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Abstract: The objective of this paper is to estimate the trend of Total Ozone Column (TOC) over
Togo. Multi Sensor Reanalysis-2 (MSR-2) TOC over the entire territory of Togo were used. Multiple
Linear Regression (MLR) method has been applied to retrieve the interannual contributions of
different forcings and the long term variability. It was found that the Annual Oscillation (AnO), the
Quasi Biennial Oscillation at 30 mb (QBO30), the Solar Flux (SF), and the El Nifio-Southern
Oscillation (ENSO) have statistically significant influence on the interannual variability of the TOC.
The strongest contribution (22 + 1.4 DU) is allocated to the AnO while the weakest (< 1 DU) is
attributed to the Semi-Annual Oscillations (SAnO). Before the peak year of Equivalent Effective
Stratospheric Chlorine (EESC) in tropics in 1997 the trend is negative (- 0.3% * 0.9% per decade) and
is not statistically significant. After the peak year, a statistically significant positive trend is
observed. The trend of TOC is 0.6% + 0.2% per decade. The monthly TOC trend over Togo is positive
and statistically significant during the rainy season (particularly during the monsoon period) except
in April, unlike during the harmatan period (DJF) where the trend is not significant.
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1. Introduction

Stratospheric ozone plays an essential role in sustaining life on earth by filtering the
most energetic solar ultra-violet (UV) radiations. Prolonged exposure without protection
to these UV radiations, causes serious health risks (e.g. skin cancer) [1] and also affects
biodiversity, especially crops and the marine ecosystem [2, 3]. Given this important role
played by stratospheric ozone, it is therefore necessary to regularly monitor its evolution.
Ozone is more produced in the tropical zone and is transported to extratropical zones by
the Brewer-Dobson Circulation (BDC) [4, 5, 6]. The trend of the TOC in the tropics after
the year of the peak of the EESC is low compared to the extratropical zones [7]. Similarly,
a decreasing ozone in the lower stratosphere in the tropical zone since 1998 has been
observed [8]. The MLR method applied in several studies of the trend of variability of the
TOC [9, 10, 11, 12] is also used in this work to study TOC over Togo during the period
1979-2020. Togo is a West African country located in the intertropical zone between 6° N
and 11° N, and between 0°14' W and 1°65' E. Being a stakeholder in the Montreal Protocol,
Togo has made commitments not only to reduce Ozone Destruction Substances (ODS)
emissions, but also to undertake ozone layer observation activities according to its
supports funders. This study was carried out, in order to characterise the long-term trend
of TOC over Togo and determine the contribution of dynamical and other major forcings
to its interannual and decennal variability. The 1979-2020 period is chosen because the
MSR-2 ozone data used in this work are not available before and after that period. It is
consistent with the period when an important ozone depletion was observed until the
mid-1990s followed by an expected increase in ozone on a global scale [13]. Also, the time
series corresponds to a moment when the planet is experiencing a phenomenon of global
warming caused by the anthropogenic increase of Greenhouse Gas (GHG) emissions, and
therefore a warming of the troposphere which in turn cools the stratosphere [14].
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The structure of the paper is as follows: in Section 2 the methodology and data used
are presented. The analysis of ozone over Togo is described in Section 4 to determine the
contribution of different forcings, and trend since 1997 and monthly trend of ozone
according to monsoon and harmattan periods in Togo. Finally, the conclusion of the study
is presented in Section 5.

2. Data and Methodology

In order to study the interannual and long-term variability of TOC over Togo, a
multilinear regression method was applied to MSR-2 [15] data covering the period 1979-
2020.

2.1. MSR-2 (Multi-Sensor Reanalysis - 2 ) total ozone

MSR-2 ozone data is built on the basis of fourteen (14) satellite data sets [15].
Positioned in polar orbit, the 14 satellites measure in the Huggins UV band (305-340 nm).
The first step in data construction is to apply error bias correction to the 14 satellite
datasets based on total ozone column measurements from TOC ground-based and UV
measurement stations. The correction is made according to the solar zenith angle (SZA),
viewing zenith angle (VZA), effective stratospheric temperature, time and offset (with
year 2000 reference). The second step is to apply the data assimilation method to satellite
datasets to create global ozone data. The assimilation method is that of the sub-optimal
implementation of the Kalman filter technique based on the chemistry-transport model
TM3-DAM which gives detailed information on the transport and chemistry of ozone in
the stratosphere, in order to assimilate the data. The data thus constructed lead to version
2 of the MSR called MSR-2 and they are useful for studies of the TOC in places where
measurement stations are lacking such as in Africa, in particular in Togo. The spatial
resolution of the data is 0.5° x 0.5° [16] and corresponds to ozone columns in Dobson Unit
(DU). MSR-2 data was chosen for this study because there is the possibility of extracting
data specific to the Togolese national territory unlike zonal data. These data have been
used to study the trend of total ozone in the southern hemisphere and in the Antarctic [10,
17]. The data collected are monthly average values and cover the 1979-2020 (Figure 1).
These data cover the national territory with latitudes between 6 ° and 11 ° N, and
longitudes between 0 ° 14 'W and 1 ° 65'E. They were downloaded from the website of the
tropospheric emissions monitoring service (TEMIS) of ESA/KNMI at the address:
https://www.temis.nl/protocols/o3total.php (last access: September 17, 2021).
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Figure 1.: Monthly total ozone column over Togo from 1979-2020

2.2. Multilinear regression method

The multilinear regression (MLR) method was applied to study the interannual
variability and trend of TOC over Togo. The MLR method used in this work is similar to
that used in previous works [9, 10, 12]. The method was applied using the R statistical
software [18]. In order to take into account, the autocorrelation of the residuals, the
Cochrane-Orcutt transformation was applied [19, 20] to the MLR method thanks to the
Rcommender (Remdr) library and the package Orcutt of R statistical software allowing to
have a valid MLR model.
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The equation of the MLR method used is schematized by the relation:

Y(t) = K+ 60303003030@) + Cyp010QB010(t) + CpysoENSO(t) + (1)
CspSF(t) + CangAn0(t) + Cspn0SAnO(t) + €, T1(t) + Cr,T2(D)+E ()

where

" Y(t) is the monthly TOC average

* tdesignates the month between 1 and 504 i.e. the number of months between 1979
to 2020,

= K denotes the constant (Intercepts) of the model,

= Cproxy designates the regression coefficients of different proxies, and

" € (t) is the total of the residuals of the ozone anomalies.

The regression coefficients have the same unit as the Y (t). Each proxy except T1, T2,
AnO and SAnO was divided by its amplitude (Max-Min) allowing to have the anomalies
of the proxies introduced into the model.

In this equation:

=  The explained variable is the monthly average TOC for the time series
and constitutes the input value of the MLR;

= The explanatory variables are the Annual Oscillation (AnO), Semi-
Annual Oscillation (SAnQO), the anomalies of Solar Flux (SF), El Nifo-
Southern Oscillation (ENSO), Quasi Biennial Oscillation at 30 mb
(QBO30), Quasi Biennial Oscillation at 10mb (QBO10) and the linear
trend functions (T1; T2). The QBO, ENSO and SF explanatory variables
linked to the contribution of dynamical and radiative processes on
total ozone interannual variability are the usual ones already used in
different studies [18, 19].

The AnO term corresponds to the annual variation of ozone and the SAnO term to
the semiannual variation. The AnO is at the origin of the annual variation of ozone and
both the AnO and SAnO act on the ozone according to the altitude and to the periods of
equinoxes and solstices. Their indexes are defined by the following functions:

An0 = cos(E+ 2y and  SAnO = sin(C= + 25 (2)
12 180 6 ' 180
where
* tis the ranks of the months in the time series.
= I is the phasing coefficient between the TOC time signal and the AnO or
SAnO.

In this study [ is set at -15 to simulate the AnO from climatological TOC MSR-2 data
(Figure 2a).
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Figure 2. Climatology of TOC (a) and the estimated proxies corresponding to the ANO and SAnO
(Eg; 1) to simulate the climatology of TOC (b) in DU above Togo. The TOC is in DU while the AnO
and SAnO are in non-unit (n.u).

Regarding the solar flux, it measures the variation of solar activity that influences the
ozone content. The SF at 10.7 cm wavelength is used [18, 10, 20, 21] and is represented in
Figure 3.

According to Labitzke et al. and Gray et al. [22, 23], the ozone balance is influenced
by the variation in the activity of the sun through the radiative and photochemical forcing
that it induces [24].
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Figure 3. Solar Flux (SF) index at 10.7 cm wavelength in sfu (solar flux unit) with 1 sfu =
10722, m™2. Hz !

The indexes of ENSO forcing are represented in Figure 4. The ENSO influences the
change in atmospheric circulation by reinforcing these positive and negative anomalies in
ocean surface temperature [25, 26].This results in the reinforcement of the transport of
ozone towards the subtropics leading to a decrease in ozone in the east of the Pacific and
an increase in the west [27, 28].In these works, the MEI (Multivariate ENSO Index) indexes
of ENSO are used [29, 18, 21].
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Figure 4. Multivariate ENSO Index version 2(MELv2).
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The QBO manifests in the tropical stratosphere as a reversal of the zonal winds with
descending cycles with mean period of 28 months also with important impacts on the
global circulation of the atmosphere. QBO30 is used in these works because it influences
ozone variability in the tropics and mid-latitudes [30, 18, 31, 32]. The QBO30 is combined
with the QBO10 to optimize the phase contribution of the QBO. Their indexes are shown
in Figure 5.
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Figure 5. Quasi-biennial Oscillation at 30 mb (QBO30) and at 10 mb (QBO10) index.

The two linear functions T1 and T2 (Figure 6) represent the trend for the period before
and after the turnaround year in 1997 corresponding of peak of EESC in the tropics. As an
approximation, they are represented by a linear function of time and considered as
piecewise linear trends (PWLT) with the year of change set in 1997 [11, 33].
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Where T, is the last month of the year preceding the year in which the EESC started
by decreasing so here corresponds to the month of December 1996 (216" month of the time
series) and Tend to the last month of the series (504t month).

The proxy for the trend is expressed in "year" and the regression coefficient in "DU

per year"
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Figure 6. Trend functions T1 and T2 (see Eq. 3) as a function of the year.

The sources of the other proxies apart from T1, T2, AnO, and SAnO are presented in
Table 1.
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Table 1. Proxies used in this paper are present in column 1 and corresponding sources and
characteristics in column 2 and 3 respectively.

Proxy Source Characteristics
Freie Universitat Berlin
Department of Earth Sciences/Institute of
OBO 30 and 10 Meteorology/Atmospheric Dynamics Monthly mean quasi-biennial oscillation at
30mb and at 10 mb
https://www.geo.fu-
berlin.de/met/ag/strat/produkte/qbo/qbo.dat
NOAA Physical Science Laboratory
ENSO_MEI https://psl.noaa.gov/enso/mei/data/meiv2.data
Last acces : September 17, 2021
The National Research Council Canada Dominion Radio
Astrophysical
,Observatory in Penticton
ftp://ftp.geolab.nrcan.gc.ca/data/solar_flux/monthly_averages/s Monthly averages of solar flux at 10.7 cm
olflux_monthly_average.txt wavelength
ftp://ftp.seismo.nrcan.gc.ca/spaceweather/solar_flux/monthly_a
verages/solflux_monthly_average.txt
Last access: November 25, 2021

Monthly average of ENSO Multivariate
ENSO Index Version 2

SF

3. Evaluation of the MLR model

With the Cochrane-Orcutt transformation, the autocorrelation coefficient of the MLR
modelis ~ 0.2. This value of autocorrelation coefficient is close to zero showing a negligible
autocorrelation between the residuals and thus making the model more robust and
therefore applicable.

The relevance of the values of the coefficients will be validated on the basis of the
value of the adjusted R? coefficient of determination which should be close to 100%, and
the p-value of the model which should be less than 0.05

Table 2. General characteristics of the model.

R? R?adjusted p-value
76% 75% <5.37 - Exp(-147)

The adjusted R? which takes into account the explanatory variables (proxies) and
which gives the percentage of the variability explained by the model after the Cochrane-
Orcutt transformation is 75% which is close to 100%. The model after the Cochrane-Orcutt
transformation then explains 75% of the variability of the TOC over Togo. Similarly, the
p-value of the model is much less than 0.01 (Table 2).

The MLR model uses the same dynamical and radiative forcings as those of the
Trend-Run used by Toihir et al. [18] except QBO10. It is different from that used by Weber
et al. [12] in the sense that the proxies used are not the same and the year of the peak of
the EESC considered here is 1997 whereas it is 1995 for the model used by them. Indeed,
in their first model, they used two aerosol terms (Mt. Pinatubo 1992 and El Chichén 1983),
the solar cycle term, QBO10, QBO50 and ENSO apart from the two independent linear
trend terms. In the second version of their model, they included the Arctic (AO) and the
Antarctic Oscillation (AAO), and the BDC (100 hPa eddy fluxes in the Northern and
Southern Hemisphere). Otherwise, our model is different from the LOTUS (Long-term
Ozone Trends and Uncertainties in the Stratosphere) model which is written in Python
language and which makes it possible to evaluate the trend of the vertical profile of ozone
[37].
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In view of the previously discussion, the model resulting from the Cochrane-Orcutt
transformation, applied is adapted to estimate the contribution of proxies, thus showing
the quality of the results of the contributions of the forcings and the trend obtained.

4. Ozone above Togo

The regression coefficients of the forcings after model applications are summarized
in Table 3.

Table 3. Regression coefficients of the forcings (DU).

AnO QBO 30 SF ENSO SAnO QBO10
-15.38+0.71 9.39+0.29 6.62+0.17 -5.22+0.18 0.59+0.71 0.98+0.31

Table 4 gathers the contributions in absolute value and in percentage of the proxies
which are significant and therefore influence the TOC above Togo. The contribution of the
different forcings was estimated by the formula Cx X20, where C, is the regression
coefficient of the forcings noted X and o,designates the standard deviation of the time
series of each normalized forcing [38].

Table 4. Contributions of the forcings to interannual variability (DU).

AnO QBO 30 SF ENSO
21.84+1.42%% 535057+ 2.25+0.34%%  1.88+0.36***
70% 17% 7% 6%

***: Statistically significant at >2 sigma
It should be noted that the SAnO (0.84+1.42 DU) and the QBO10 (0.60+0.61DU) do not
have a significant contribution to the TOC above Togo.

4.1. Contributions of differents proxies

In absolute value, according to Table 4 and Figure 7 the strongest contribution is
given by the AnO (21.84 + 1.42 DU) while the smallest is given by SAnO (0.84 + 1.42 DU).
In fact, AnO characterizes the mechanism reflecting the seasonal variations of weather
and climate, which are the engine of the annual distribution of ozone therefore we can
conclude that the variability of TOC above Togo is most strongly influenced by the
seasonal variability. The contribution of the AnO is followed by that of the QBO30. After
the QBO30, the dynamic forcing that controls more the variability of the TOC is the SF.
The ENSO contribution follows that of the solar flux.

Contributions in DU

AnD QBO30 SF ENSO
Forcings

Figure 7. Forcings contribution at 20 indicated by the error bars.
This result obtained is consistent with that obtained by Zerefos et al. [39] where they

showed that if the contributions of the other proxies, i.e. those of the AnO, the QBO, and
the SF are removed from the TOC time signal in tropical areas, a significant part would

d0i:10.20944/preprints202210.0356.v1
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be explained by ENSO. It is also in line with that obtained by Poulain et al. [40]where they
found that the interannual variability of TOC is contributed about 20% by QBO and 5 to
20% by ENSO in the tropics since in our study 17% (close to 20%) of the contribution is
given by the QBO30 and 6% is given by the ENSO (Table 4).

4.2. Trends

The regression coefficients for proxies T1 and T2, at 2 sigmas are respectively - 0.09 +
0.12 DU. year" and 0.17 + 0.08 DU.year"!. Figure 8 represents the trends before (red line)
and after (cyan line) 1997 obtained by the model. According to this figure; the interannual
variability of the TOC (blue curve) is well represented by the model (black curve).
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Figure 8. Evolution of the monthly average ozone over Togo observed by MSR-2, simulated by the
MLR model and the trends estimated by the model before and after 1997.

Thus, according to the model, the TOC has a statistically insignificant negative trend
before 1997 above Togo. The decrease is a weak value of 0.3% * 0.9% per decade (20).
After 1997, the trend is positive and statistically significant. The rate of increase is 0.6% =+
0.2% per decade (20). This trend close to 1% is different from that obtained in the report
of the World Meteorological Organization (WMO) in 2018 [41], which reports that the
trends of ozone in the tropical band are almost zero during the period 1997-2016. This
difference of 0.6% could be due to the spatial coverage because this study is limited
between 6°N and 11°N while for the WMO, it is a larger region between 20°S5-20°N.
Another hypothesis could be related to the temporal coverage of the data used because
the time series of the study covered shorter period. The trend obtained is close to that
obtained by Weber et al. [12] from the merged GSG and GTO dataset where the trend is
estimated at 0.3%2=0.3% per decade after 1995 in the tropics at latitudes between 20°-20°S.
It is different from the trends close to zero obtained in the tropics at latitudes between 20°-
20°S after 1995; by the same authors from NASA, NOAA and WOUDC merged data. This
difference would be due to the spatial coverage of the data, and to the considered time
series.

Despite this positive trend estimated after 1997, it is quite low (< 1%) and it might not
be linked exclusively to the evolution of ozone in the stratosphere and attributed directly
to the success of the implementation of the Montreal Protocol. According to Ball et al. [42],
the influence of a consequent increase in tropospheric ozone in the tropics may hide an
ever-existing decrease in the lower stratosphere. Indeed, a significant decrease in ozone
in the tropics (20 ° S - 20 ° N) around 35 hPa has been observed by Godin-Beekmann et al.
[43] and an increase in tropospheric ozone over the tropics was found by the work of
Thompson et al. [44] and Leventidou et al. [45]. Furthermore, the positive value observed
for this trend could be related to the cooling of the upper stratosphere resulting from the
increase in greenhouse gas (GHG) emissions, which slows the gas phase ozone loss
mechanisms in that region (Chapter 5 of the WMO report, 2018) [40]. Thus, a
complementary study could be made to elucidate the phenomena of the lower
stratosphere using measurements of ozone profiles by satellites above Togo and to study
the trend in each layer of the atmosphere to explain the origin of this weak observed trend.


https://doi.org/10.20944/preprints202210.0356.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 October 2022 doi:10.20944/preprints202210.0356.v1

4.3. Trend by months

In order to determine the months during which there is a potential recovery of the

ozone layer and to make a link between the variability of the TOC and the monsoon and
harmattan winds in Togo, the trend for each month was estimated. Table 4 presents the
contribution of the different interannual variability forcings, the monthly trend of the TOC
since 1997, the adjusted R? determination coefficient and the autocorrelation coefficient.
All these results are obtained by applying the Cochrane-Orcutt transformation in the MLR
model.
Table 5. Contribution of forcings (QBO30, ENSO, SF) in DU and trends after 1997 in DU.year" for
each month. Values are given at 20. Bold lines refer to harmattan months while bold and italic lines
refer to monsoon months in Togo. Adjusted R? represents the percentage of the variability explained
by the model after the Cochrane-Orcutt transformation and o is the autocorrelation coefficient.

QBO30mb ENSO SF Trend AdjustedR*? ¢
January 6.31+0.46 -5.54+0.36 -0.12+ 0.60 0.07+£0.16  55% 0.20
February 5.36 % 0.46 -5.21+0.36 1.84 + 0.64 0.08+0.18 55% 0.00
March 2.99+048 -5.44+0.36 2.50 £0.59 020+0.14 64% 0.10
April 2.02+0.53 -5.63+0.36 3.70 +0.56 0.10+0.13  68% 0.20
May 2.62+0.58 -4.49+0.36 4.89+0.53 016+0.16  56% 0.10
June 5.82+0.62 -1.62+0.37 6.83 £ 0.55 024020 48% 0.00
July 6.92 +0.64 1.89+0.37 6.04+0.50 0.23+0.20 54% 0.40
August 6.31+0.65 1.82+0.37 6.43 +0.58 0.31£0.20 56% 0.00
September 755+ 0.63 1.69+ 0.37 4.89 +0.59 028+024 55% 0.20
October 7.03 +0.62 -1.85+0.37 2.71+ 0.60 029+020 53% 0.30
November  5.97% 0.57 -1.95+0.37 2.59 +0.62 034+0.16 53% 0.00
December  5.23%0.51 -3.63+0.37 1.68 + 0.65 012+016 37% 0.10

According to Table 5 and Figure 9, trends of ~ 0.20 DU in average per year are
obtained and are statistically significant at 20 for the periods June-July-August (JJA),
September-October-November (SON), March and May which correspond to + 1 month to
periods of rain in Togo. The contributions of QBO30 and ENSO are significant throughout
the year. As for the solar flux, its contribution is significant throughout the year except
during the month of January. These trends observed in the rainy season could be linked
to the lightning triggered during the rainy season in Togo which generates NOx (LNOx)
contributing to the photochemical production of ozone in the lower stratospheric layer
[46]. This same relationship between the TOC trend and NOx was established in the work
of Toihir et al. [18] to explain the strong TOC trend observed at the Bauru site.
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Figure 9. Trend in the variability of ozone per month (20) in Togo after 1997.
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Figure 10. Seasonal contribution of ENSO.

Finally, from this part of the work, it is to be concluded that the monthly trend of
TOC is positive and significant in rainy season (particularly in monsoon period) except in
April but it is not significant in harmattan period.

5. Conclusion

This work, which is a contribution to the observation of the total ozone column is the
first study that targets the evolution of ozone above Togo. In this study the long-term and
interannual variability of the TOC were analysed. This study has, quantified the influence
of the different forcings on the interannual variability of the TOC. As expected, the set of
standard proxies considered in this study were presented a significant contribution at >2c
except QBO10 and SAnO. In addition, the study quantified the trends before and after the
year of the peak of EESC in the stratosphere in 1997. Thus, before the year of the peak, the
trend is weak and statistically insignificant. After the year of the peak, a statistically
significant positive trend is observed which cannot be directly associated with the success
of the implementation of the Montreal Protocol. The recovery rate of the total ozone
column is 0.6% * 0.2% per decade which therefore shows a smaller increase of total ozone
column above Togo compared to the extra areas tropical regions where the rate is above
1% (1.74% = 0.40%) according to the work of Toihir et al. [18]. It is possible that this weak
trend obtained is due to certain factors such as a decrease in ozone at 35 hPa observed by
Godin-Beekmann et al. [42] and an increase in tropospheric ozone over the tropics [44, 47,
45, 48]. Thanks to this study, it was also shown that the variability of the TOC during the
year is positive and significant in rainy month except April. As perspectives of this work,
a complementary study could be made to elucidate the phenomena of the lower
stratosphere above Togo and to study the trend in each layer of the atmosphere.
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