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bromine chemistry (Garcia and Solomon 1994). Solomon 
et al. (1998) studied that the temperature fluctuations gave 
major contributions to mid-latitude ozone depletion due to 
heterogeneous chlorine activation on liquid sulfate aerosols 
at temperature near 200–210 K, particularly after major 
volcanic eruption. Nevertheless, the seasonal variations of 
ozone have a great deal of repeatability from year to year 
which occurs in most of the middle atmosphere in the extra-
tropical latitudes (Thomas 1990).

The seasonal climatology of the middle atmospheric 
ozone is reported in a number of previous studies from dif-
ferent space-borne and ground-based observations. Fiole-
tov and Shepherd (2003) studied ozone anomalies over the 
Northern and the Southern hemispheric mid-latitudes, which 
reveals wintertime ozone rising continuously with photo-
chemical decay until the end of autumn and then it swiftly 
erased once the next winter’s build-up begins. Perliski et al. 
(1989), studied the monthly variations of ozone mixing ratio 
computed by the two-dimensional photochemical model and 
compared with SBUV observations in the middle atmos-
phere at high latitudes. Their results show that modeled 
ozone abundances increase in the winter due to transport 
and decrease in the summer due to chemical destruction. 
Perliski and London (1989) studied ozone mixing ratio data 
using nine years (October 1978–September 1987) of Nim-
bus-7 SBUV satellite to analyse the vertical and seasonal 
distribution of the zonal ozone variations. It is shown that 
zonal wavenumber 1 is larger during winter than summer. 
Frederick et al. (1983) studied the global distribution of 
stratospheric ozone derived from Nimbus 4 and 7 satellites 
for the period June 1970 through May 1972 and 1978–1979. 
Their study revealed maximum ozone mixing ratio devel-
ops in autumn and persists through the winter season in the 
upper stratosphere. Schneider et al. (2005) studied ozone 
mixing ratio (OMR) using ground-based instrument (Bor-
deaux microwave radiometer) between 1995 and 2002 in the 
middle atmosphere which shows seasonal ozone variations 
mainly appear as an annual cycle in the middle and upper 
stratosphere and a semi-annual cycle in the mesosphere with 
amplitude and phase depending on altitude.

The El Nino/Southern Oscillation strongly influence 
ozone in both northern and southern mid-latitudes, espe-
cially during spring and towards low latitudes (Rieder et al. 
2013). Long-term variability of middle atmospheric ozone 
and its response towards oscillations has been studied by 
Nath and Sridharan (2014), where they found semi-annual 
oscillation (SAO) is predominant in the lower stratosphere 
and upper mesosphere. Nagahama et al. (1999) reported 
Annual and semi-annual variations at 50 and 76 km, respec-
tively, in the ozone mixing ratio using ground-based obser-
vations. Perliski et al. (1989) reported the annual ozone 
variation is largely due to the annual variation in the odd-
oxygen production rate, and in the upper stratosphere, the 

computed annual ozone variation is caused by the large 
calculated annual oscillation in temperature. Perliski and 
London (1989) analyse the distributions of the long-term 
average annual and semi-annual ozone oscillations in the 
lower, middle, and upper stratosphere over the high latitudes 
of both the hemispheres (65° S–65° N). Their study shows 
year-to-year changes of amplitudes of the annual and semi-
annual variations are generally small except in the tropical 
mid-stratosphere and the southern subpolar upper strato-
sphere. Furthermore, solar events affect the middle atmos-
pheric ozone significantly. Marsh et al. (2002) presented the 
dynamical structure of distributed ozone which indicates 
that the vertical advection of atomic oxygen by the solar 
diurnal tides plays an important role in determining ozone 
concentration. Ozone response to the solar variability is pos-
itive in the lower thermosphere for higher latitudes (Huang 
et al. 2016). Beig et al. (2012) investigated the effects of dec-
adal solar variability on ozone using HALOE satellite and 
HAMMONIA model data, from which they observed that 
the annual-mean solar signal in ozone is found to be insig-
nificant in the lower mesosphere, whereas it is of the order 
of 5%/100 sfu in the upper mesosphere for mid-latitudes.

Many of the above studies indicated that there is a signifi-
cant spatial and temporal heterogeneity in the ozone distri-
bution globally. While the middle atmospheric ozone is also 
modulated by the various forcing from above and below the 
middle atmosphere. For instance, as discussed in the above 
studies the solar input significantly modulates the middle 
atmospheric ozone (Marsh et al. 2002). Further, the con-
centration of ozone over the northern hemisphere (NH) and 
southern hemisphere (SH) is very interesting to understand 
for their diverse properties. In addition, the latitudinal and 
longitudinal coupling is another relevant aspect for a better 
understanding of atmospheric system over both the hemi-
spheres. Therefore, the objective of our study focused on the 
seasonal and interannual variability of middle atmospheric 
ozone using the longer time series data as the previous stud-
ies use the limited temporal data. We have used ozone data 
from the Sounding of the Atmosphere using Broadband 
Emission Radiometry (SABER) instrument (Russell et al. 
1999) on-board Thermosphere–Ionosphere–Mesosphere-
Energetics and Dynamics (TIMED) satellite for the time 
period January 2002–December 2015 from the altitude range 
of 20–100 km over Site 1 (50° N, 120° W), Site 3 (50° N, 
2.5° E) and Site 5 (50° N, 120° E) in the NH, and over Site 
2 (50° S, 120° W), Site 4 (50° S, 2.5° E) and Site 6 (50° 
S, 120° E) in the SH. The similarities, differences, long-
term variabilities, oscillations and seasonal variations in the 
ozone mixing ratio (OMR), have been extensively analysed.



2 � Data and methodology

2.1 � SABER/TIMED observations

In the present work, we used data from the SABER instru-
ment, one of the four instruments onboard NASA’s TIMED 
satellite launched on December 7, 2001. The SABER/
TIMED has provided day and night time ozone measure-
ments on a daily basis in the middle to upper atmosphere 
(15–105 km) since 2002. It is a multi-channel radiometer 
designed to measure heat emitted by the atmosphere over a 
broad altitude and spectral range (1.27–16.9 µm) in the limb 
direction. The primary goal of the SABER instrument is to 
deliver the data required to enhance the understanding of the 
fundamental processes, chemistry variations of key gases 
in the oxygen and hydrogen families and the movement of 
air, or dynamics, between atmospheric regions at lower to 
higher altitudes, pole to equator, and east–west directions. It 
measures the vertical distributions of elemental constituents, 
such as ozone, water vapour, carbon dioxide, and nitrogen 
and hydrogen gases, as well as temperature. It obtains verti-
cal profiles with 2 km altitude resolution. Over the course 
of one orbit, SABER observes both the hemispheres (52.5° 
N–52.5° S). It orbits 15 times per day at nearly 625 km 
altitude with an orbital inclination of 74.1° to the equator. 
SABER observes ozone emission in a band-pass from 1010 
to 1150 cm–1 (9.9–8.7 μm) and it autonomously retrieved 

from two separate channels: 9.6 μm and 1.27 μm. SABER 
O3 measurements have a precision of ∼ 2% between the 
altitudes range of 10–65 km and ∼ 5% in the mesosphere 
(Russell et al. 1999).

2.2 � Study area

In the present study, six sites are selected in the NH and 
SH. Figure 1 shows the pictorial view of the study sites. NH 
consists of ~ 68% landmass and it consists of all of Europe, 
North America, and Asia, etc. Here, Sites 1, 3 and 5 in NH 
have the same latitude 50°N, which is a region between the 
Tropic of Cancer (~ 23.5° N) and the Arctic Circle (66.5° N), 
known as the North Temperate Zone. Further, the SH con-
sists of very low landmass ~ 32% and its geography shows 
that it has mostly oceans/seas. South Pacific, South Atlantic, 
and Indian Oceans are in the SH, where only few percent 
lands are there covering South America, one-third of Africa 
and all of Australia. Sites 2, 4 and 6 in SH also have the 
same latitude 50° S which is the region between the Tropic 
of Capricorn (~ 23.5° S) and the Antarctic Circle (66.5° 
S), known as the South Temperate Zone. As we know the 
importance of both the hemispheres, we have done a com-
prehensive study to further understand middle atmospheric 
ozone variability in the different hemispheres. We have used 
5° × 15° latitude–longitude grids centered on the study Sites.

Fig. 1   The geographical map indicating the six sites over the NH and the SH chosen for this work. The locations of the selected sites are shown 
in a “solid black circle”



2.3 � Lomb scargle periodogram (LSP) and wavelet 
transform analysis

The Lomb–Scargle periodogram (LSP) is a common tool 
in the frequency analysis of unequally spaced data equiva-
lent to the least-squares fitting of sine waves (Zechmeister 
and Kürster 2009). A periodogram calculates the signifi-
cance of different frequencies in time-series data to iden-
tify any intrinsic periodic signals. It is similar to the Fou-
rier transform but is optimized for unevenly time-sampled 
data and for different waveforms in periodic signals. Thus, 
the LSP is a very useful technique to determine frequency 
components in time-series data. LSP is applied to deter-
mine the actual periods of the SAO and AO. In addition 
to this, we also applied a Morlet wavelet analysis. The 
Morlet wavelet is the most common function used in astro-
physical signal expansions (Katsavrias et al. 2012). Fur-
thermore, due to its Gaussian support, the Morlet wavelet 
expansion inherits optimality as regards the uncertainty 
principle (Morlet et al. 1982). It can be preferable for the 
analysis of time-series with smoother variations. It helps 
to retrieve oscillatory behavior of the data when the analy-
sis is focused on amplitude and phase changes. The Morlet 
wavelet transform is not intended as a replacement for the 
Fourier transform, but rather a supplement to it that allows 
qualitative access to time-related changes which takes 
advantage of the multiple dimensions available in a free 
induction decay analysis. When a plane wave is modulated 

by a Gaussian function, a Morlet mother-wavelet is formed 
(for further detail see Domingues et al. 2005).

3 � Results and discussions

3.1 � Seasonal climatology of ozone in the middle 
atmosphere

The seasonal climatology of Ozone in the middle atmos-
phere is studied over the six sites (indicated in Fig. 1) in NH 
and SH including the hemispheric differences from 14 years 
of SABER/TIMED observations. Figure 2a–f illustrate the 
monthly mean climatology of the six sites (hereafter) site-1 
(50° N, 120° W), site-3 (50° N, 2.5° E) and site-5 (50° N, 
120° E) in the NH and site-2 (50° S, 120° W), site-4 (50° 
S, 2.5° E) and site-6 (50° S, 120° E) in the SH, respec-
tively. The notable features observed from Fig. 2 is that 
the ozone peaks at two different altitudinal regions such as 
the stratosphere and mesosphere and lower thermosphere 
(MLT) region. This maximum ozone in the MLT region is 
also known as the secondary ozone maximum (Evans and 
Llewellyn 1972; Hays and Roble 1973; Miller and Ryder 
1973). The night-time mixing ratio of ozone in the MLT 
is comparable to that found in the stratospheric maximum 
which is around 10 ppm (Smith and Marsh 2005). In the 
MLT region the peak ozone occurs during March–May and 
September–December in both the hemispheres indicating 
a semi-annual oscillation in the MLT region. In contrast to 

Fig. 2   Contour plots of climatological (2002–2015) ozone volume 
mixing ratio in parts per million (ppm) derived from SABER obser-
vations in the NH over a Site1 (50° N, 120° W), b Site 3 (50° N, 2.5° 

E) and c Site 5 (50° N, 120° E) and in the SH over d Site 2 (50° S,
120° W), e Site 4 (50° S, 2.5° E) and f Site 6 (50° S, 120° E)



mesospheric ozone, the stratospheric ozone does not show 
such variability and is almost uniform with high magnitudes 
during summer relative to winter in both the hemispheres. 
Similar results were also noted from SAGE II satellite meas-
urements of stratospheric ozone over the mid-latitudes as 
reported by Fioletov (2008). The studies of global distribu-
tion of stratospheric ozone derived from Nimbus 4 and 7 
satellite also supports the observations indicated in Fig. 2 
(Frederick et al. 1983; Maeda 1987). The magnitude of 
OMR is observed to be high as much as 8 ppmv in the strat-
ospheric region (30–38 km) during winter–spring over all 
three sites of the NH and SH.

The dynamical and photochemical processes control the 
ozone budget in the middle atmosphere (Langematz 2019; 
Reddy 1988). While the dynamical factors play a primary 
role in the enhancement of stratospheric ozone in both the 
hemispheres, whereas the radiative effects play secondary 
role. The mean poleward circulation of the subsiding air 
from the equator causes the build-up of ozone in the mid-
latitudes in both the hemispheres (Kulkarni 1962, 1968). 
Subsequently, this circulation is completed by returning 
towards equator at higher levels. Figure 2 also indicates high 
ozone mixing ratios with magnitudes of about 8 ppmv in the 
mid-latitude sites in the stratospheric altitudes supporting 
the previous observational studies (e.g. Fioletov 2008 and 
references therein). The ozone builds from winter and peaks 
during the springtime and gradually decreases in summer 
to autumn transitional period. The eddy diffusion process is 

responsible for this ozone transport from low to high lati-
tudes (Newell 1961). The selective eddy transport of ozone 
is basically indicating the northward moving air parcels 
contain more ozone than the southward moving air parcels. 
Figure 2 also indicates some interhemispheric differences 
in ozone mixing ratio in different seasons. For instance, the 
magnitudes of ozone in SH are less in late summer relative 
to the NH. In contrast, during autumn and winter the mag-
nitudes are more in SH than NH. This could be due to more 
destruction of ozone, specifically, through stratospheric 
intrusions into the troposphere in NH as compared to SH 
during wintertime (Kulkarni 1962, 1968). More quantifica-
tions about the seasonal differences are provided in section 
S1 (Supplementary material). It is noted that the magni-
tude of about 0.5 ppm seasonal mean difference observed 
between both the hemispheres in stratospheric altitudes. 
These differences are expected due to the differences in solar 
input and local photochemistry in the stratosphere in both 
the hemispheres. Nevertheless, the seasonal mean differ-
ences are less significant for the summer and winter seasons.

Figure 2 indicates the mean picture, which does not reveal 
any interannual variations in the middle atmospheric ozone. 
Hence, the time series of monthly variation of ozone from 
Jan 2002 to Dec 2015 is shown in Fig. 3a–f over the NH and 
the SH sites, respectively. One can notice the large values of 
OMR, between 5 and 9 ppm, are observed at the stratosphere 
between 25 and 45 km and in the upper mesosphere between 
85 and 100 km. Figure 3 indicates that the stratospheric 

Fig. 3   Contour plots of ozone volume mixing ratio in ppm (start-
ing from January 2002 to December 2015) as derived from SABER 
observations in the NH over a Site 1 (50° N, 120° W), b Site 3 (50° 

N, 2.5° E) and c Site 5 (50° N, 120° E) and in the SH over d Site 2 
(50° S, 120° W), e Site 4 (50°, 2.5° E) and f Site 6 (50° S, 120° E)



ozone over the southern hemispheric sites is quite lesser 
than the northern hemispheric sites. This could be due to 
the seasonal variation of temperature is larger in the south-
ern stratosphere than in the northern stratosphere, since the 
ozone density is inversely proportional to the temperature 
(Maeda 1987). The mesospheric and stratospheric ozone 
over the site-1 (site-2) and site-3 (site-4) is slightly higher 
than site-5 (site-6) in both the NH (SH). More details on the 
longitudinal differences in the middle atmospheric ozone 
for both the hemispheres are shown in Figure S4 (section 
S2 in the supplementary material). It is observed that the 
differences are primarily noticed in the mesospheric region 
(Figure S4). Further, the prominent features observed from 
Fig. 3 are the oscillatory behaviors (lows and highs) in ozone 
in the stratospheric and mesospheric regions, which might 
correspond to the annual and semi-annual oscillations. Such 
types of results are also revealed by Nath and Sridharan 
(2014) over the tropical region. More details on the char-
acteristics of the observed oscillations are discussed in the 
following sections.

3.2 � Characteristics of the atmospheric oscillations

Figure 3 described in the previous section indicate some 
important oscillations in the middle atmospheric ozone 
measurements from SABER/TIMED satellite. In order 
to reveal the characteristics of these oscillations, we have 
performed spectral analysis using two techniques: LSP and 
Wavelet transform. Both sophisticated numerical methods 
are increasingly used and are well-adapted for analysis and 
characterization of atmospheric oscillations. For example, 
Sharma et al. (2017) used LSP and wavelet techniques to 
study seasonal oscillations over Mt. Abu (in NH) and Reun-
ion Island (in SH) from SABER temperature time-series. 
Previously, Sivakumar et al. (2011) used the same LSP 
method to study and characterize seasonal variability from 
temperature Lidar profiles recorded at Reunion Island. Fig-
ure 4 indicates the outcome of LSP analysis for the North-
ern and Southern Hemispheres over the selected sites using 
the 14 years (January 2002–December 2015) of SABER/
TIMED satellite observations. For instance, Fig. 4 (left 

Fig. 4   Lomb–Scargle periodogram of the ozone over all six sites of the northern hemisphere (left panel) and the southern hemisphere (right 
panel)



panel) indicates the vertical structure of the various atmos-
pheric oscillations observed in the NH for the site-1, site-3 
and site-5, respectively and Fig. 4 (right panel) for the SH 
(site-2, site-4 and site-6). The contours (thick solid lines) 
indicate the amplitude that is significant at 95% confidence 
level. The dominant oscillation observed is the AO that is 
strongly present in the middle atmosphere over the NH and 
SH. In particular, the stratosphere and upper mesosphere 
indicate the significant amplitudes of AO. The other impor-
tant oscillation is the SAO, which is also found throughout 
the middle atmosphere. The peak amplitudes of the SAO 
can be found in 40–60 km and 80–100 km for all the sites in 
the NH and SH. In the NH, magnitude of the SAO is little 
weaker compared to the SH SSAO. In addition to that we 
have also found another interesting oscillation that peaks at 
4-months in the middle atmospheric ozone variations. The
4-month oscillation prominently seen in 60–80 km altitude
and in the upper mesosphere region. The amplitude of the
4-month oscillations is quite stronger in the SH than NH.

The spectral analysis shown in Fig. 4 provides the promi-
nent oscillations in a given time series, but it does not reveal 
the temporal evolution (inter-annual and intra-seasonal vari-
ations) of the observed frequencies. Therefore, the Morlet 
wavelet analysis is used to divulge the temporal variations 
of the prominent frequencies in the stratosphere and mes-
osphere region. Figures 5 and 6 give the most important 
information about atmospheric oscillations using wavelet 
analysis of the time series of stratospheric (30–35 km) and 
mesospheric (90–100 km) ozone over the Northern and the 
Southern Hemispheric sites. Figure 5 (top panel) shows that 

in the stratosphere region at sites 1, 3 and 5 shows significant 
AO with some interannual variations. The temporal evolu-
tion of AO is slightly different for the site-3 relative to the 
site-1 and site-5. It is also noted a significant interannual 
variation in the stratospheric SAO (SSAO). The SSAO is 
quite strong during epochs: 2004–2006 and 2008–2011 and 
2013–2014 in site-1 and site-5. Hence, site-1 and site-5 show 
similar behaviors in the evolution of prominent oscillations 
except site-3 in the NH SSAO. The AO appears to be very 
strong oscillation in the mesospheric altitudes with no signif-
icant interannual variations. Similarly, the mesospheric SAO 
(MSAO) is also seen from Fig. 5b but it is not significant at 
95% confidence level over all the selected sites in the NH.

Figure 6 indicates the wavelet analysis of the time series 
of stratospheric and mesospheric ozone over the SH. Fig-
ure 6a shows the AO observed to be significant oscillation 
similar to the NH. While the SSAO and its interannual vari-
ations are quite noteworthy in SH (site-4) relative to NH 
(site-3). Similar to the NH sites, the mesospheric AO is very 
strong and significant. The MSAO is also a notable feature 
in the wavelet analysis of southern hemispheric ozone vari-
ability in all the sites and is much significant over the site 
2 and site 4. The interannual variation of MSAO is either a 
manifestation of some unknown ozone photochemical mech-
anism, or it could be driven by a seasonal variation in the 
vertical transport of atomic oxygen from the thermosphere 
(Bevilacqua et al. 1990). Hence, the stratospheric and mes-
ospheric ozone variations show two prominent oscillations 
such as the AO and SAO in both the hemispheres with some 
differences noted in their interannual variability. Moreover, 

Fig. 5   The wavelet power spectrum of ozone mixing ratio for site-1, site-3 and site-5 in the (a1–a3) stratosphere and (b1–b3) in the mesosphere 
altitudes (90–100 km) over NH



there are some longitudinal differences noted in the temporal 
evolution of two dominant oscillations (AO and SAO) for 
different sites in both the hemispheres. Therefore, we discuss 
these longitudinal asymmetries by comparing with the mean 
zonal spectrum of middle atmospheric ozone from SABER/
TIMED observations.

3.3 � Atmospheric oscillations of zonal mean ozone

In this section, we did the spectral analysis of the zonal mean 
ozone, in order to understand the longitudinal asymmetry in 
the atmospheric oscillations over both the hemispheres. Fig-
ure 7a, b shows LSP of zonal mean ozone over the northern 
and the southern hemispheres, respectively. In Fig. 7, AO 
is found to be significant over both the hemispheres in the 
middle atmosphere. However, the strongest magnitudes of 
AO are noted in the SH that NH. Furthermore, the SAO is 
quite strong in the southern hemisphere than the northern 
hemisphere. Nevertheless, SAO in NH is significant in the 
upper mesosphere. It is also interesting to note that the zonal 
mean spectrum of AO, though significant, but amplitudes 
are less than the individual sites (Fig. 4, left panel). While 
the difference in the amplitudes of AO in the zonal mean 
spectrum (Fig. 7b) and individual sites (Fig. 4, right panel) 
is very less in the southern hemisphere. This signifies that 
the longitudinal asymmetry in the northern hemisphere is 
prominent than the southern hemisphere. The reason for this 
longitudinal asymmetry could be due to the differences in 
the propagating planetary waves that modulate the ozone 
in the middle atmosphere. It is obvious that the planetary 
wave energy is quite strong in the northern hemisphere in 

the presence of the elevated topographies and land–ocean 
thermal contrast that generate these large-scale waves.

It is also interesting to note the 4-month oscillation, in 
addition to the dominant AO and SAO, in the middle atmos-
pheric ozone variability, but it is weakly significant. Figure 7 
indicates that this oscillation is present prominently in the 
upper mesosphere over both the hemispheres. However, the 
4-month oscillation is dominantly seen in the middle atmos-
phere between 60 and 80 km, at the individual sites (Fig. 4).

We have further analysed the vertical structure of this 
4-month oscillation. Figure 8 indicates the vertical profiles
of the amplitude of 4-month oscillation in zonal mean and
different sites shown in Fig. 1. The amplitude of this oscil-
lation is very strong between 60 and 80 km at different sites
but is very weak in zonal mean spectrum. This indicates that
there is longitudinal asymmetry similar to other dominant
oscillations in the middle atmosphere. This is more clearly
seen in the zonal mean spectrum over the northern hemi-
sphere (Fig. 8a). In order to explore more about the 4-month
oscillation, we also performed the wavelet analysis on the
ozone mixing ratio between 60 and 80 km at different sites
in NH and SH. The wavelet power spectrum is shown in
Fig. 9 indicates significant power ~ 4-months in the mes-
ospheric altitudes. While the amplitude of SAO and AO are
less significant except AO which is significant over site-5.
The source mechanism for the 4-month oscillation is intrigu-
ing as no reports so far studied such oscillation in the mid-
dle atmosphere as per the author’s knowledge. However, the
non-linear interaction between the SAO and AO can yield
the 4-month oscillation in the middle atmosphere. Neverthe-
less, more detailed study is required for understanding the

Fig. 6   Same as Fig. 5 but for SH



Fig. 7   Lomb–Scargle Peri-
odogram of zonal mean ozone 
over a the northern hemisphere 
and b the southern hemisphere

Fig. 8   Height–Amplitude line 
plot of four-monthly oscillation 
for a the NH sites and zonal 
mean b the SH sites and zonal 
mean



origin of this oscillation. Figure 9 also indicates the sub-
stantial interannual variability in the 4-month oscillation. 
To further explore the temporal evolution, we plotted the 
time series of the 4-month oscillation in Fig. 10 which is 
retrieved from the wavelet analysis (Fig. 9). The NH sites 
(Fig. 10a) shows the significant differences in the magni-
tude and phase of 4-month oscillation. This is expected as 

the vertically propagating waves (small-scale to planetary-
scale) significantly modulates the longer-period oscillations. 
In contrast, the SH sites show no such differences in the 
magnitude and phase of the 4-month oscillation. However, 
the 4-month oscillation also indicates the significant inter-
annual variations in the SH. A more detailed investigation of 
this 4-month oscillation is further required to understand the 
impact on the general circulation of the middle atmosphere.

4 � Summary

The middle atmospheric ozone plays a key role in the Earth’s 
atmosphere by shielding the Earth’s surface from harmful 
ultraviolet radiation. There are many factors affect middle 
atmospheric ozone (such as chemical reactions, zonal and 
meridional transports and solar variability) and hence it 
is imperative to understand the seasonal and inter-annual 
variability in ozone. Therefore, we have studied the char-
acteristics of middle atmospheric ozone using the 14 years 
(2002–2015) of observations from the SABER instrument 
onboard TIMED satellite, over NH and SH latitudes. It is 
noted that there is seasonal variability in the middle atmos-
phere, specifically over the stratosphere and mesosphere 
regions, with higher magnitudes of stratospheric ozone in 
summer season in both the hemispheres. However, there 
are no significant interhemispheric differences in the mag-
nitudes summer ozone in the stratosphere.

The temporal evolution of the middle atmospheric 
ozone indicates the prominent oscillatory behaviors in 
ozone, which corresponds to the annual and semi-annual 

Fig. 9   Wavelet power spectrum of ozone mixing ratio anomalies between 60 and 80 km for Northern Hemispheric sites (upper panel): a1 site-1, 
a2 site-3 and a3 site-5 and for Southern Hemispheric sites (lower panel): b1 site-2, b2 site-4 and b3 site-6

Fig. 10   Temporal evolution of the amplitudes of the 4-month oscilla-
tion at different sites in a Northern and b Southern hemispheres



oscillations. The characteristics of these oscillations are 
studied using spectral analysis such as LSP and Wavelet 
transform. From the LSP analysis, the dominant oscillation 
noted in the middle atmospheric ozone is the AO with signif-
icant amplitudes over both the hemispheres. Significant SAO 
is also found in 40–60 km and 80–100 km for all the sites 
in the NH and SH. Moreover, we have also found another 
oscillation that peaks at 4-months and has prominently seen 
in 60–80 km altitudes and in the upper mesosphere region 
over both the hemispheres. The amplitude of the 4-month 
oscillations is quite stronger in the SH than NH. The tempo-
ral evaluation (inter-annual and intra-seasonal variations) of 
the observed frequencies is studied using the Morlet wavelet 
analysis. The strength of the AO is relatively higher than 
SAO in both the hemispheric sites, however, the interannual 
variability of SAO is stronger than the AO.

There are some longitudinal differences noted in the tem-
poral evolution of AO and SAO for different sites in both 
the hemispheres. Therefore, we discussed these longitudi-
nal asymmetries by comparing them with the mean zonal 
spectrum of middle atmospheric ozone. LSP of zonal mean 
ozone shows significant AO over both the hemispheres, with 
stronger magnitudes in SH than NH in the middle atmos-
phere. Similar to AO the SAO is also quite strong in the 
southern hemisphere than northern hemisphere. Hence, the 
comparison of the LSP spectrum of zonal mean and individ-
ual sites reveals the longitudinal asymmetry in the northern 
hemisphere is prominent. It is also interesting to note the 
4-month oscillation which is dominantly seen in the middle
atmosphere between 60 and 80 km altitude region, at the
individual sites so we have further analysed the temporal and
vertical structure of this 4-month oscillation. The longitudi-
nal asymmetry of this 4-month oscillations is quite stronger
in both the hemispheres. While the origin of this oscillation
in the middle atmosphere could be associated with the non-
linear interaction of the AO and SAO. Nevertheless, a more
detailed study is further required to understand the possible
sources of the 4-month oscillation and its influence on the
middle atmospheric dynamics.
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