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Abstract: Ozone plays an important role in the Earth’s atmosphere. It is mainly formed in the
tropical stratosphere and is transported by the Brewer–Dobson Circulation to higher latitudes. In
the stratosphere, ozone can filter the incoming solar ultraviolet radiation, thus protecting life at the
surface. Although tropospheric ozone accounts for only ~10%, it is a powerful GHG and pollutant,
harmful to the health of the environment and living beings. Several studies have highlighted biomass
burning as a major contributor to the tropospheric ozone budget. Our study focuses on the Natal
site (5.40◦S, 35.40◦W, Brazil), one of the oldest ozone-observing stations in Brazil, which is expected
to be influenced by fire plumes in Africa and Brazil. Many studies that examined ozone trends
used the total atmospheric columns of ozone, but it is important to assess ozone separately in the
troposphere and the stratosphere. In this study, we have used radiosonde ozone profiles and daily
TCO measurements to evaluate the variability and changes of both tropospheric and stratospheric
ozone separately. The dataset in this study comprises daily total columns of colocalized ozone and
weekly ozone profiles collected between 1998 and 2019. The tropospheric columns were estimated
by integrating ozone profiles measured by ozone sondes up to the tropopause height. The amount
of ozone in the stratosphere was then deduced by subtracting the tropospheric ozone amount
from the total amount of ozone measured by the Dobson spectrometer. It was assumed that the
amount of ozone in the mesosphere is negligible. This produced three distinct time series of ozone:
tropospheric and stratospheric columns as well as total columns. The present study aims to apply
a new decomposition method named Empirical Adaptive Wavelet Decomposition (EAWD) that is
used to identify the different modes of variability present in the analyzed signal. This is achieved
by summing up the most significant Intrinsic Mode Functions (IMF). The Fourier spectrum of the
original signal is broken down into spectral bands that frame each IMF obtained by the Empirical
Modal Decomposition (EMD). Then, the Empirical Wavelet Transform (EWT) is applied to each
interval. Unlike other methods like EMD and multi-linear regression (MLR), the EAWD technique
has an advantage in providing better frequency resolution and thus overcoming the phenomenon
of mode-mixing, as well as detecting possible breakpoints in the trend mode. The obtained ozone
datasets were analyzed using three methods: MLR, EMD, and EAWD. The EAWD algorithm exhibited
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the advantage of retrieving ~90% to 95% of ozone variability and detecting possible breakpoints in its
trend component. Overall, the MRL and EAWD methods showed almost similar trends, a decrease in
the stratosphere ozone (−1.3 ± 0.8%) and an increase in the tropospheric ozone (+4.9 ± 1.3%). This
study shows the relevance of combining data to separately analyze tropospheric and stratospheric
ozone variability and trends. It highlights the advantage of the EAWD algorithm in detecting modes
of variability in a geophysical signal without prior knowledge of the underlying forcings.

Keywords: empirical decompositions; EMD; EAWD; multi-linear regression; ozone variability and
trends; stratospheric ozone; tropospheric ozone; southern tropics; Brazil

1. Introduction

Despite being a minor component of the Earth’s atmosphere, ozone plays a crucial
role. It is primarily produced in the tropical stratosphere and transported by the Brewer–
Dobson Circulation (BDC) to higher latitudes. Indeed, the BDC is responsible for large-
scale transport in the stratosphere. Overall, stratospheric ozone filters out incoming solar
ultraviolet (UV) radiation, thereby protecting life on Earth. However, the distribution of
ozone is not uniform; it varies according to height and region. Although most of the ozone
is generated in the tropics, the latter regions are characterized by lower ozone content
than the mid- and polar regions. This leads to more exposure to high and very-high UV
radiation, whatever the season [1]. In the troposphere, ozone makes up only about 10% of
the atmosphere, but it is a potent greenhouse gas and pollutant that harms the environment
and living beings. Among the forcings contributing to the tropospheric ozone budget,
several studies have highlighted biomass-burning (BB) activity and anthropic emissions [2].
Seasonal increases in BB activity impact troposphere composition, including ozone, aerosols,
and carbon monoxide in southern Africa and Latin America [3–6]. In fact, in the Southern
Hemisphere, Latin America and southern Africa are the primary sources of carbonaceous
aerosols due to biomass-burning activity. Peaks in BB activity are generally reached in
August and September in South America and southern Africa, respectively, with fire
seasons lasting from July to November [7,8]. In addition, long-range transport contributes
to the dispersion of air masses and ozone near and far from production/reduction regions,
which influences ozone variability. By using FTIR (Fourier transform infrared) data and the
FLEXPART model, Duflot et al. (2010) [5] identified southern Africa and South America as
the principal sources of CO over Reunion Island, a subtropical site in the southwest of the
Indian Ocean.

Du Preez et al. (2021) [9] used ground-based aerosol and ozone data to investigate
their effects on surface UV radiation over Irene (a South African inland weather station
located between Johannesburg and Pretoria at ~1400 m above sea level). They showed
that the tropospheric ozone reaches its maximum partial column (45 DU), and its highest
ozone mixing ratio during spring (October), coinciding with the BB season, with impacts
on the change of surface UV radiation by up to 10%. Bègue et al. (2021) [10] examined the
transport and variability of tropospheric ozone across Oceania and the South Pacific during
the 2019–2020 Australian bushfires, demonstrating how major BB events affect tropospheric
trace-gas abundance, particularly ozone, on a regional scale. Moreover, Khaykin et al.
(2020) [11] reported that these Australian bushfires spread over longer distances, with
planetary-scale repercussions.

The southern tropics are a critical region in the tropospheric and stratospheric ozone
budget. However, they remain poorly documented, given the low density of ground-
based measurements. Over the southern tropics and subtropics, the only network offering
ozone profiles is SHADOZ (Southern Hemisphere Additional Ozonesonde) [12,13]. It
has been operating since 1998, bringing together nine stations enabling ozone profiles to
be measured up to 30 km. To investigate interannual variability and changes in tropical
ozone, Randel et al. (2011) [14] combined long-term stratospheric ozone observations
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from the Stratospheric Aerosol and Gas Experiment II (SAGE II) satellite (1984–2005) with
SHADOZ ozone measurements (1998–2009). They compared the two data sets for the
common period 1998–2005 and found that they showed excellent agreement. They also
found that the interannual variability of stratospheric ozone is dominated by the effects of
the quasi-biennial oscillation and the El Niño Southern Oscillation, with significant negative
trends (−2 to −4% per decade) in the lower tropical stratosphere. Moreover, Toihir et al.
(2018) [15] also used SHADOZ ozone data, but over a longer period (1998–2012), completed
by satellite measurements, to study long-term variability in ozone trends at eight Southern
Hemisphere tropical and subtropical sites. They analyzed ozone variability and trends
for specific sites, altitude ranges, latitudes, and regions, by applying a MLR model called
Trend-Run [16,17]. Thompson et al. (2021) [17] used more recent SHADOZ data, from 1998
to 2019, to analyze free tropospheric and lowermost stratosphere ozone variability and
changes. Their results show that ozone trends vary seasonally and regionally depending
on the site, but globally indicate an increase in free tropospheric ozone, up to 15% per
decade, and a decrease in the lower stratosphere of around −3% per decade. In their
study, closer to the equator, Sousa et al. (2020) [18] analyzed trends of total columns of
ozone (TCO) by combining ozone measurements from Dobson spectrophotometers with
TOMS (Total Ozone Mapping Spectrometer) and OMI (Ozone Monitoring Instrument)
records over two tropical Brazilian sites: Cachoeira Paulista (22.68◦S, 45.00◦W) and Natal
(5.40◦S, 35.40◦W). They reported a negative trend in TCO at Natal over the 1978–2013
period (−0.78%). Bencherif et al. (2020b) [19] combined 20 years (1998–2017) of radiosonde
ozone profiles with TCO measured by a colocalized Dobson spectrophotometer at Irene
station, to analyze tropospheric and stratospheric ozone trends separately, using the MLR
Trend-Run model and the Mann–Kendall test. They obtained a significant decrease and
increase in the stratospheric and tropospheric columns of ozone, respectively. The MLR
Trend-Run model was used in many previous studies and was successful in ozone, and
temperature trend estimates [15–17].

This paper describes a study that focuses on examining the variability and changes of
ozone in both the troposphere and the stratosphere. This is important because most studies
that examine ozone variability and trends only use the TCO time series, which doesn’t
provide a separate assessment of ozone in the troposphere and stratosphere. By combining
TCO and ozone profiles, one may expect to make more accurate conclusions about the
forcings that contribute to the variability of ozone in each layer.

Recently, two methods have been increasingly used in analyzing climate and mete-
orological data: the Empirical Modal Decomposition (EMD) developed by Huang et al.
(1998) [20], and the Empirical Wavelet Transform (EWT) described by Gilles (2013) [21].
Both have the advantage of being driven by real observations and allow the extraction of
the Intrinsic Mode Functions (IMF) in addition to a trend component. Thus, decomposition
methods seem to have an advantage over linear methods as they do not require prior knowl-
edge of the forcings that contribute to the variability of the studied geophysical signal.

In this paper, we applied a new decomposition method called EAWD (Empirical
Adaptive Wavelet Decomposition) developed by Delage et al. (2022) [22], which combines
the advantages of EMD and EWT methods. As described by Delage et al. (2022) [22], the
EAWD technique permits the identification of the different modes of variability present
in the analyzed signal. It does this by summing up the most significant Intrinsic Mode
Functions (IMF). The Fourier spectrum of the original signal is broken down into spectral
bands that frame each IMF obtained by the EMD. Then, the EWT is applied to each spectral
band. In addition to numerical methods, the paper aims to analyze the obtained ground-
based ozone time series in comparison with satellite observations from the TOMS, and OMI
instruments, and with a combination of OMI and MLS (Microwave Limb Sounder) datasets.

The outline of this paper is as follows. The following section provides information
on the data and numerical methods used; Section 3 presents and discusses the results on
ozone variability and trend estimates over the study site. Finally, Section 4 summarizes the
findings and presents conclusions.
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2. Materials and Methods
2.1. Natal Ozone Time Series

The Natal observatory station (5.40◦S, 35.40◦W) is operated by the INPE, the Brazilian
National Institute for Space Research. A Dobson #093 spectrometer has been operating
there since 1978, and ozone-sonde measurements started in 1998 in the framework of the
SHADOZ program (Thompson et al., 2004) [23]. The Natal site features one of the oldest
ozone stations in Brazil and Latin America. It is the state capital of Rio Grande do Norte, a
state in the northwestern region of Brazil (see Figure 1). Depending on the altitude layer,
the Natal location is expected to be under the influence of African and Brazilian fire plumes,
which may modulate the tropospheric ozone variability [24].

Remote Sens. 2024, 16, x FOR PEER REVIEW 4 of 16 
 

 

and OMI instruments, and with a combination of OMI and MLS (Microwave Limb 
Sounder) datasets.  

The outline of this paper is as follows. The following section provides information on 
the data and numerical methods used; Section 3 presents and discusses the results on 
ozone variability and trend estimates over the study site. Finally, Section 4 summarizes 
the findings and presents conclusions. 

2. Materials and Methods 
2.1. Natal Ozone Time Series 

The Natal observatory station (5.40°S, 35.40°W) is operated by the INPE, the Brazilian 
National Institute for Space Research. A Dobson #093 spectrometer has been operating 
there since 1978, and ozone-sonde measurements started in 1998 in the framework of the 
SHADOZ program (Thompson et al., 2004) [23]. The Natal site features one of the oldest 
ozone stations in Brazil and Latin America. It is the state capital of Rio Grande do Norte, 
a state in the northwestern region of Brazil (see Figure 1). Depending on the altitude layer, 
the Natal location is expected to be under the influence of African and Brazilian fire 
plumes, which may modulate the tropospheric ozone variability [24]. 

 
Figure 1. Geographical position of the study site of Natal in the north of Brazil (the red star symbol), 
an equatorial location (5.4°S, 35.4°W) operated by the INPE (National Institute for Space Research), 
Brazil. Cachoeira (22.68°S, 45.00°W), Irene (25.90°S, 28.22°E), and Reunion (20.89°S, 55.53°E) sites 
are indicated by red dots. 

2.1.1. Satellite Observations: TOMS, OMI, MLS-OMI 
For this study, ozone measurements from satellites were used and combined with 

ground-based observations at Natal. Satellite data are from the Total Ozone Mapping 
Spectrometer (TOMS) on board the Earth-Probe Total satellite, and from the Ozone Mon-
itoring Instrument (OMI) and Microwave Limb Sounder (MLS) instruments on the Aura 
satellite. TOMS is a spectrometer with nadir viewing, with vertical and horizontal resolu-
tions of 77 km and 50 km × 50 km, respectively. Its method of ozone retrieval is based on 
the principle of differential absorption by ozone of the solar and Earth’s atmosphere 
backscatters directed towards the satellite within six discrete wavelengths [25]. TOMS 
data considered in the present work are from the V8 L3 product overpass for the Natal 
station over the period between 1998 and 2005. As for the OMI instrument, it is on board 
the Aura satellite launched in July 2004 with a near-polar helio-synchronous orbit. Like 
TOMS, OMI performs measurements through the backscatter ultraviolet technique. It has 
three broad spectral bands: UV-1 (270–310 nm), UV-2 (310–365 nm) and visible (350–500 
nm), with a spectral resolution of the order of 0.5 nm [25]. The OMI and TOMS total col-
umns of ozone have a precision of about 3%, and they exhibit good agreement with 
ground-based measurements (Dobson and SAOZ) across the southern tropics and sub-
tropics [15]. TCO from OMI passes over Natal, from August 2004 to December 2019, were 
used together with TCO from TOMS to cover the whole study period (from January 1998 
to December 2019). 

Figure 1. Geographical position of the study site of Natal in the north of Brazil (the red star symbol),
an equatorial location (5.4◦S, 35.4◦W) operated by the INPE (National Institute for Space Research),
Brazil. Cachoeira (22.68◦S, 45.00◦W), Irene (25.90◦S, 28.22◦E), and Reunion (20.89◦S, 55.53◦E) sites
are indicated by red dots.

2.1.1. Satellite Observations: TOMS, OMI, MLS-OMI

For this study, ozone measurements from satellites were used and combined with
ground-based observations at Natal. Satellite data are from the Total Ozone Mapping
Spectrometer (TOMS) on board the Earth-Probe Total satellite, and from the Ozone Moni-
toring Instrument (OMI) and Microwave Limb Sounder (MLS) instruments on the Aura
satellite. TOMS is a spectrometer with nadir viewing, with vertical and horizontal reso-
lutions of 77 km and 50 km × 50 km, respectively. Its method of ozone retrieval is based
on the principle of differential absorption by ozone of the solar and Earth’s atmosphere
backscatters directed towards the satellite within six discrete wavelengths [25]. TOMS data
considered in the present work are from the V8 L3 product overpass for the Natal station
over the period between 1998 and 2005. As for the OMI instrument, it is on board the
Aura satellite launched in July 2004 with a near-polar helio-synchronous orbit. Like TOMS,
OMI performs measurements through the backscatter ultraviolet technique. It has three
broad spectral bands: UV-1 (270–310 nm), UV-2 (310–365 nm) and visible (350–500 nm),
with a spectral resolution of the order of 0.5 nm [25]. The OMI and TOMS total columns of
ozone have a precision of about 3%, and they exhibit good agreement with ground-based
measurements (Dobson and SAOZ) across the southern tropics and subtropics [15]. TCO
from OMI passes over Natal, from August 2004 to December 2019, were used together with
TCO from TOMS to cover the whole study period (from January 1998 to December 2019).

Regarding the tropospheric partial column of ozone (Trop-CO) time series from the
satellite, we used the Trop-CO product retrieved by combining OMI and MLS observations
recorded between August 2004 and December 2019. MLS is a nadir-viewing instrument
that produces around 3500 vertical profiles of temperature, ozone, and other chemical
trace gases every day from the troposphere up to the mesosphere. It does this by mon-
itoring microwave radiation from the Earth’s limb in the forward direction of the Aura
orbit [26]. Daily Trop-CO values were obtained through the method developed by Ziemke
et al. (2006) [27]. They used the tropospheric ozone residual method, which consists of
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subtracting measurements of MLS stratospheric column ozone from OMI total column
ozone, to derive global distributions of tropospheric column ozone, which are then spatially
interpolated each day to fill in the gaps between the actual along-track measurements;
monthly mean fields are calculated by averaging all available daily data within each month.
In their findings, Ziemke et al. (2006) reported that there were no significant calibration
differences for tropospheric ozone measurements between the tropics and high latitudes
when comparing OMI and MLS ozone inversions [27]. However, they did find persistent
differences of 10 DU in the tropics, specifically from June to October over North Africa
and extending westwards to the Atlantic. This feature coincides with the season of sand-
storms originating in the northern African Sahara Desert, but it does not seem to affect the
Natal site.

2.1.2. Radiosonde Data

As for most SHADOZ sites, balloon measurements in Natal are carried out weekly.
Indeed, the number of launches can reach 4 per month. During the study period from 1998
to 2019, 633 profiles were recorded. An ozone-sonde experiment is based on the use of
an electrochemical cell (ECC) device, in addition to temperature, humidity, and pressure
sensors in the radiosonde. The ozone abundance is measured in partial pressure as a profile
from the surface to the altitude where the balloon explosion happens, which is between 26
and 35 km. During the ascent of the balloon-sonde, data are recorded at 2 s intervals and
are subsequently averaged over 100-meter-height intervals. The balloon-sonde is generally
launched at 13.00 UTC, which corresponds to 10.00 local time in Brazil, and the precisions
of SHADOZ measurements have been evaluated to be ~5% [13]. For further information
on the validation of the ECC ozone sensor instrument, the operating mode and algorithm
used for data inversion, and the quality assessment of the ozone sensor, the reader is
referred to the articles by Witte et al. (2017, 2018) [13,28], and by Thompson et al. (2017,
2019) [29,30]. The SHADOZ data used in this study was downloaded from the SHADOZ
website (http://croc.gsfc.nasa.gov/shadoz, accessed on 22 December 2023).

2.1.3. Dobson Spectrometer Observations

The TCO is measured daily at Natal using a Dobson spectrophotometer. Its measure-
ment principle is based on comparing the relative intensity of selected UV wavelength
pairings from the sun or moon. Thus, the quantity of ozone present in a vertical column of
air stretching from the ground to the top of the atmosphere can be determined by measuring
the relative intensities of selected wavelength pairs. The result represents the observed
ozone layer thickness at normal temperature and pressure and is given in Dobson Units
(DU) [31]. The Dobson measurements are processed to obtain average daily TCO values
using software originally developed by Stanek (2007) [32].

There are currently between 60 and 70 Dobson spectrometers in operation around
the world. They form the primary ground-based ozone observation network. In Brazil,
two Dobson spectrometers have been operational. The oldest one is the Dobson #114,
which has been working at Cachoeira Paulista (22.68◦S, 45.00◦W) since 1976 (see Figure 1),
while the Dobson #093 was installed in Natal 2 years later. There is also a network of
Brewer spectrometers in Brazil at 5 locations distributed from the Equator to the South
Pole (Natal, Cuiabá, Cachoeira Paulista, Santa Maria, and Brazilian Antarctica station) also
dedicated to continuously monitoring ozone in the framework of an INPE-NASA long-term
collaboration program. The ozone measurement program in Brazil is operated by the INPE,
in association with research groups from local universities. This is especially the case in
Natal where INPE and the Universidade Federal do Rio Grande do Norte (UFRN) have
been coordinating ozone measurements using Dobson and Brewer spectrometers since
1985 in Natal [33]. The Dobson’s calibration is regularly checked and remains stable to
within 1% of the world-standard reference instruments hosted by NOAA in the United
States and the European-standard instrument operated by Deutscher Wetterdienst in
Germany. The traceability of the calibration of the Dobson network is continually updated

http://croc.gsfc.nasa.gov/shadoz
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by the ad-hoc Dobson committee and can be consulted at this link http://www.o3soft.eu/
dobsonweb/welcome.html (accessed on 22 December 2023). The Natal spectrophotometer
was calibrated in 2010 and 2019.

Many studies that examined ozone trends used the total atmospheric columns of ozone,
but it is important to assess ozone separately in the troposphere and the stratosphere. In this
study, we have used radiosonde ozone profiles and daily TCO measurements to evaluate the
variability and changes of both tropospheric and stratospheric ozone separately, as different
modes of variability that contribute to their generation do not necessarily drive them to the
same degree and therefore may not lead to the same trend. In this study, the time series
for TCO, Trop-CO, and Strat-CO were derived by combining radiosonde ozone profiles
and daily TCO observations recorded by the co-located Dobson spectrometer [18], over the
1998–2019 period. Like the method used by Bencherif et al. (2020b) [19], the tropospheric
column was computed from balloon-sonde ozone profiles between ground and the lapse
rate tropopause (LRT) height. In contrast, the stratospheric column was obtained by
differentiating between TCO and Trop-CO, respectively, obtained from Dobson and balloon-
sonde, and assuming that ozone concentration is negligible in the mesosphere. The missing
ozone data in the ground-based records were completed from satellite observations from
TOMS and OMI for the TCO time series and from MLS-OMI for the Trop-CO times series.
By using this method, it was possible to generate three distinct ozone time series: total,
tropospheric, and stratospheric columns of ozone. Figure 2 shows the monthly variations
of the TCO, Trop-CO, and Strat-CO ground-based time series, superimposed with those
from satellite records, TOMS, and OMI for TCO, and with MLS-OMI for Trop-CO.
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The lower panel of Figure 2 depicts the Trop-CO monthly values obtained from
balloon-sonde profiles (red line and black dots) together with the MLS-OMI values (blue
symbols). The correlation between MLS-OMI and ozone sonde is high (0.79), whereas the
relative difference is low at less than ±8%. The Trop-CO time series was constructed from
radiosonde data and, when radiosonde experiments could not be performed, the gaps were
filled by OMI-MLS values. Regarding the TCO time series, it was constructed based on
monthly averaged TCO as derived from Dobson measurements, and completed by TOMS
and OMI values when there is a gap in data. Figure 2 shows the monthly mean TCO values,
with good agreement between ground-based (Dobson) and satellite (TOMS/OMI) data, a
high correlation coefficient (of the order of 0.80) and minor differences, in agreement with
the findings reported by Sousa et al. (2020) [18]. As described above, the Strat-CO time
series was deduced by subtracting Trop-CO from TCO and assuming that ozone abundance
is insignificant in the mesosphere. It is displayed with the black line on the same graph as
TCO and shows almost the same fluctuations as TCO. This is expected since stratospheric
ozone accounts for ≈90% of total ozone.

This paper aims to investigate ozone time series (TCO, Trop-CO, and Strat-CO) recorded
at Natal, using the Empirical Adaptive Wavelet Decomposition (EAWD) algorithm developed
by Delage et al. (2022) [22]. There are many numerical methods available to process a signal
in terms of variability and trend estimate. The following subsections give an overview of
three numerical methods commonly used to investigate variability and trend in the field of
atmospheric and climate science: the Multi-Linear Regression (MLR), the Empirical Modal
Decomposition (EMD) and Empirical Wavelet Transform (EWT) methods.

2.2. The Multi-Regression Method: Trend-Run Model

The linear multi-regression method is the most common and the oldest used method
for the analysis of the variability of many geophysical parameters. The Trend-Run model
developed at Reunion University is based on the MLR method [16,17]. It has been suc-
cessfully applied to several observation time series of meteorological and atmospheric
parameters, including temperature and ozone [15,16]. The MLR method assumes prior
knowledge of the forcings that may contribute to the studied signal. The principle of
the MLR method is based on breaking down a signal x(t) into the sum of forcings that
contribute to its variability, in addition to a trend component R(t):

x(t) = ∑N
i=1 ci·Fi(t) + R(t)

with ci representing the coefficient contribution of the forcing Fi, and R as the trend term
which is parametrized as linear. Indeed, the MLR method requires prior knowledge of the
prevalent forcings and assumes the trend to be linear. The method was applied to the Natal
ozone time series, for comparison with the results from the EAWD method.

2.3. EMD and EWT Decomposition Methods

Several numerical methods have been developed to consider the non-linear and non-
stationary behavior of a signal more effectively. Some of them are well-adapted and deserve
to be extensively applied to meteorological, climate, and environmental data. Two methods
have been increasingly used as both are particularly well suited to the non-stationary
nature of the observational time series: the EMD developed by Huang et al. (1998) [20],
and the EWT described by Gilles (2013) [21]. Unlike the MLR method, the EMD and EWT
decomposition methods do not require prior knowledge of the forcings that contribute to
the variations of the study signal. The EMD operates in the time domain and thus has the
advantage of being driven by real data based on the observations and allows the extraction
of the Intrinsic Mode Functions (IMF), in addition to the implicit trend:

x(t) = ∑N
i=1 IMFi(t) + Residu(t),

where Residu is the residual mode.
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As explained by Huang et al. (1998) [20], the frequency content generated by the
EMD is determined from the relative positions of the maxima of the original signal, which
generates IMFs with close frequencies, sometimes difficult to resolve, leading to what is
called mode-mixing [34]. Indeed, the EMD method has the advantage of being driven
by real data and allows extraction of the significant IMFs, while its main limitation is
the frequency resolution. In contrast, the EWT operates in the frequency domain, and
it is applied to the Fourier transform spectrum of the original signal, which consists of
building an ensemble of pass-band filters from the Fourier spectrum. As described by
Gilles (2013) [21] and shown by Delage et al. (2022) [22], the EWT allows a better frequency
resolution, and thus overcomes the phenomenon of mode-mixing, by partitioning the
spectrum of the original signal into separate spectral bands. However, while the EWT
allows relevant frequencies to be detected in the original signal x(t), it does not allow the
frequencies detected to be linked to a mode of variability, as the EMD does.

2.4. EAWD Decomposition

In this paper, we used the recently developed EAWD decomposition method, which
combines the advantages of both EMD and EWT approaches. The principle of EAWD is
based on identifying the modes of variability in the analyzed signal, in the form of a sum
of the most significant IMFs. When a mode (IMF) shows a low contribution (less than 1%),
it is incorporated into the trend component, the residual mode. The selected IMFs are then
used as frequency supports for the segmentation of the Fourier spectrum of the signal into
spectral bands framing each IMF.

As detailed by Delage et al. (2022) [22], the Fourier spectrum segmentation process
is based on the local maxima of the IMFs spectra provided by EMD and it is performed
according to two criteria: (1) the spectrum of two consecutive IMFs (IMFi and IMFi+1)
contains at most two different dominant frequencies; the frequency with the greatest
spectral density is the dominant one; (2) the local peaks of the spectra of two consecutive
IMFs are subdivided into three groups: the local peaks in the IMFi spectrum, the local
peaks belonging to the intersection of the IMFi and IMFi+1 spectra, and the local peaks
in the IMFi+1 spectrum. The following step consists of applying the EWT to the spectral
bands of each IMF, which makes it possible to identify the different modes of variability
separately, thus avoiding the occurrence of mode-mixing phenomena.

3. Results

To investigate variability and trends, we applied the EAWD method to the TCO,
Strat-CO, and Trop-CO time series recorded at Natal. The results are compared with those
obtained by the EMD and MLR methods in terms of identification and quantification of
ozone variability modes and in terms of trend estimates.

Ozone Variability Modes by EMD and EAWD Methods

As depicted in Figure 3, 5 IMFs were retrieved by applying the EMD and EAWD
algorithms on the Natal total ozone series (TCO). Indeed, in addition to the residual trend
term, the two methods revealed five quasi-similar modes, free of mode-mixing. They are
labelled IMFi, with the i variable between 1 and 5. Each IMF is associated with a mode of
variability with a dominant frequency, and therefore with a period of oscillation. Figure 3f
superimposes the spectral densities of the 5 IMFs, highlighting the separation into disjoint
spectral bands, as achieved by the EAWD method. IMF1 and IMF2 have periods of 6
and 12 months, respectively, and can be associated with semi-annual and annual seasonal
oscillations. The periods of IMF3 and IMF4 are of the order of 26 and 33 months (2.2
and 2.8 years). We associate them with the interannual variability of the QBO, which is
discussed in this paper. As for the IMF5, it is characterized by a period of 133 months
(~11 years). It is, therefore, associated with the 11-year solar cycle. As reported by Delage
et al. (2022) [22], the EAWD decomposition method allows the estimation of the percentage
contribution of the detected modes (IMFs) to the variability of the studied signal. For the
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TCO Natal series, the total contribution of the modes identified (semi-annual, annual, QBO
and solar) is 92.4%, of which 40.9% is associated with the annual cycle and 20.6% with
the semi-annual cycle. As for the residual term, it is associated with the trend profile of
the TCO over the study period. It is discussed in the next subsection. The application of
the EAWD algorithm to the tropospheric and stratospheric ozone time series revealed the
occurrence of a 3-month mode in both signals. The obtained results are summarized in
Table 1.

Remote Sens. 2024, 16, x FOR PEER REVIEW 9 of 16 
 

 

Ozone Variability Modes by EMD and EAWD Methods 

As depicted in Figure 3, 5 IMFs were retrieved by applying the EMD and EAWD 

algorithms on the Natal total ozone series (TCO). Indeed, in addition to the residual trend 

term, the two methods revealed five quasi-similar modes, free of mode-mixing. They are 

labelled IMFi, with the i variable between 1 and 5. Each IMF is associated with a mode of 

variability with a dominant frequency, and therefore with a period of oscillation. Figure 

3f superimposes the spectral densities of the 5 IMFs, highlighting the separation into dis-

joint spectral bands, as achieved by the EAWD method. IMF1 and IMF2 have periods of 6 

and 12 months, respectively, and can be associated with semi-annual and annual seasonal 

oscillations. The periods of IMF3 and IMF4 are of the order of 26 and 33 months (2.2 and 

2.8 years). We associate them with the interannual variability of the QBO, which is dis-

cussed in this paper. As for the IMF5, it is characterized by a period of 133 months (~11 

years). It is, therefore, associated with the 11-year solar cycle. As reported by Delage et al. 

(2022) [22], the EAWD decomposition method allows the estimation of the percentage 

contribution of the detected modes (IMFs) to the variability of the studied signal. For the 

TCO Natal series, the total contribution of the modes identified (semi-annual, annual, 

QBO and solar) is 92.4%, of which 40.9% is associated with the annual cycle and 20.6% 

with the semi-annual cycle. As for the residual term, it is associated with the trend profile 

of the TCO over the study period. It is discussed in the next subsection. The application 

of the EAWD algorithm to the tropospheric and stratospheric ozone time series revealed 

the occurrence of a 3-month mode in both signals. The obtained results are summarized 

in Table 1. 

The application of EMD and EAWD algorithms to the stratospheric ozone column 

(Strat-CO) revealed five modes with periods of 3, 6, 26, 33, and 133 months, with a total 

contribution of 89.5%. As for the results obtained for the tropospheric ozone column 

(Trop-CO), both methods allowed the detection of three modes (with contributions higher 

than 3%) with periods of 3, 6, and 12 months, and a total contribution of 95.4%. Overall, 

regardless of the time series, the EAWD method appeared to be effective and permitted 

the recovery of ~90% to 95% of ozone variability. Taking into account the Residu mode, 

which is associated with the trend over the observation period, it was found that the av-

erage difference between the original signal (e.g., Strat-CO) and the one reconstructed by 

summing the EAWD IMFs (𝑆(𝑡) = ∑ 𝐼𝑀𝐹𝑖 + 𝑅𝑒𝑠𝑖𝑑𝑢 ), is very small (ΔStrat-CO = 0.0049 

DU). The identified forcings are consistent with the findings of earlier studies on ozone 

variability in the tropics. Toihir et al. (2018) [15] analyzed the variability and trends of 

ozone from radiosonde data collected at 8 SHADOZ stations, including the Natal site, 

over the 1998–2012 period. They showed that ~80% of total ozone variability is due to the 

semi-annual, annual, QBO, and solar forcings. More recently, by combining ground-based 

and satellite TCO measurements at Cachoeira Paulista and Natal, Brazil, from early 1970 

to 2013, Sousa et al. (2020) [18] reported the presence of the annual cycle at both sites. 

 

(a) (b) 

 

 

 

 

Remote Sens. 2024, 16, x FOR PEER REVIEW 10 of 16 
 

 

(c) (d) 

  

(e) (f) 

  

Figure 3. (a) IMF1, (b) IMF2, (c) IMF3, (d) IMF4, and (e) IMF5, as detected by the EMD (blue line) 

and EAWD (red line) algorithms applied the TCO at Natal over the 1998–2019 period of observation. 

Plot (f) superimposes their spectral densities. 

One of the remarkable results of the EAWD decomposition is the identification of a 

3-month mode in both tropospheric and stratospheric ozone time series. This mode can 

be associated with the Madden–Julian oscillation (MJO). The MJO is a large-scale coupling 

between atmospheric circulation and tropical deep-atmospheric convection. It is the most 

important mode of inter-seasonal variability in the tropical atmosphere. It is characterized 

by a periodicity between 30 and 90 days [35] and exerts an influence on tropospheric 

ozone [36] and on stratospheric ozone [37]. Indeed, it can be deduced that the separation 

between tropospheric and stratospheric ozone columns and the application of the EAWD 

algorithm revealed the presence of the 3-month MJO, with a higher contribution in the 

troposphere (15.8%) than in the stratosphere (11.9%) (see Table 1). Regarding the semi-

annual mode (6-month period), it is present in both ozone time series. However, its con-

tribution to stratospheric ozone variability is more significant (17.6%), with nearly double 

the contribution to tropospheric ozone variability (8.8%). As for the annual cycle (12-

month period), it appears to be the dominant forcing in the variability of tropospheric 

ozone (69%), while it shows no contribution to the variability of the stratospheric ozone. 

These results on seasonal modes are consistent with those published. Bencherif et al. (2006) 

[16] found similar results using a temperature time series recorded over the southern trop-

ics (South Africa). Indeed, they performed a Fourier analysis at different heights on tem-

perature distributions recorded over the 1980–2001 period in the UT-LS region and high-

lighted two dominant seasonal oscillations: annual and semi-annual modes. Moreover, 

Toihir et al. (2018) [15] showed that, for equatorial stations, the contribution of the annual 

mode is dominant in the tropospheric ozone (where it explains nearly 70% of ozone vari-

ability), and weaker in the stratospheric ozone; while the semi-annual mode shows in-

verse contributions: strong contribution in the stratosphere (~30%) and a weak contribu-

tion in the troposphere (<5%). As far as the QBO mode is concerned, it can be recalled 

beforehand that it is a quasi-periodic forcing that dominates the tropical stratosphere. It 

is characterized by a regular change in the zonal wind over the equator, a downward 

propagation, and a variable period between 24 and 30 months [38]. The QBO leads to 

anomalies in the mean meridional flow and consequently affects the concentrations of 
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The application of EMD and EAWD algorithms to the stratospheric ozone column
(Strat-CO) revealed five modes with periods of 3, 6, 26, 33, and 133 months, with a total con-
tribution of 89.5%. As for the results obtained for the tropospheric ozone column (Trop-CO),
both methods allowed the detection of three modes (with contributions higher than 3%)
with periods of 3, 6, and 12 months, and a total contribution of 95.4%. Overall, regardless of
the time series, the EAWD method appeared to be effective and permitted the recovery of
~90% to 95% of ozone variability. Taking into account the Residu mode, which is associated
with the trend over the observation period, it was found that the average difference be-
tween the original signal (e.g., Strat-CO) and the one reconstructed by summing the EAWD
IMFs (S(t) = ∑ IMFi + Residu), is very small (∆Strat-CO = 0.0049 DU). The identified
forcings are consistent with the findings of earlier studies on ozone variability in the tropics.
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Toihir et al. (2018) [15] analyzed the variability and trends of ozone from radiosonde data
collected at 8 SHADOZ stations, including the Natal site, over the 1998–2012 period. They
showed that ~80% of total ozone variability is due to the semi-annual, annual, QBO, and
solar forcings. More recently, by combining ground-based and satellite TCO measurements
at Cachoeira Paulista and Natal, Brazil, from early 1970 to 2013, Sousa et al. (2020) [18]
reported the presence of the annual cycle at both sites.

Table 1. The cells indicate the percentage contributions of the ozone variability modes as revealed by
the EAWD algorithm when applied to TCO, Trop-CO, and Strat-CO time series obtained at Natal,
Brazil, over the 1998–2019 period. The last line summarizes the estimated trends for the three ozone
time series.

Detected Mode Periods

(Months) (Years) Tropospheric O3 Stratospheric O3 Total O3 Associated Forcing

3 0.25 15.2% 11.5% X Madden–Julian

6 0.5 10.5% 21.0% 20.6% Semi-Annual

12 1.0 69.0% X 40.9% Annual mode

26 2.2 X 30.7% 12.6% QBO1

33 2.8 X 8.3% 8.6% QBO2

133 11.0 X 18.0% 9.7% Solar Cycle

94.7% 89.5% 92.4% Total % of contributions

+4.9 ± 1.3% −1.3 ± 0.8% −0.60 ± 0.30%
breakpoint by 2011 Trend Estimate

One of the remarkable results of the EAWD decomposition is the identification of a
3-month mode in both tropospheric and stratospheric ozone time series. This mode can be
associated with the Madden–Julian oscillation (MJO). The MJO is a large-scale coupling
between atmospheric circulation and tropical deep-atmospheric convection. It is the most
important mode of inter-seasonal variability in the tropical atmosphere. It is characterized
by a periodicity between 30 and 90 days [35] and exerts an influence on tropospheric
ozone [36] and on stratospheric ozone [37]. Indeed, it can be deduced that the separation
between tropospheric and stratospheric ozone columns and the application of the EAWD
algorithm revealed the presence of the 3-month MJO, with a higher contribution in the tro-
posphere (15.8%) than in the stratosphere (11.9%) (see Table 1). Regarding the semi-annual
mode (6-month period), it is present in both ozone time series. However, its contribution to
stratospheric ozone variability is more significant (17.6%), with nearly double the contribu-
tion to tropospheric ozone variability (8.8%). As for the annual cycle (12-month period), it
appears to be the dominant forcing in the variability of tropospheric ozone (69%), while it
shows no contribution to the variability of the stratospheric ozone. These results on sea-
sonal modes are consistent with those published. Bencherif et al. (2006) [16] found similar
results using a temperature time series recorded over the southern tropics (South Africa).
Indeed, they performed a Fourier analysis at different heights on temperature distributions
recorded over the 1980–2001 period in the UT-LS region and highlighted two dominant
seasonal oscillations: annual and semi-annual modes. Moreover, Toihir et al. (2018) [15]
showed that, for equatorial stations, the contribution of the annual mode is dominant in
the tropospheric ozone (where it explains nearly 70% of ozone variability), and weaker in
the stratospheric ozone; while the semi-annual mode shows inverse contributions: strong
contribution in the stratosphere (~30%) and a weak contribution in the troposphere (<5%).
As far as the QBO mode is concerned, it can be recalled beforehand that it is a quasi-periodic
forcing that dominates the tropical stratosphere. It is characterized by a regular change in
the zonal wind over the equator, a downward propagation, and a variable period between
24 and 30 months [38]. The QBO leads to anomalies in the mean meridional flow and
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consequently affects the concentrations of chemical compounds, including ozone. From
Figure 3c,d above, together with Table 1, the EMD and EAWD methods revealed two
IMFs with periods of 26 and 33 months in the stratospheric ozone time series, which we
associated with the QBO forcing. This suggests that the EMD and EAWD decomposition
methods are not able to detect modes with changing periodicity, which is the case for the
QBO. Nevertheless, as can be seen in Figure 4, the summing up of QBO1 (IMF3) and QBO2
(IMF4) (26- and 33-month period modes) results in a signal that is highly correlated with
the zonal wind at 20 hPa over Singapore (correlation coefficient rstrat = 0.75). It should
be emphasized that the stratospheric zonal wind observed in Singapore (1◦N, 104◦E) is
usually used as a QBO index. This shows that some forcings could be derived by combining
the obtained IMFs from EAWD decompositions and confirms that the QBO is the mode
contributing most to the variability of stratospheric ozone over Natal (39.1%).
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Figure 4. Zonal wind at the 20 hPa pressure level over Singapore (1◦N, 104◦E), corresponding to the
QBO index (blue line), superimposed on the sum of IMF3 and IMF4 standing respectively for QBO1
and QBO2, and periods of 26 and 33 months (red line) over the study period from 1998 to 2019.

Regarding the solar cycle forcing, it corresponds to a nearly periodic 11-year change
in the solar activity. It is associated, in the present work, with the IMF5, which has a period
of 133 months (~11 years) (see Figure 3f) and makes an important contribution to the
variability of stratospheric ozone (18%). It also has a high correlation with the solar flux at
10.7 cm (r = 0.53/rstrat = 0.74). The latter is usually used to parametrize the solar cycle [16].

4. Discussion
Trend Estimates by MLR and EAWD

As stated above, the key difference between the MLR method and the EAWD algorithm
lies in the way that the forcing modes of the study signal are defined or detected. The
MLR method requires prior knowledge of the forcing modes, while the EAWD operates
without this. For both methods, the inherent trend in the signal is given by the residual
term. Figure 5 shows the time series together with trend results obtained by applying the
MLR and EAWD methods to the three ozone time series of the present study (i.e., TCO,
Trop-CO, and Strat-CO). For the TCO (Figure 5a), both methods showed a decrease in total
ozone over the observation period. Due to its principle, based on a multi-linear regression,
the MLR trend is linear. It is represented here as a straight line with a negative slope,
which corresponds to a decreasing trend in the order of −0.60 ± 0.30% (−1.6 DU/decade).
This result agrees with the one published by Sousa et al. (2020) [18], who analyzed TCO
trends by combining Dobson and satellite observations over two Brazilian sites, Cachoeira
Paulista and Natal, and found a negative trend in TCO at Natal over the 1978–2013 period,
of the order of −0.78%.
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However, it must be noted that the trend curve obtained by the EAWD method (solid
red line, Figure 5a) does not show the same variation as the MLR trend. It shows two broad
phases, one decreasing between 1998 and 2011, and another one increasing from 2011 to
2019. This gives the EAWD method the advantage of detecting possible breakpoint in the
trend, which seems to appear here by 2011 for total ozone at Natal.

As for the tropospheric and stratospheric ozone time series (Trop-CO and Strat-CO),
the MLR and EAWD methods showed almost similar trends, which are a decrease in the
stratosphere ozone (−3.2 DU/decade, −1.3 ± 0.8%) and an increase in the tropospheric
ozone (+1.7 DU/decade, +4.9 ± 1.3%). This agrees with results reported in recent stud-
ies [18,20]. In the latter work, based on radiosonde ozone profiles from SHADOZ stations
located in the equatorial region (5.6◦N–14◦S), including Natal, the authors found that ozone
increased in the free troposphere (~(1–4)% per decade) but decreased in the lowermost
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stratospheric ozone, i.e., ~(−3)% per decade over the 1998–2019 period. Bencherif et al.
(2020b) [19] combined ground and satellite observations to analyze the ozone time series
at Irene (25.90◦S, 28.22◦E), South Africa, over the 1998–2017 period. They applied the
Trend-Run model (based on the MLR method) and the Mann–Kendall (MK) test, for trend
analysis. In fact, they also showed a decrease in the stratospheric ozone (−0.56% and −1.7%
per decade using MLR and MK methods, respectively), but an increase in the tropospheric
ozone (+2.37% and +3.6% per decade from MLR and MK, respectively). In comparison with
the Irene site, the relatively high increasing trend of tropospheric ozone at Natal may be
related to an increase in emissions of ozone precursors. Furthermore, as reported by Clain
et al. (2009) [39] and by Thompson et al. (2014) [6], the increase in tropospheric ozone can be
associated with increases in anthropic activities (urbanization, transport, industrialization)
and in biomass burning, and, on a larger scale, it can be associated with the long-range
transport of increasing pollution in the Southern Hemisphere. This agrees with the finding
from Kim and Newchurch (1998) [24]. In their work, they investigated the influences of
biomass burning on tropospheric ozone over Natal using radiosonde data. They reported
that the annual maximum of ozone observed during spring (September–November) is
related to the increase in biomass-burning activity. Kim and Newchurch (1998) [24] also
found, from their statistical analysis applied to 22 years of back-trajectory simulations, that
during the fire season, Natal is underneath long-range ozone transport mainly originating
from Africa across the Atlantic Ocean (in ~80% of cases) in the 1–6 km altitude range.

The observed decrease in stratospheric ozone over Natal is in line with global cir-
culation model simulations. These simulations showed that the BDC is predicted to be
accelerating over the next century [40], leading to a decrease in ozone in the tropics and
to an increase at higher latitudes [41]. In addition, Quang Fu et al. (2019) [42] used
satellite MSU/AMSU observations and ERA-Interim reanalysis datasets to examine the
BDC changes for the 1980–2018 period. They showed that the annual average BDC has
accelerated over the past 40 years with a relative strengthening of ~1.7% per decade.

5. Conclusions

This study aimed to gain a better understanding of ozone variability and trend esti-
mates at Natal, an equatorial site in northern Brazil, using traditional multi-linear regression
compared with empirical decomposition methods. We examined the capabilities of the
new EAWD decomposition method developed by Delage et al. (2022) [22] when applied
to ozone time series. The data we used included total columns of ozone together with
tropospheric and stratospheric partial columns, derived by combining ozone profiles and
total columns of ozone recorded by balloon-sonde and Dobson measurements at the study
site. The ozone time series obtained showed good agreement with the satellite products (see
Figure 2), which highlights the advantage of combining these products to create a homoge-
neous ozone time series for studying ozone variability and trends. Our study emphasizes
the importance of combining data to analyze the variability and trend of tropospheric and
stratospheric ozone separately. It is recommended, therefore, to analyze the variability and
trends of ozone by examining the tropospheric and stratospheric components separately,
whenever possible. This is because the different modes of variability that contribute to their
generation do not necessarily drive them to the same degree and so may not lead to the
same trend.

For the Natal TCO dataset, we identified five modes associated with semi-annual,
annual, QBO1, QBO2, and solar forcings accounting for 92.4% of total ozone variability,
of which 40.9% was found to be due to the annual cycle and 20.6% to the semi-annual
cycle. One of the remarkable results from the EAWD decomposition is the identification of
a 3-month mode in both tropospheric and stratospheric ozone time series, while it does
not appear in the TCO data. This mode is associated with the MJO forcing. The annual
mode appeared to strongly drive the variability of tropospheric ozone, with a contribution
equal to 69%, while it made no contribution to the variability of the stratospheric ozone
(see Table 1).
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Unexpectedly, the EAWD decompositions revealed 2 QBO components, QBO1 and
QBO2, in total and stratospheric columns of ozone, which highlights a limitation of this
algorithm in detecting modes with changing periodicity, which is the case for the QBO.
However, the combination of QBO1 and QBO2 allowed us to retrieve the QBO mode, with
a high contribution to stratospheric ozone variability (39.1%).

In addition to the variability analysis, this study compares ozone trends obtained by
the MLR and EAWD methods.

As previously reported by Delage et al. (2022) [22], the EAWD method confirmed the
advantage of detecting possible breakpoints in the trend, which appeared here in 2011 for
total ozone at Natal. Regarding trend analyzes and estimates, the MLR and EAWD methods
showed almost similar trends, namely a decrease in the stratospheric ozone (−1.21%) and
an increase in the tropospheric ozone (+0.64%).

However, it should be emphasized that the EAWD method is still under develop-
ment and needs to be improved to make it automatic, especially in the Fourier spectrum
segmentation process. This requires manual control to ensure no overlap between the
spectral bands framing each mode (IMF). In addition, it is important to be cautious when
interpreting the modes of variability obtained, particularly when they have a variable
periodicity, such as the QBO or the ENSO (El Niño Southern Oscillation).
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