The cumulative weights Wk evaluated by means of Eqgs. (3) and (4) for the first 15 pairs (EOF,
PC)1.15 resulted from the decomposition of F¢ and F,, matrices, which were constructed for the

three considered atmospheric parameters are shown in Fig. 5. It is seen that the first 4 (EOF, PC)1-4
pairs explain about 70% of the IS ozone variations, while a similar percentage can be achieved
considering only the first and second pairs in case of the temperature and wind. For better description
of the IS ozone oscillations (Wk = 90%), the (EOF, PC)1.15 pairs should be taken into account, while
to reach Wk = 90% in case of the other two parameters just the first four components need to be
considered that reveals the more complex nature of the IS ozone oscillations, determined by a higher
dimensional representation in terms of the decomposition performed by Eqg. (2). On the contrary, Fig.
5 shows that a reliable description of the 1A variations can be achieved by projecting them onto
number of principal components lower than in the case of IS oscillations. In fact, the IA (EOF, PC)1-
2 pairs found for Co, T and V, respectively account for about 80% of the corresponding IA variations
and the weight of the first pair concerning the ozone and temperature is about 72%. The first pair
associated with the wind velocity shows significantly lower weight of 55% but the common
contribution together with the second pair is about 90%. It should be mentioned that (EOF, PC)1.4
explain nearly 93% of the 1A variations observed in the three considered parameters.

Figure 6 exhibits the first four EOFs components of the F¢ and F,, matrices considered main
patterns of the studied variations, which can be interpreted as basis profiles showing the vertical
distribution of the variation amplitudes that determine the intensity of the oscillations. Each of these
profiles EOF; corresponds to a PC; that governs the temporal evolution of the studied parameter, so
that the variations at certain altitude level z' are composed by 4 basis time series PC1.4 with specific
spectral features and the intensity of any basis PC; is determined by the EOFj(z") value. Bearing in

mind these considerations it can be concluded that except for the removed annual cucle, IS
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oscillations turn out to play a prevailing role in the variability observed in the three parameters since
the corresponding EOFs given in Fig.6 exhibit larger amplitudes in most of the cases. Another
important feature of the EOFs that can be seen in Fig. 6 is their layered structure depicted by wave-
like forms that outline different altitude trends in the troposphere and stratosphere. As a result of such
a behaviour the values of some EOFs at certain altitudes become close to zero that assumes strong

reductions of the variations presented by the corresponding PCs at these levels and moreover, there

exist heights z, for which EOF;j(z,) = 0 and hence, the variations with spectral features determined

by the corresponding PC; appear to be completely excluded at z,. The wave-like structure is also

associated with an inversion of the EOF sign at some altitude layers as it is seen in Fig. 6 that can be
interpreted as a change of the oscillation phases in these layers.

The upper row of Fig. 6 shows extremely small amplitude of both IS and 1A ozone variations in
the troposphere that can be accounted for the lower ozone density with respect to upper altitudes.
Intensity of the IS ozone variations enhances in the lower stratosphere, showing two maxima at about
10 and 15 km, respectively as can be seen in the upper row of Fig. 6, which indicates that 52% of the
IS oscillations, explained by EOF: and EOF are bounded between about 7 and 20 km altitudes. This
conclusion is consistent with the findings reported by Tian et al. (2007) and Li et al. (2013) who found
that the MJO component of the IS variations was manifested mainly in the lower stratosphere. Unlike
the ozone, the IS variations in temperature and wind velocity can be registered at all altitude levels
considered in the present study. The temperature IS variations in the troposphere are mainly presented
by EOF», while the EOF; oscillations dominate in the lower stratosphere and are contributed also by
EOF; above 20 km. The IS wind velocity variations determined by EOF; and EOF; increase with
opposite phases in the troposphere reaching a maximum at about the tropopause level, where the polar
jet streams usually occur (Archer and Caldeira, 2008).

The first EOFs associated with the 1A variations in the ozone, temperature and wind velocity show
similar features determined by negligible intensity in the troposphere and an enhancement in the

lower stratosphere (Fig. 6). The second EOF of the temperature and wind indicate a slight increase in
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the troposphere but, taking into account that the temperature EOF, presents much smaller with respect
to the EOF; weight, it can be assumed that only the wind velocity can be characterised by low
intensive 1A variations in the troposphere. Hence, bearing in mind that 1A oscillations are usually
generated by large-scale processes including atmosphere, ocean and sea-ice interactions, the above
results allow us to assume a conservative character of the Svalbard troposphere, which remains almost
closed for the global IA variations. It should be mentioned that a similar analysis of radiosounding
data collected at a middle latitude station in north Italy during 23-year period (Petkov 2015), showed
that the temperature 1A variations observed in the troposphere were characterised by comparable, or

even higher than in the lower stratosphere intensity.

3.3. Spectral features of the ozone, temperature and wind variations.

Figure 7 illustrates the behaviour of the PCy components found for the IS and IA variations in the
three atmospheric parameters under study, while Figs. 8 and 9 exhibit the spectra of the first four PCs
corresponding to the EOFs given in Fig. 6. As can be seen each PC spectrum turns out to be dominated
by harmonics p or bands 4p containing specific peaks, which are given in Table 1. Fig. 8 shows that
all 1S PC spectral components lie mainly between 20- and 120-day periods and the ozone and
temperature oscillations appear to be modulated by annual and semi-annual components to different
extent. Since the seasonal cycle that could be associated with the oscillations of the incoming solar
irradiance was removed from the initial data to obtain the IS variations, the presence of the annual
component can be accounted for internal atmospheric process with periodicity of 1 year, like the polar
vortex, which is able to impact the ozone and temperature. In fact, as can be seen from Fig. 7, and
also from Figs 10, the ozone PC intensity enhances during the boreal winter plausibly due to variation
in the strength of the polar vortices. Figure 8 and Table 1 show that harmonics pertaining to the 30 —
60-day spectral range present a significant weight in the IS variations, which confirms the recent

findings that MJO, being generated in the tropics is able to modulate the variations in Arctic
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atmosphere (L’Heureux and Higgins, 2008; Yoo and Lee, 2011; Li et al., 2013). Except for MJO the
60 — 120-day band also demonstrates significant power in the IS variations, which harmonics could
be attributed to local processes interacting with annual and semi-annual cycles.

The PC spectra of the 1A variations observed in the three atmospheric parameters under study are
shown in Fig. 9 and the corresponding peaks are given in Table 1. The shorter period harmonic peaked
at p = 1.1 years can be recognised in the first, second and fourth temperature PCs, and in the PC.4
associated with the ozone and wind IA variations. It is worth pointing out that this spectral component
is close to the period of Chandler wobble found to lie at about 1.2 years and considered the main
harmonic of the polar motion (Gross, 2007). QBO is another strongly presented harmonic, identified
here as p = 2.4 years (or p = 2.2 years in some of the cases), which component was reported in
previous studies (Sitnov, 1996 and 2004; Lee et al., 2010; WMO, 2014, Petkov, 2015; Sofieva et al.,
2017), while the periods between 1.4 years and QBO could be considered a result of interaction
between QBO and the annual cycles (Baldwin et al., 2001). The oscillations with periods larger than
3 years can be accounted for the ENSO, NAO, AO, Schwabe 11-year solar cycle and their interactions
to each other, respectively. Most of these long-period oscillations were registered in the ozone column
variations observed at Oslo for the period from 1978 to 1998 by Svendby and Dahlback (2004), who
recognised them by using the multiple regression analysis. Bearing in mind that PC1 explains nearly
70% of the 1A variations in ozone and temperature, and PC; together with PC> contribute about 90%
of the 1A wind variations it could be concluded from Fig. 9 and Table 1 that QBO, ENSO, NAO and
AO turn out to dominate the IA variations of all the three parameters under study. The 24-year cycle
detected in the PC1 ozone and PCs temperature IA variations, together with the 12-year oscillations
found in the PCs ozone, PC, temperature and wind, and PC4 wind components could be associated
with the solar activity cycles (22- and 11-year, respectively). It should be pointed out that the
variations in solar activity was found to contain long period components, for instance 80 — 90-year or
longer (Hathaway 2015) and hence, these periodicities could be also observed in the behaviour of the

atmospheric variables. However, the studied time series are too short to detect similar harmonics but
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the hypothesis that the trends given in Fig. 4 appear to be segments of such periodicities cannot be
excluded.

The spectral features of variations in ozone, temperature and wind velocity at different altitude
levels in the Svalbard atmosphere show that except for the spectral components of the incoming solar
radiation considered the main forcing factor, the presence of various other harmonics that are not
multiples of those in the solar radiation can be observed, which is a typical characteristic of a complex

chaotic system (Anishchenko et al., 2007).

3.4. Response of the IS ozone variation to particular events.

As pointed out in Section 1, the variations observed in atmospheric parameters can be considered
a result of the oscillations in the incoming solar radiation on the one hand and, an effect of processes
involving both atmosphere and ocean, on the other hand. In this context, a response of the variations
to particular internal atmospheric events or to external episodes that disturb the incoming solar
radiation could be assumed and such a concept is discussed below making use of the IS ozone
variations analysed in the previous subsection.

The polar vortex is a specific winter phenomenon in Arctic that is able to disturb the ozone
behaviour intensifying the ozone destruction processes in the stratosphere. The extremely cold polar
vortex occurred in the 2010/2011 winter caused the deepest ozone depletion registered until now in
Arctic, which was observed at Ny-Alesund in the second half of March. Moreover, this strong
depletion episode was found to affect significantly the ozone column at lower latitudes, as well
(Petkov et al., 2014 and references therein). Figure 10 shows time patterns of PCy and PC; IS ozone
variations for the time from 2010 to 2013, where changes in the amplitude-frequency characteristics

after the ozone depletion event could be recognised. To examine such an appearance, the spectra of
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the PC1 were evaluated for the period from September 2010 to February 2011 on the one hand and
from April to September 2011, on the other hand, and the results are shown in Fig. 11. The length of
these two time-intervals was chosen to be 6 months in order to achieve reasonable covering of the
times before and after the event with segments, sufficiently long to allow the detection of the main IS
spectral components presented in Fig. 8 and Table 1. The first interval spreads before and during the
vortex occurrence, while the second interval starts with the destruction of the vortex and lasts several
months after that. As can be seen from Fig. 11, the harmonic at p =60 days, which is the major
component before the event, turns out to be strongly reduced after that, while the amplitude A(p) for
p = 35 shows an increase. Comparatively lower reduction can be also marked in the 25-day
component, while the short-period band is a subject of significant change in the second period
characterised by a decrease in the amplitude of the harmonics p < 12 days. To check if such
modifications in the amplitude-frequency features took place also for all the years considered in the

present study, a similar spectral analysis was made for any 6-month time-interval T, that starts from

September of each year i (i = 1992, ..., 2014) and lasts to February of the next year i+1 on the one

/4
i+1

hand, and for the time-interval T.”, from April to September of the year i+1, on the other hand. Figure

12 exhibits the time patterns of the amplitudes A'(p) and A", (p) that correspond to the three spectral

components, peaked at 60-, 35- and 25-day periods and which were calculated for T, and T

i+17

respectively. The two values A'(p) and A’,(p) given in Fig. 12 for each year i are connected with a
line, so that the distance between these two points |A{(p)— .’;l(p)| illustrates the change in the

corresponding amplitude for the time before and after the polar vortex. It is seen that the considered
amplitudes were subjects of both decreases and increases passing from the first to the second time

intervals and the magnitude of such a change vary from year to year. Figure 12(a) shows that the

discrepancy |A(60)— A",(60) predominantly increased after 2005 and the largest value reaching

* Here and henceforth the first day of the initial month and the last day of the final month that bound the time-intervals
chosen for determining the amplitude of the corresponding harmonics will be omitted for the sake of simplicity.
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about an order of magnitude took place during the 2010/2011 period that corresponds to a strong

abatement of the harmonic p = 60 days shown in Fig. 11. Similarly, the amplitude discrepancy

A(35)— A,(35) exhibited in Fig. 12(b) presents a maximum increase for the same time, which

increase gradually reduces within the next two years. It should be pointed out that the amplitude of
the 25-day component, given in Fig. 12(c) shows a significant decrease passing from T,y,, t0 T,040,

or one year before the event. These results indicate that some spectral components of the PC1 ozone
variations like those at p = 60 and p = 35 days, which correspond to the MJO, changed in the time of
the 2011 ozone depletion event more markedly than within the whole period under study. Similar
analysis, performed for the short-period components (p < 12 days) of the IS ozone PC; variations,
shown in Fig. 11, was not able to bring us to an analogous inference.

Summarising, it could be concluded that specific dynamical events, which occurred in the polar
atmosphere, could affect MJO components of the IS ozone variations at Ny-Alesund that assumes an
important role of the regional factors for this spectral band despite that MJO are considered as being
modulated by tropical processes (Li et al., 2013 and references therein). The significant amplitude
decrease of the 25-day harmonic pertaining to the PC1 ozone oscillations after the 2009/2010 polar
vortex, or one year before the strongest ozone depletion (see Fig. 12(c)), is worthy of noticing as an
eventual sign for the further event that needs a careful analysis far beyond the scope of this study.

The solar eclipse is another particular event that causes a disturbance in the regular variability of
the incoming solar radiation, which is being assumed a pacemaker for various processes in the
atmosphere-ocean-surface system. Sixteen solar eclipses occurred over the north hemisphere during
the examined period but only in five of them, listed in Table 2, the Moon umbra and penumbra
covered large areas extended from tropical and mid- until high-latitudes, including also Svalbard.
Figure 13 exhibits the behaviour of the ozone PC; IS variations for periods including some of the
eclipses given in Table 2. It is seen that similarly to the case of the ozone depletion event, the

amplitude-frequency characteristics of PC, variations appear to change passing through the days of
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the eclipses and such a change lasted sometimes for a comparatively long time. For instance, Fig.
13(a) shows that after the 1999 eclipse the amplitude of the PC; variations remained almost the same
until the end of 2000, without the enlargement usually observed from winter to spring, as can be seen
in Fig. 13 in the time before and well after the eclipses. Intensity of the ozone oscillations presented
by PC. enhanced in the period from October 2005 until March 2006, between the two eclipses (Fig.
13(b)), while immediately after the second, the variations decreased significantly as occurred also in
2008 (Fig. 13(c)). These apparent modifications in the amplitude-frequency features of the PC>
variations were examined by applying an approach, similar to that used in the case of ozone depletion
event. However, since the eclipse occurrences do not present a periodicity like the polar vortex, it
was decided to take into account the PC> spectra for 6-month intervals starting from January 1992
and Fig. 14 presents the behaviour of the amplitudes associated with 60-, 35- and 25-day harmonics
for each half-yearly interval from 1992 to 2015. Figure 14(b) exhibits a sharp decrease in the
amplitude of 35-day spectral component that took place immediately after the 1999 eclipse followed
by a period of fairly stable level until the next, 2003 eclipse, when a significant increase in the second
half of 2003 was registered. The amplitude of the 60-day harmonic decreased after the 1999 eclipse
to a lower then 35-day extent (Fig. 14(a)) and it showed extremely large variations between 2003 and
2008, especially around the two close to each other eclipses of 2005 and 2006. It is worth mentioning
that similar large variations between 2005 and 2007 were detected also in the 60-day PC1 component
as can be seen in Fig. 12(a) despite the different beginning of the 6-month intervals assumed to
estimate the PC1 harmonic amplitudes. The 25-day amplitude exhibited in Fig. 14(c) largely varied
within 2003 — 2009 period, when four of the considered eclipses took place and a sharp decrease was
registered after the last eclipse. These examples indicate that significant changes in the amplitudes of
harmonics composing the PC> IS ozone variations followed eclipse occurrences in some of the cases
despite that the extent of such changes does not show similar features for all the eclipses. A plausible
explanation of the various response features could be achieved considering the atmospheric ozone in

the polar regions as a component of a low dimensional chaotic system (Petkov et al., 2016). An
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essential characteristic of this class dynamical systems is the high sensibility to the initial conditions,
in other words, the evolution of the system is well determined, so that starting from an arbitrary state
chosen as initial, after some time the system should reach a known final state but a small deviation in
the initial state is able to lead to an appreciable deviation from the final one. Under this concept, the
different responses of the IS ozone variations to the eclipses can be attributed to the different states
of the system containing the ozone as a component, before the phenomena. Such a conclusion could
be able to shed light on some contradictory results about the effect of the solar eclipse on the ozone
obtained in various studies, which reported both increase and decrease (Bojkov, 1968; Gerasopoulos

et al., 2008; and references therein) in the ozone column during the event.

4. Conclusions

The variations in the ozone density, temperature and wind velocity were studied by applying the
principal component analysis to data-sets provided by ozonesonde measurements carried out at Ny-
Alesund, Svalbard, in order to gain information about the vertical distribution of intensity
characterising the oscillation in the three parameters. To achieve this goal, the variations composed
by harmonics with periods lower than 1 year, referred to as intra-seasonal (I1S) component and those
with periods higher than a year, inter-annual (1A) variations respectively, were examined separately.
Analysis of the empirical orthogonal functions (EOFs), interpreted as profiles of the variation
amplitudes and corresponding principal components (PCs) representing both types of variations
showed that the intensity of IS oscillations were higher than 1A oscillations. Generally, the vertical
distribution of the variations in the studied parameters showed layered wave-like structure,
characterised by different amplitude and phase features in the layers, and in the most of the cases the
tropopause turned out to be the main layer border. It was found that the IS oscillations were dominated

by MJO together with oscillations composed by harmonics from 60- to 120-day periods, while the

19



spectral composition of the 1A component contains harmonics typical for QBO, ENSO, 11- and 22-
year solar cycles. Both IS and IA ozone variations are presented mainly in the low stratosphere, where
the IS mode is bounded predominantly between 7 and 20 km altitude. Similarly, the 1A variations in
the temperature and wind velocity showed minor intensity in the troposphere that allows the
conclusion about conservative character of the Svalbard troposphere toward the long-period global
oscillations. It was found also that a reasonable representation of the IS ozone variations could be
achieved by using the first 15 (EOF, PC) pairs, while for the temperature and wind velocity only the
first 4 pairs were needed that reveals more complex nature of the ozone density variations.

The behaviour of the IS ozone oscillations in the time of particular events, like the deep ozone
depletion occurred in the spring 2011 and solar eclipses, was examined and changes in the amplitude-
frequency features of the corresponding PCy and PC, components were recognised. The spectral
analysis of the variations taken within 6-month time-intervals referred to the time before and after the
2011 event showed that the spectral components at 35- and 60-day periods, which are typical for MJO
were subject of the largest change with respect to the similar time-intervals chosen for the other years,
while a change in the 25-day component took place one year before the event. Analogous
modifications in the amplitude-frequency characteristics of PCy IS o0zone variations were observed in

the time of some solar eclipses occurred during the period under study.
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Table 1. The main spectral components p of the first four IS and IA PCs. The symbol “~” indicates a short spectral band 4p centred at the corresponding

harmonic p, while the spectral intervals are defined by the bounding harmonics p connected through “-“. The semi-annual and annual cycles are

denoted as psa and pa, respectively. The 1A peaks with powers lower than the half of the maximal harmonic are considered to have a minor importance

and are given in parenthesis.

IS spectral components (days)

IA spectral components (years)

PC
Ozone density Co Temperature T Wind velocity V | Ozone density Co Temperature T Wind velocity V
11,14,24,34 3.4
1 ~30, 45-70, pa 50-120, pa 25, 30-100 2.4,3.0,4.8,24
(8.0) (8.0)
25, 30, ~40, 55- ~48, ~60, ~70, 1.1,27,4.0, 1.1,1.8,12.0 1.1,13,2.2,12.0
2 40-85, 120
80, Psa, Pa Psa, Pa (1.7, 8.0) (2.2,3.4,6.0) (3.0,6.0)
22, 40-120, 150, | ~40, ~55, 60-100, 1.1-1.8,2.2, 3.0,
3 25-90, 120 1.1,2.4-4.0,12.0 1.7,24.0
Psa Psa 6.0
25, 30, 40, 50, 80- 1.1,1.6,3.0 11,14,24-30, | 1.1,2.4,34,12.0
4 ~30, ~40, 60 25-60, 100
100, 120, psa (2.4,8.0) 6.0-8.0 (6.0)
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Table 2. Some characteristics of the solar eclipses considered in the present study taken from the EmapWin Ver. 1.21 software (Shinobu Takesako,

http://www2c.biglobe.ne.jp/~takesako/cal/emapwin eng 1.21.htm).

Eclipse occurrence

and type

11 August 1999

Central total eclipse

31 May 2003

Central annular eclipse

03 October 2005

Central annular eclipse

29 March 2006

Central total eclipse

01 August 2008

Central total eclipse

First umbra contact

(Time and location)

09:30 UT

64°54'W, 40°54'N

03:45 UT

04°42'W, 56°54'N

08:41 UT

38°30'W, 47°54'N

08:34 UT

37°00'W, 06°30'S

09:21 UT

101°18'W, 67°54'N

Last umbra contact

(Time and location)

12:36 UT

87°06'E, 17°24'N

04:32 UT

60°06'W, 67°54'N

12:22 UT

82°18'E, 09°54'S

11:48 UT

98°30'E, 51°24'N

11:21 UT

113°18'E, 32°54'N
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Fig. 1. Profiles of the ozone density Co (left panel), temperature T (middle panel) and wind velocity

V (right panel) subject of the analysis in the present research.
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Fig.2. Segments of the three time series presenting the variability in ozone density Co, temperature T
and wind velocity V at 15 km altitude. A 6-year period, illustrating the time series was chosen to help

for evidencing the corresponding short-period variations
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Fig. 3. An example that illustrates the separation of the IS and 1A variations in the ozone density at
18 km altitude. The circles in panel (a) show the original data represented by the corresponding
columns of F’, while the curve exhibits the long-period component retrieved by using a running
average procedure over a 30-day window. Panel (c) presents the later component from which the
linear trend was removed (grey curve) together with the variations composed by the periods not higher
than one year (black curve). The differences between the two time patterns given in panels (a) and
(c), which are shown in (b) and (d) respectively, are considered to represent the IS (b) and IA (d)
variations in the ozone density. The time scales in both (a), (b) and (c), (d) panel pairs are chosen so

that the details of the corresponding variation features can be clearly seen.
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Fig. 4. Vertical distributions of the trends yo, y1, and yv obtained within 1992 — 2016 period for the
ozone density Co (a), temperature T (b) and wind velocity V (c), respectively as a result of the adopted
procedure leading to the construction of the corresponding anomaly matrices. Vertical dashed lines
indicate the zero value for each of the trends, while the thick horizontal grey line exhibits the mean

level of the Svalbard tropopause evaluated from the soundings.
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Fig. 5. The cumulative weight Wy of the (EOF, PC)1.15 pairs obtained after decomposition of the

matrices F,, and F,, constructed to represent the IA and IS variations in the ozone density Co (a),

temperature T (b) and wind velocity V (c), respectively.
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Fig. 6. The first four EOF components associated with the IS (solid curves) and 1A (dashed curves)
variations in the ozone (upper row), temperature (middle row) and wind velocity (lower row), found
through decomposition of the anomaly matrices Fis and Fia, respectively. The EOF weights, given
in the panels are referred to IS (upper number) and IA (lower number) oscillations and each column

of panels corresponds to the EOF; indicated at the top of the figure.
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Fig. 7. PCy time series found for the IS (left) and IA (right) variations in the ozone density,

temperature and wind velocity. A 6-year period was chosen for the IS variations in order to evidence

better the high-frequency oscillations.
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Fig. 8. Spectra of the first four PCs associated with the IS variations in the ozone density (left

column), temperature (middle column) and wind velocity (right column), respectively. The PC

number and its weight are indicated in each panel.
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Fig. 9. Spectra of the first four PCs obtained for the 1A oscillations in ozone density (left column),

temperature (middle column) and wind velocity (right column). Similarly to Fig. 8 the PC number

and weight are indicated in the corresponding panels.
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Fig. 10. Panel (a) exhibits the time patterns of the PC; associated with the IS variations in the ozone
density over Svalbard for 2010 — 2013, while (b) shows the same for PC>. The vertical dashed lines
bound the period corresponding to March, 2011 when the strong ozone depletion event took place

over Arctic.
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Fig. 11. The spectra of the PC; associated with the IS ozone density variations estimated for the 6-
month periods from September 2010 to February 2011 (a) and from April to September 2011 (b),
respectively. The vertical dashed lines indicate the spectral components peaked at 25-, 35- and 60-

day periods
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Fig. 12. Time patterns of the amplitudes A'(p) (triangles) and A" (p) (diamonds) of the PC; ozone

oscillations evaluated for the spectral components peaked at periods of p =60 (a), p=35(b) and p =

25 days (c). The lines that connect the corresponding amplitudes represent the discrepancies
|A(p)- A,(p), which give an idea about the changes in the amplitudes of the selected harmonics

passing from T, to T.", for each year.
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Fig. 13. Time patterns of the PC; associated with the IS ozone variations during the periods containing
the solar eclipses on 11 August 1999 (a), 3 October 2005 and 29 March 2006 (b), and 1 August 2008

(c), which days are indicated by vertical dashed lines in each of the panels.
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Fig. 14. Variations in the amplitude of 60-day (a), 35-day (b) and 25-day (c) harmonics characterising
the PC> IS ozone oscillations evaluated for the first and second 6-month time-intervals of each year
pertaining to the period under study and indicated by grey squares. The vertical dashed lines mark

the occurrences of solar eclipses listed in Table 2.
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