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Abstract: A long-term vertical ozone observational dataset has been provided during 2001–2019
by ozonesonde measurements in Beijing on the North China Plain. Previous studies using this
dataset primarily focused on the vertical characteristics of climatological ozone and its variation;
however, the driving factors of ozone variation have not been well discussed. In this study, by
applying the wavelet analysis method (including continuous wavelet transform and cross wavelet)
and sliding correlation coefficients to ~20 years of ozonesonde measurements collected in Beijing, we
analyzed the dominant modes of ozone column variability within three height ranges over Beijing
(total column ozone: TOT; stratospheric column ozone: SCO; and tropospheric column ozone: TCO).
Moreover, we also preliminarily discussed the relationship between these three ozone columns and
the El Niño Southern Oscillation (ENSO), Quasi-biennial Oscillation (QBO), and 11-year solar activity
cycle. The results revealed that the ozone columns within the three height ranges predominantly
adhered to interannual variability patterns, and the short-term variabilities in TOT and SCO may
have been related to eruptive volcanic activity. In comparison to the TOT and SCO, the TCO was more
susceptible to the forcing influences of high-frequency factors such as pollutant transport. Similar
to the results in other mid-latitude regions, strong ENSO and QBO signals were revealed in the
interannual ozone column variability over Beijing. The TOT and SCO showed positive anomalous
responses to ENSO warm-phase events, and the peak of the ENSO warm phase led the winter peaks
of the TOT and SCO by approximately 3–6 months. During the strong cold–warm transition phase in
2009–2012, the TOT and SCO showed a significant positive correlation with the ENSO index. The
strong seasonality of the meridional circulation process driven by the QBO led to a significant positive
correlation between the QBO index and the TOT and SCO in the interannual cycle, except for two
periods of abnormal QBO fluctuations in 2010–2012 and 2015–2017, whereas the TCO showed a
time-lagged correlation of approximately 3 months in the annual cycle relative to the QBO due to the
influence of the thermodynamic tropopause. In addition, analysis of the F10.7 index and the ozone
columns revealed that the ozone columns over Beijing exhibited lagged responses to the peaks of
sunspot activity, and there was no obvious correlation between ozone columns and 11-year solar
activity cycle. Given the complex driving mechanism of the climatic factors on local ozone variability,
the preliminary results obtained in this study still require further validation using longer time series
of observational data and the combination of chemical models and more auxiliary data.
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1. Introduction

Atmospheric ozone is a crucial atmospheric component, approximately 90% of which
resides within 15–35 km of the stratosphere, and the other 10% of which is distributed
within the troposphere. Ozone in the stratosphere plays an important role in absorbing so-
lar ultraviolet radiation, safeguarding human health and maintaining the Earth’s ecological
balance [1]. High concentrations of tropospheric ozone serve as air pollutants and have
significant implications for human health and crop growth [2]. The dynamic variations in
ozone concentration are closely associated with geographic locations (latitude and altitude)
and seasons. Stratospheric ozone, whose variations are primarily driven by interannual
or large-time scale climatic factors [3,4], is mainly formed in the tropics and subsequently
transported to the subtropics and high latitudes through atmospheric circulation patterns
such as the Brewer–Dobson circulation (BDC) [5]. The production of tropospheric ozone is
generally determined by a complex combination of atmospheric dynamics and photochem-
ical reactions. Tropospheric ozone, which is the third most prominent greenhouse gas (next
to CO2 and CH4) that contributes to climate warming, is primarily generated by a local
photochemical reaction of volatile organic compounds (VOCs) and nitric oxide (NOX); the
simple photochemical reaction equation is as follows:(

VOCs
CO

)
+ NOX

hv→ O3 (1)

in addition, tropospheric ozone is also affected by short-term weather processes such as
stratosphere–troposphere exchange, biomass burning, and pollutant transport [6,7].

Previous studies have extensively employed long-term ozone datasets from local re-
gions (ground-based or satellite measurements) to investigate the dynamic characteristics of
stratospheric ozone, tropospheric ozone, and total ozone, as well as the cause of the varia-
tion in atmospheric ozone concentration. For instance, by utilizing the total column ozone
(TOT) measurements from Dobson at 17 stations within 30◦ N–60◦ N during 1961–1990,
Krzyścin et al. [8] indicated a strong coupling between TOT in the northern temperate
zone and the Quasi-Biennial Oscillation (QBO), El Niño Southern Oscillation (ENSO), and
11-year solar activity cycle; the ozone concentration exhibited substantial reductions during
the period of high solar activity and during the periods coinciding with the ENSO warm
phase and westerly QBO phase. By applying statistical trend analysis and multivariate
linear regression to the ozone dataset from the space-borne Solar Backscatter Ultraviolet
Radiometer, Chehade et al. [9] investigated the effects of atmospheric chemical and dy-
namic factors, including the ENSO, QBO, volcanic activity, 11-year solar activity cycle, and
Arctic/Antarctic oscillation, on the long-term change in total ozone. The results highlighted
the dominant role of the QBO in tropical ozone variability (±7 DU), whereas the contribu-
tion of volcanic aerosols and ENSO signals to total ozone variability was more pronounced
in the northern hemisphere; the solar activity cycle influenced ozone variations across
all latitudes. The QBO analyzed in the above studies is a downward-propagating zonal
wind variation in the lower tropical stratosphere, with a mean period of approximately
28 months, whose effects are not limited to atmospheric dynamics but also have an impact
on chemical constituents such as ozone, vapor, and methane [10]. The QBO couples with
ozone variation through complex dynamical and chemical processes, of which dynamical
circulation processes are the main driving forces [11]; in particular, the anomalous BDC
associated with the QBO can affect the QBO signal from lower latitudes toward the middle
and even high latitudes [12]. Regarding the ENSO, it has been suggested that the ENSO is
one of the main factors that control the interannual variability of stratospheric ozone [13,14]
and that the TOT increases in mid-latitudes during El Niño events [15]. In addition to the
QBO and ENSO, volcanic eruptions, the Arctic Oscillation, and the 11-year solar activity
cycle are also important driving factors of long-term ozone variation [13,16–19].

The wavelet analysis method, which is an excellent nonlinear analysis method and
spectral analysis method that is widely used in the field of geophysics [20], has also been
applied to investigate the dynamic variation in vertical ozone. Compared with traditional
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spectral analysis (such as Fourier analysis), the wavelet analysis method can find the
variations of power with the time series and the local correlations and relative phases
with other series. Furthermore, the wavelet analysis method can also provide the advance
information for multiple regressions and the forecast of time series by using artificial
intelligence [21]. Previous studies have employed the wavelet analysis method to study
the variations in local or larger-area ozone concentrations and their coupling relationship
with various climatic factors, including solar activity, atmospheric circulation, the ENSO,
and QBO [22–27].

A long-term vertical ozone observational dataset was provided during 2001–2019 by
ozonesonde measurements at the Beijing Nanjiao Meteorological Observatory (116.47◦ E,
39.81◦ N), which is located in the North China Plain, one of the most ozone-polluted
regions in China [28,29]. This ozonesonde dataset is also a unique, available, in situ
ozone measurement dataset that reveals the long-term variations in tropospheric and
stratospheric ozone on the North China Plain, particularly around the Beijing region [30].
Previous studies using ozonesonde measurements over Beijing primarily focused on the
vertical characteristics of climatological ozone and its variation (e.g., [7,31–34]); however,
the dominant modes of ozone column variability and the driving factors (such as the ENSO,
QBO, and 11-year solar activity cycle) of local ozone variation have not been well discussed
from the perspective of time series analysis. Based on the above considerations, we first
apply wavelet analysis to ozonesonde measurements in Beijing during 2001–2019 to explore
the dominant modes of ozone variability over Beijing, and preliminarily discuss the driving
factors (including the ENSO, QBO, and 11-year solar activity cycle) of ozone variability.
The data and methods used in this study are described in Section 2. The main results of
this study are presented in Section 3, and a conclusion is summarized in Section 4.

2. Data and Methods
2.1. Ozonesonde Measurements and Ozone Columns

The ozonesonde was routinely launched once a week during 2001–2019 to provide the
ozone concentration from the ground to a height of ~35 km at the Nanjiao Meteorological
Observatory in Beijing. The release time was ~14:00 China Standard Time when the maxi-
mum surface ozone concentration and highest mixed layer occurred. The average deviation
of the ozone partial pressure originally measured by our ozonesonde and the ENSCI-Z
ozonesonde [35,36] was <0.3 mPa, and the relative difference in the total ozone column
from our ozonesonde and the ground-based Brewer spectrophotometer was 6% [30]. The
monthly mean time series of TOT (Figure 1a), stratospheric column ozone (SCO) (Figure 1c),
and tropospheric column ozone (TCO) (Figure 1e) during 2001–2019 over Beijing were
calculated from ozonesonde measurements and Microwave Limb Sounder (MLS) ozone
climatology. The TOT was calculated by integrating the ozone partial pressure up to 10 hPa
or balloon burst (whichever came first) and then using MLS ozone climatology to estimate
the amount of ozone above [37]; the TCO was calculated by integrating the ozone partial
pressure from the ground to the tropopause derived from the ozonesonde measurements;
and the SCO was the TOT minus the TCO. According to the World Meteorological Or-
ganization [38], the tropopause was defined as the lowest level where the temperature
lapse rate fell below 2 K km−1 and where the average temperature lapse rate between this
level and all the higher levels within 2 km remained below this value (in Figure 1e). The
time series of TOT, TCO, and SCO were detrended and normalized before conducting the
wavelet analysis in order to prevent the distortion of the spectrum and correlation function
and to obtain the standardized wavelet power spectrum [20,39].

2.2. Climatic Indices

The Multivariate ENSO index (MEI.v2) is the time series of the leading combined
Empirical Orthogonal Function (EOF) of five different variables (sea level pressure, sea
surface temperature, zonal and meridional components of the surface wind, and outgoing
longwave radiation) over the tropical Pacific basin (30◦ S–30◦ N and 100◦ E–70◦ W). The
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MEI can provide a more complete and flexible description of the ENSO phenomenon than
can single-variable ENSO indices such as the SOI or Niño 3.4 SST. Negative values of the
MEI (MEI < −0.5) over five consecutive overlapping three-month periods represent the
cold ENSO phase (La Niña), while positive MEI values represent the warm ENSO phase
(El Niño) [40,41]. The cycle of the ENSO event is 2–7 years, and the ENSO event generally
lasts a few months (usually >3 months) to a year. The QBO index is derived from the zonal
mean wind at 30 hPa over the equator, and a westerly (easterly) phase winter is considered
to occur if the anomaly of the QBO index is positive (negative) [42]. The 10.7 cm solar
radio flux (F10.7 index), as an important parameter characterizing the level of solar activity,
has a good correspondence with the number of sunspots, and its value usually exceeds
200 SFU (1 SFU = 10−22 m−2 Hz−1) during the peak of sunspot activity [43]. The F10.7
index has been used in previous studies to investigate the relationship between ozone
variation and solar activity [23,44]. The above climatic indices can be obtained from the
website https://www.cpc.ncep.noaa.gov/ (accessed on 4 October 2023).
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Figure 1. Time series of monthly total column ozone (TOT) (a), stratospheric column ozone (SCO) (c),
and tropospheric column ozone (TCO) (e), the red dashed line in (e) is the monthly tropopause.
(b,d,f) are time series of monthly MEI, QBO index, and F10.7 index, respectively. Some extraordinary
time points mentioned in the text are marked by letters (E: El Niño events; L: La Niña events; P: peak
sunspot activities) in (b,f).

2.3. Methods

The wavelet analysis methods used in this paper mainly include the continuous
wavelet transform (CWT) and cross wavelet transform (XWT). CWT translates the time
series into a time–frequency space to determine the principal patterns of time series variabil-
ity and their temporal characteristics, whereas XWT unveils the relationship between two
time series by analyzing their common power and relative phases in the time–frequency
space [45]. CWT is similar to short-time Fourier transform and can be used to analyze time
series containing nonstationary power at many different frequencies [46]. The wavelet

https://www.cpc.ncep.noaa.gov/
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function ψ0(η) used in CWT is a function with a mean of zero, which is chosen as the
Morlet wavelet function and consists of Gauss modulated plane waves in this study:

ψ0(η) = π−1/4eiω0ηe−η2/2 (2)

where ω0 is the dimensionless frequency, whose value is usually 6 to satisfy the admissibility
condition [47], and η is a dimensionless time variable. CWT of a discrete sequence {xn} is
defined as the convolution of {x n} with a scaled and translated version of ψ0(η):

WX
n (s) =

√
δt
s

N

∑
n′=1

xn′ψ0

[(
n′ − n

) δt
s

]
(3)

where s is the wavelet scale and n is the localized time index, and by using these two
parameters, we can construct a picture showing both the amplitude of any features versus
the scale and how this amplitude varies with time. The complex argument of WX

n (s) can be
interpreted as the local phase, and the wavelet power is defined as

∣∣WX
n (s)

∣∣2. Since CWT is
not completely localized in time and has edge effects, the concept of the cone of influence
(COI) is thus introduced, which denotes the region where the edge discontinuous wavelet
power drops to e−2 of the edge value, and the parts outside the COI are not considered. The
significance level of the wavelet power spectrum is determined by comparison with the
given background power spectrum Pk (usually the red noise standard spectrum) [20,45].

XWT of two time series {xn} and {yn} is defined as:

WXY
n (s) = WX

n (s)WY*
n (s) (4)

where * denotes complex conjugation, and the power of the cross wavelet is defined as∣∣WXY
n (s)

∣∣|. The phase angle of WXY
n can be interpreted as the local relative phase between

xn and yn in the time–frequency space. For details on the significance test and the phase
angle of XWT, please refer to Grinsted et al. [45] and Torrence et al. [20].

To better validate and analyze the power spectra of two time series after performing
XWT, the sliding correlation coefficients (SCC) were introduced for auxiliary analysis. In
Section 3.2, the SCC between the ENSO index and ozone columns was calculated using the
ozone columns and MEI filtered through the 8th-order Butterworth high-pass filter, with a
cutoff frequency of 1 year since the common high-power regions of XWT are concentrated
near the annual cycle. The sliding window was set to 13, and each value represented the
Pearson correlation coefficient for a period of 6 months before and after a time point. In
the following sections, the calculation method for the SCC between the ozone column time
series and the QBO or F10.7 indices was similar.

3. Results
3.1. CWT of Ozone Columns

The power spectra of the ozone columns after conducting CWT are shown in Figure 2.
The high-power regions of the TOT, SCO, and TCO over Beijing that pass the significance
test are concentrated near the annual cycle, indicating that these three ozone columns
mainly obey the annual cycle variability pattern. Specifically, the TOT and SCO variations
over Beijing are driven by the interannual circulation of BDC [21], which shows an interan-
nual cycle pattern of high values in the cold season and low values in the warm season (see
Figure 1a,c). The interannual variations in TCO were influenced by the seasonal variation
in the thermodynamic first tropopause (as shown in Figure 1e). Furthermore, both the TOT
and SCO exhibited strong high-frequency responses (~0.25 years) around 2007 and 2009,
which may have been related to volcanic eruption events that could generate a significant
impact on short-term ozone variations [27]. During these two periods, volcanic eruptions
occurred at Tavurvur (4.23◦ S 152.20◦ E, October 2006) and Sarychev (48.09◦ N 153.20◦ E,
June 2009), which could have resulted in an increase in sulfate aerosols that accelerated the
heterogeneous chemistry and reduced the amount of ozone in the stratosphere. Given that
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volcanic eruptions typically have strong geographic limitations [16], the influence on local
ozone concentrations over Beijing may have been limited, and therefore, volcanic activity
may not have been well detected in other years. As shown in Figure 2e, compared with the
TOT and SCO, the variations in the TCO were more susceptible to high-frequency influenc-
ing factors, such as near-surface intense photochemical processes, stratospheric intrusion,
biomass burning, and pollutant transport. The responses of the TCO to high-frequency
influencing factors mainly occurred during the spring and summer periods in 2002, 2003,
2009, 2010, and 2012, which coincided with frequent pollutant transport from wildfire
events in the vicinity of Beijing [34]. Since the narrowest part of the COI was only ~6 years
in the time scale, it was difficult to reveal the relationship between the ozone column
variations and lower-frequency events by using the wavelet power spectra to individual
time series. From the global wavelet power spectra (in Figure 2), it appeared that the ozone
columns in all three altitude ranges may have exhibited lower-frequency responses. For
example, the TOT showed a high-power peak at a lower frequency of ~12 years, but these
power values were not statistically significant. As discussed in the subsequent section, the
analysis combining XWT and SCC will provide a better understanding of the relationship
between ozone columns and lower-frequency events (climate events such as ENSO, QBO
and the 11-year solar cycle) over Beijing.

3.2. XWT of Ozone Columns and Climatic Index

Figure 3 shows the XWT and SCC between the ozone columns and the ENSO index
(MEI) over Beijing. From the regions that passed the significance test of the XWT power
spectra, it was observed that the phase angle of the TCO consistently lagged behind that
of the SCO by approximately 120◦ ± 15◦, which corresponded to 1/3 of a cycle. The
phase angle of the TOT was more similar to that of SCO because the variation in TOT
was primarily determined by SCO. The TCO in the discussion above, calculated from the
surface upward to the thermodynamic first tropopause, was mainly affected by variations
in the tropopause. Although the ozone concentration always exhibits a high value in the
troposphere during the warm season and in the stratosphere during the cold season [7],
the phase lag is not exactly 1/2 of an annual cycle. Hence, the phase differences were
reasonable among the ozone columns in the three altitude ranges in the XWT (the same
was true between ozone columns and QBO and F10.7 indices). Detailed inspection of
the XWT showed that the three ozone columns and MEI had a common high-power
component in the annual cycle for the periods of 2002–2005, 2006–2007, 2009–2012, and
2014–2016. Combined with the corresponding SCC (Figure 3d–f), it was found that the
XWT agreed well with the SCC, as shown around 2011, when the XWT between the TOT
and MEI showed a clear in-phase variation and their SCCs also showed a significant
positive correlation. Within the time periods above, both El Niño (warm-phase) and La
Niña (cold-phase) events occurred. Taking the TOT and SCO as examples, for different
warm-phase events occurring in different time periods, such as around the autumns of
2003, 2007, and 2016, the phase angle within the regions passing the significance test was
240◦ ± 30◦ (stipulating that 0◦ for the rightward direction of the arrow and the phase angle
increases clockwise). This indicated that warm-phase events always led the TOT and SCO
variations by 1/4–1/2 of an annual cycle (approximately 3–6 months). Combined with
Figure 1a,b, it could also be seen that the ENSO warm-phase peaks occurred around the
end of the year and were approximately 3–6 months ahead of the TOT and SCO of the cold
season peaks that passed the significance test. In general, similar to the results in other
mid-latitude regions, the TOT and SCO in Beijing were also affected by ENSO warm-phase
events and exhibited a hysteresis-positive anomaly response [15], and the hysteresis effect
in this process could be explained by the ENSO delayed oscillator theory [48]. Moreover,
the XWT and SCC between the ozone columns (TOT and SCO) and the MEI in Beijing
showed obvious in-phase variations and significant positive correlations on the annual
cycle during the strong cold–warm phase transition period in 2009–2012, which may have
been related to the anomalous BDC and Eliassen–Palm flux dispersion [49].
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TCO, respectively, in which the black line is the frequency distribution of power, and the red dotted
line shows the 5% significance level.
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The XWT and SCC of the ozone columns over Beijing and the QBO index are shown
in Figure 4, in which the XWT shows a continuous common high-power region on the
annual cycle and a small portion of the common high-power region passing the significance
test around the ~2-year cycle. The SCC (calculated using the time series of annual cycle
components of the QBO and the monthly mean ozone columns) exhibited a significantly
positive correlation over most of the time period, with a maximum SCC of 0.95 (0.90)
between the TOT (SCO) and QBO. However, during the 2010–2012 period, the phase
angle between the TOT (SCO) and QBO index was 270◦ ± 30◦, in which the TOT (SCO)
lagged behind the QBO changes; the phase angle between the TOT (SCO) and QBO index
was 180◦ ± 30◦ during the 2015–2017 period when the SCC showed a significant inverse
correlation. Figure 1d further reveals that the abnormal fluctuation in the QBO index
during the above two periods (2010–2012 and 2015–2017) led to the time-lagged variation
in the correlation between the QBO index and ozone columns. In addition, compared
with the TOT and SCO, the XWT of the TCO and QBO index (Figure 4c) showed a ~90◦

phase difference in the annual cycle since the response of the TCO to the QBO indicated
the response of the tropopause to the QBO. The stratospheric mean meridional circulation
(e.g., BDC, Hadley circulation) induced by the QBO in the tropics and mid-latitudes
can cause anomalies in tropopause temperature and tropopause height [50]. According to
Ribera et al. [51], the QBO signal variability in the mid-latitudes of the Northern Hemisphere
led tropopause variability by approximately 1/4 of the annual cycle, which was similar to
the results presented in this study. Overall, the ozone columns and QBO index over Beijing
showed obvious correlations on an interannual cycle scale (i.e., seasonal correlation), with
the TOT and SCO time series mostly positively correlated with the QBO index, and the TCO
lagging behind the QBO by approximately 3 months in the seasonal correlation due to the
influence of the thermodynamic tropopause. The reason for this phenomenon is the strong
seasonality of the meridional circulation anomalies induced by the QBO. This process is
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weaker during the summer in mid-latitude regions but stronger during the winter. The
anomalous circulation modulating the QBO signal is the main cause of the anomalous
ozone variations at mid-latitudes and in Beijing [52].
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Finally, the relationship between the ozone columns and the solar activity index (F10.7)
over three altitude ranges in Beijing was investigated. Since ~20 years of ozonesonde data
in Beijing were available to cover only ~1.9 11-year solar cycles, the preliminary results
discussed here have yet to be verified by accumulating longer time series of observational
data. In Figure 1f, for the about two 11-year solar activity cycles throughout the study
period, the peak of the first cycle was higher than that of the second cycle. Furthermore,
the XWT of ozone columns and F10.7 (in Figure 5a–c) exhibited a high-frequency response
only within a few periods, and no significant correlation was revealed by the SCC between
the ozone columns and F10.7 (Figure 5d–f) over Beijing. The peaks of sunspot activity
anomalies mainly occurred in 2002, 2005, 2012, and 2014 (Figure 1f). The periods of peak
sunspot activities corresponded to the maximum positive anomalous response of the total
ozone [53,54], during which the tropical or global ozone variations can be influenced by
changes in solar UV spectral irradiance and changes in the flux of precipitation high-energy
particles [23]. In summary, the total ozone has a certain lag response to the peak solar
activity, which corresponds to the increase in total ozone; however, the correlation between
the ozone columns over Beijing and the F10.7 index was not obvious except for a small
part of the high-frequency response. This inapparent correlation might be explained as
follows: (1) the ozone column time series in this study is relatively short, containing
~1.9 11-year solar activity cycles, which may make it difficult to comprehensively reveal
the impact of solar activity; (2) the change caused by the solar activity was suggested only
to be ~2% of the total ozone amount with a maximum change occurring at 2–3 hPa in the
upper stratosphere [53,55]; and (3) the ozone columns over Beijing exhibit strong seasonal
variations, which may mask the response of the ozone column to the solar cycle activity to
some extent.
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4. Conclusions and Discussions

By using ~20 years of ozonesonde measurements over Beijing to construct monthly
time series of ozone columns in three altitude ranges (TOT, SCO, and TCO), this study
applied the wavelet analysis method and sliding correlation coefficients algorithm to
investigate the dominant modes of ozone column variability and its relationship with
the climatic indices of ENSO, QBO, and solar activity cycle. The main conclusions are
summarized as follows.

The continuous wavelet transform analysis revealed that ozone columns in the three
altitude ranges showed strong interannual variability patterns, among which the high-
frequency responses of TOT and SCO in 2007 and 2009 may have been related to the eruptive
activities of Tavurvur and Sarychev. Compared to the TOT and SCO, the TCO was more
susceptible to high-frequency influencing factors that coincided with pollutant transport
from wildfire events around the Beijing ozonesonde site reported by [34]. The cross wavelet
transform and slip correlation coefficient analyses showed that the relationships between
the ozone columns and the ENSO and QBO over Beijing were consistent with those in other
mid-latitude regions. During the ENSO warm phase periods that passed the significance
test in 2003, 2007, and 2016, the TOT and SCO revealed positive anomalous responses
to the ENSO warm phase events, and the ENSO warm phase peaks were approximately
3–6 months ahead of the winter peaks of the TOT and SCO. During the transition period of
the strong cold-warm phase from 2009 to 2012, there was a significant positive correlation in
the annual cycle between the variations in ozone columns and the ENSO index. The QBO-
driven meridional circulation process was characterized by strong interannual variability,
which led to a significant interannual positive correlation between the QBO index and
the ozone columns (TOT and SCO) over Beijing, except for two anomalous fluctuations in
2010–2012 and 2015–2017. The TCO lagged behind the QBO variations in the correlation
by approximately 3 months due to the influence of the thermodynamic tropopause. In
general, no obvious correlation was shown between the solar activity index (F10.7) and the
variations in the ozone columns over Beijing, which may have been due to the reasons such
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as the relatively short time series analyzed (~1.9 11-year solar activity cycles), the relatively
small changes of ozone columns caused by solar activity, and strong seasonal variations of
the ozone columns in this study. The accumulation of longer time series of observational
data may help comprehensively recognize the response of the ozone column to the solar
cycle activity over Beijing region.

In this study, we utilized the wavelet analysis method to study the driving factors of
the abnormal ozone concentration over Beijing and the time period of their occurrence.
However, the driving mechanisms of the climatic factors on ozone variation are complex,
especially for localized ozone variability, and there are also interactions between different
climatic factors. The preliminary results presented in this study were derived based on
~20 years of ozonesonde measurements and climatic indices, and the mechanism between
a climatic factor (especially the solar cycle activity) and ozone variation may still need to
be further verified by accumulating longer time series of observations and other auxiliary
data (such as the reanalysis data and satellite data). Furthermore, we can combine the
observational data and chemical model such as WRF-CHEM or WRF-CMAQ [56–60], which
can set up the sensitivity test for more in-depth qualitative or quantitative analysis of a
chemical or physical process that affects ozone variability. The adoption of such a chemical
model can facilitate a better understanding of the variations in ozone at different altitudes
over Beijing and their driving mechanisms.
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