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Abstract

The study presents a long term statistical trend analysis of total ozone datasets ob-
tained from various satellites. A multi-variate linear regression was applied to annual
mean zonal mean data using various natural and anthropogenic explanatory vari-
ables that represent dynamical and chemical processes which modify global ozone5

distributions in a changing climate. The study investigated the magnitude and zonal
distribution of the different atmospheric chemical and dynamical factors to long-term
total ozone changes. The regression model included the equivalent effective strato-
spheric chlorine (EESC), the 11 yr solar cycle, the Quasi-Biennial Oscillation (QBO),
stratospheric aerosol loading describing the effects from major volcanic eruptions, the10

El Niño/Southern Oscillation (ENSO), the Arctic and Antarctic Oscillation (AO/AAO),
and accumulated eddy heat flux (EHF), the latter representing changes due to the
Brewer–Dobson circulation. The total ozone column dataset used here comprises the
SBUV/TOMS/OMI merged data (1979–2012) MOD V8.0, the SBUV/SBUV-2 merged
V8.6 and the merged GOME/SCIAMACHY/GOME-2 (GSG) WFDOAS merged data15

(1995–2012). The trend analysis was performed for twenty six 5◦ wide latitude bands
from 65◦ S to 65◦ N, the analysis explained most of the ozone variability. The results
show that QBO dominates the ozone variability in the tropics (±7 DU) while at higher
latitudes, the dynamical indices, AO/AAO and eddy heat flux, have substantial influ-
ence on total ozone variations by up to ±10 DU. Volcanic aerosols are only prominent20

during the eruption periods and these together with the ENSO signal are more evident
in the Northern Hemisphere. The signature of the solar cycle is evident over all latitudes
and contributes about 10 DU from solar maximum to solar minimum. EESC is found to
be a main contributor to the long-term ozone decline and the trend changes after the
end of 1990s. A positive significant trend in total ozone columns is found after 199725

(between 1 and 8.2 DUdecade−1) which points at the slowing of ozone decline and
the onset of ozone recovery. The EESC based trends are compared with the trends
obtained from the statistical piecewise linear trend (PWLT or hockey stick) model with

30408

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/30407/2013/acpd-13-30407-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/30407/2013/acpd-13-30407-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 30407–30452, 2013

Total ozone trends
and variability from
merged datasets of

satellites

W. Chehade et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

a turnaround in 1997 to examine the differences between both approaches. Similar
and significant pre-turnaround trends are observed. On the other hand, our results
do indicate that the positive PWLT turnaround trends are larger than indicated by the
EESC trends, however, they agree within 2-sigma, thus demonstrating the success of
the Montreal Protocol phasing out of the ozone depleting substances (ODS).5

A sensitivity study is carried out by comparing the regression results, using
SBUV MOD 8.0 merged time series (1979–2012) and a merged dataset combin-
ing TOMS/SBUV (1979–June 1995) and GOME/SCIAMACHY/GOME-2 (“GSG”) WF-
DOAS (Weighting Function DOAS) (July 1995–2012) as well as SBUV/SBUV-2 MOD
8.6 (1979–2012) in the regression analysis in order to investigate the uncertainty in the10

long-term trends due to different ozone datasets and data versions. Replacing the late
SBUV merged data record with GSG data (unscaled and adjusted) leads to very sim-
ilar results demonstrating the high consistency between satellite datasets. However,
the comparison of the new SBUV merged Mod V8.6 with the V8.0 data showed some-
what smaller sensitivities with regard to several proxies, however, the EESC and PWLT15

trends are very similar. On the other hand, the new MOD 8.6 data in the PWLT model
revealed a reduced ODS related upward trend after 1997.

1 Introduction

Total ozone changes reflect changes in lower stratospheric ozone that is governed
by chemical and dynamical short-term as well as long-term variability. Global ozone20

amounts decreased severely between the eighties and the mid-nineties where it
reached minimum values. This decline was mainly due to the impact of the uncon-
trolled anthropogenic emissions containing the halogens, chlorine and bromine (chlo-
rofluorocarbons CFCs, halons), which depleted the stratospheric ozone through cat-
alytic chemistry. The chemical processes involving the ozone depleting substances25

(ODS), in particular the heterogeneous reactions in the polar region (ozone hole),
are well known and documented in previous studies (e.g. Solomon, 1999; Staehe-
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lin et al., 2001) and ozone assessments (World Meteorological Organization, WMO,
1999, 2003, 2007, 2011; SPARC, 1998; Stratospheric Processes And their Role in Cli-
mate, SPARC, 1998). The ODS emissions were controlled by the implementation of
the Montreal Protocol (1987) and its Amendments and Adjustments and global ozone
levels showed a slowing in the decline and started to increase since mid-nineties in re-5

sponse to the phase out of ODS in the stratosphere (WMO, 2003, 2007, 2011 and ref-
erences therein). Some studies on the other hand demonstrated a significant evidence
of a decadal time scale influence of atmospheric dynamics on ozone variability during
the decline till the mid-nineties (e.g. Hood and Soukharev, 2005; Wohltmann et al.,
2007; Mäder et al., 2007; Harris et al., 2008) as well as the increase over northern10

latitudes afterwards (e.g. Reinsel et al., 2005; Dhomse et al., 2006; Wohltmann et al.,
2007; Harris et al., 2008). Long-term variability of stratospheric ozone is also seen to
be influenced by variations in solar radiation (Chandra and McPeters, 1994; Bojkov and
Fioletov, 1995; Miller et al., 1996; Zerefos et al., 1997; McCormack et al., 1997; Hood,
1997; Ziemke et al., 1997; Lee and Smith, 2003; Soukharev and Hood, 2006; Fioletov,15

2009) and aerosols injected in the stratosphere after volcanic eruptions (Hofmann and
Solomon, 1989; Peter, 1997; Solomon, 1999).

Analysis of long-term changes in ozone in order to detect a statistically significant
trend after the levelling off the ODS in the stratosphere requires the full understand-
ing and proper accounting of all the processes contributing to decadal ozone vari-20

ability, which induces considerable uncertainty in trend determination, and to quantify
and separate the relative influence of chemical and dynamical contributors. Global and
long-term total ozone measurements acquired from various satellite borne atmospheric
chemistry sensors (multi-decadal dataset) are very useful to monitor and study the in-
terannual and decadal ozone variability and to determine long term global trends.25

Previous trend assessments modelled the response of ODS related signal in terms
of linear trends based on the expected linear increase and phasing out of ODS. This
statistical approximation of the ODS is well known as the piecewise linear trend (PWLT
or hockey stick) model with a turnaround in the late 1990s, when the stratospheric
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halogens (released from ODS) reached maximum. In this study we used multiple linear
regression which is a standard trend analysis tool to quantitatively asses the observed
total ozone variations due to different natural and anthropogenic influences (WMO,
2003, 2007, 2011 and references therein), with the long-term trend in ozone related to
ODS described by the equivalent effective stratospheric chlorine function (EESC).5

The aim of this paper is first to assess and update the global trends of ozone recovery
and its statistical significance as expected from the turnaround and slow decrease in
stratospheric halogen after measures introduced by the Montreal Protocol and amend-
ments to phase out ODS. The trends are determined from a statistical analysis of thirty
four year of total ozone data. The estimated EESC-based trends are compared with10

the trends obtained from PWLT analysis to assess the differences between the models
as the latter is sensitive to adding more data after the turnaround point. Moreover, the
same statistical analysis is applied to different consolidated ozone dataset to investi-
gate the uncertainty in the long-term trends due to the use of different ozone satellite
datasets.15

In Sect. 2, the major chemical and dynamical processes contributing to ozone vari-
ability are briefly summarized. The zonal mean total ozone datasets of the merged
TOMS/SBUV/OMI V8.0 (1979–2012), the SBUV/SBUV-2 merged V8.6 (1979–2012)
and GOME/SCIAMACHY/GOME-2 (1995–2012) are briefly described in Sect. 3, and
the multiple linear regression model applied to the zonal total ozone data is presented20

in the following section. Section 5 discusses the results in details and the estimates of
the trends are introduced in Sect. 6. The sensitivity of using different ozone dataset in
the regression are presented in Sect. 7, the last section presents the major conclusions
drawn.

2 Main contributors to ozone variability25

The various natural and anthropogenic processes representing the state of the atmo-
sphere (dynamical and chemical), modify the global ozone distributions and conse-
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quently contributing to its variability in a changing climate employed in the multiple
linear regression, are displayed in Fig. 1.

The different processes are briefly summarized below.

2.1 Brewer–Dobson circulation

The ozone abundances in different regions of the atmosphere are determined by a bal-5

ance between photochemical processes (production and loss), catalytic destruction
and, transport. Ozone is produced in the tropical stratosphere but most of ozone is
found at higher latitudes away from its production source. Ozone is transported through
a slow atmospheric circulation in the lower to middle stratosphere that moves the up-
welling air parcels from the tropics poleward, and then subsides in extratropics and high10

latitudes where it builds up. The circulation is a broad hemispheric-scale meridional
overturning which is limited to the winter season and historically known as the Brewer–
Dobson circulation (BDC). The main features of the poleward drift of air masses in
stratosphere were inferred from Brewer (1949) and Dobson (1956) water vapor and
ozone measurements, respectively.15

This meridional circulation is driven by the planetary scale atmospheric waves
(Rossby and gravity waves) which are generated in the troposphere and propagated
upwards to the stratosphere (Haynes et al., 1991; Rosenlof and Holton, 1993; Newman
et al., 2001; Plumb, 2002).

The influence of the meridional circulation in a given winter impacts the ozone vari-20

ability well into spring and summer (Fioletov and Shepherd, 2003; Weber et al., 2011).
In the polar region, the accumulation of the lower stratospheric ozone is strongly gov-
erned by the intensity of diabatic circulation; the stronger the intensity in the winter-
time, the stronger is the meridional mixing and the diabatic descent. This increases
the stratospheric temperatures which weakens the polar vortex and less ozone is de-25

structed by heterogeneous reactions (Chipperfield and Jones, 1999; Fusco and Salby,
1999; Randel et al., 2002).
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The winter accumulated lower stratosphere eddy heat flux is considered a good mea-
sure (proxy) of the inter-annual variability of ozone due to the BDC variations (Fusco
and Salby, 1999; Newman et al., 2001; Randel et al., 2002; Dhomse et al., 2006; Weber
et al., 2011).

The contribution of the large scale stratospheric circulation to ozone fluctuations can5

also be determined by other dynamical explanatory variables such as the dominant re-
current non-seasonal (with no particular periodicity) sea level pressure variation pattern
north/south of 20◦ S/N latitude known as the Arctic Oscillation (AO) (or North Annular
Mode, NAM) and Antarctic Oscillation (AAO) (or Southern Annular Mode, SAM) in-
dices (Fusco and Salby, 1999; Hartmann et al., 2000; Appenzeller et al., 2000; Randel10

et al., 2002; Kiesewetter et al., 2010; Steinbrecht et al., 2001). The QBO phase (see
later section) also influneces the wave propagation and relates to variability in the BDC
(Baldwin et al., 2001).

2.2 Quasi-biennial oscillation

The equatorial stratosphere is characterized by a slow recurring variability in its zonal15

winds which influences the interannual variability of total ozone columns (Baldwin
et al., 2001). The winds propagate downwards and alternatively changing (oscillat-
ing) in the strength and direction, i.e. reverse from easterly to westerly in the lower and
middle stratosphere (∼ 16–50 km) with an average period of about 28 months (Reed
et al., 1961). The fluctuating winds are termed the quasi-biennial oscillation (QBO)20

(Angell and Korshover, 1964) and are the result from the upward propagating equa-
torial waves and mean-flow interaction in the stratosphere (Lindzen and Holton, 1968;
Plumb, 1977).

A secondary meridional circulation by the QBO is induced and superimposed on the
normal Brewer–Dobson circulation which either enhances or weakens the BDC de-25

pending on the phase of QBO. During the westerly phase, maximum diabatic cooling
to space occurs and the air parcels sink leading to an increase in total ozone. This
downward descent is balanced by air parcels rising in the extratropics (decrease in
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total ozone) and an equator-ward drift that slows the BDC. During the easterly phase
of the QBO, the induced circulation reverses. The QBO signal also affects the ozone
variability at high latitudes (Bowman, 1989; Lait et al., 1989; Chandra and Stolarski,
1991) and even effects the distortion of wintertime stratospheric polar vortex by mod-
ulating the propagating extratropical wave flux or Eliassen–Palm flux (Dunkerton and5

Baldwin, 1991). This modulation is called the Holton–Tan effect (Holton and Tan, 1980)
with largest signal in winter and spring (Tung and Yang, 1994; Randel and Cobb, 1994;
Baldwin et al., 2001).

2.3 El Niño-Southern Oscillation

El Niño Southern Oscillation (ENSO) is a coupled atmospheric and tropical Pacific10

Ocean interaction phenomenon (zonal) of warming or cooling fluctuations in sea sur-
face temperatures (SST) and alternating air surface pressure (SP) between the cen-
tral/eastern and western tropical Pacific. El Niño events, the warmer phase, occur when
the sea surface temperatures in the eastern tropical Pacific (South American coast)
are warmer than average due to drift of warm waters from the western Pacific (In-15

donesia) resulting from the weakened easterly trade winds and occur about every 3
to 7 yr. The atmospheric component of the phenomenon (coincided with El Niño and
termed “Southern Oscillation”) represents the occurrence of lower sea-level pressure
near Tahiti and higher sea-level pressure in Australia. During the La Niña the opposite
occurs.20

ENSO is the dominant source of interannual variability of tropical climate. Beside
SST and SP oscillations, it induces interannual global scale changes in ocean cur-
rents, surface pressure, convections, atmospheric temperature and winds, clouds and
precipitation, and impacts the chemistry of trace gases in the troposphere.

During the 1997/98 El Niño event, highest amounts of tropospheric column ozone25

(up to 25 DU increase) were registered in the tropics (Chandra et al., 1998; Fujiwara
et al., 1999; Thompson et al., 2001), half of the increase were attributed to biomass
burning over Indonesia during September–November 1997 and the remaining amounts
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resulted from El Niño driven large scale changes in the ocean–atmosphere dynamics
that transported ozone rich air from the stratosphere to the troposphere as reported by
some modelling studies e.g. Sudo and Takahashi (2001); Chandra et al. (2002); Zeng
and Pyle (2005). Ziemke et al. (2010) even proposed a new El Niño index derived from
column ozone.5

ENSO phases have a global impact, affecting the circulation in the extratropics by
modulating the generation and propagation of Rossby wave which is strongly evident in
the northern winter months (Trenberth et al., 2002). The warm phase is associated with
stratospheric warming (van Loon and Labitzke, 1987; Labitzke and van Loon, 1999),
and a strengthened BDC in the middle atmosphere yielding an enhanced upwelling of10

ozone-rich air from the tropics and a weaker polar vortex (Newman et al., 2001; Randel
et al., 2002; Bronnimann et al., 2004; Manzini et al., 2006; Taguchi and Hartmann,
2006; Camp and Tung, 2007). ENSO results in temperature and ozone anomalies in
the stratosphere that are opposite to the tropospheric anomalies.

2.4 Chlorine and bromine containing ODS15

Anthropogenic halogenated substances (chlorofluorocarbons CFCs, halons) have
been the principal source of stratospheric ozone depletion through catalytic chemistry
over the past few decades (Stolarski and Cicerone, 1974; Molina and Rowland, 1974).
Their very long atmospheric residence times allow them to be transported to the upper
stratosphere where they photo-dissociate producing Cl and Br atoms which destroy20

ozone. Solomon (1999) presents a review of the key processes involved in ozone de-
pletion.

The evolution of the long-lived ODS is a key parameter to describe long term ozone
changes. Equivalent Effective Stratospheric Chlorine (EESC) index is used as a mea-
sure of the inorganic chlorine and bromine amounts accumulated in the stratosphere25

weighted by their ozone-destructive potential and fractional release rate (WMO, 1999,
2003, 2007, 2011). This is proportional to changes in total column ozone (Daniel
et al., 1995). Stratospheric EESC is calculated from the surface measurements of
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tropospheric ODS abundances taking into account the greater per-atom potency of
stratospheric Br compared to Cl in its ozone destruction with a constant factor, α
(EESC = Cl+α ·Br), conversion of Cly and Bry, and for the transit times (or ages) the
air takes to be transported from surface to different regions in the stratosphere. The
implementation of Montreal Protocol and its Amendments and Adjustments, enacted5

in 1987, succeeded in reducing the abundances of the dominant ODS. EESC has lev-
elled off through the late mid-nineties and afterwards started a slow decline. The EESC
index has already been used in several ozone trends statistical models e.g., Newman
et al. (2004); Fioletov and Shepherd (2005); Dhomse et al. (2006); Stolarski and Frith
(2006); Randel (2007); Harris et al. (2008); Kiesewetter et al. (2010).10

2.5 Solar cycle

Sun is the primary source of energy for Earth, any variation in the emitted energy output
has a significant impact on climate and atmosphere (Lean and Rind, 2001; Rind, 2002;
Haigh, 2003). Global total ozone amounts vary by 2 to 3 % during a solar cycle (WMO,
2003, 2007). Solar variability is considered as a dominant form of long-term ozone15

changes and has been included in all ozone trend assessments (WMO, 1999, 2003,
2007, 2011).

The variations of the solar ultraviolet spectral irradiance largely modify ozone photo-
chemistry in the upper stratosphere (Brasseur, 1993). In the lowermost stratosphere,
the solar cycle couples with QBO and modulates stratospheric circulation which in-20

directly effects ozone transport (Labitzke and van Loon, 1993; Kodera and Kuroda,
2002; Hood and Soukharev, 2003). In relation to the 11 yr solar cycle, a clear decadal
response is detected in long-term ozone records and is in phase with it (Chandra and
McPeters, 1994; Bojkov and Fioletov, 1995; Miller et al., 1996; Zerefos et al., 1997;
McCormack et al., 1997; Hood, 1997; Ziemke et al., 1997; Lee and Smith, 2003;25

Soukharev and Hood, 2006; Fioletov, 2009).
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2.6 Aerosols

Major volcanic eruptions inject large amounts of sulfate aerosols into the stratosphere
that perturb stratospheric temperature and circulation and enhance catalytic ozone de-
pletion through heterogeneous chemistry (Hofmann and Solomon, 1989; Peter, 1997;
Solomon, 1999) releasing chlorine and bromine from ODS. The eruptions of the tropi-5

cal volcanoes of El Chichón (Mexico, 1982) and Mt. Pinatubo (Philippines, 1991) were
the major volcanic activities since the late 1970s. The volcanic aerosols were mixed
relatively rapidly throughout the stratosphere in both hemispheres and sedimented out
within couple of years. Stratospheric ozone reduced significantly following the erup-
tions in the Northern Hemisphere (Randel et al., 1995; Solomon et al., 1996; SPARC,10

1998; WMO, 1999, 2003, 2007, 2011) which persisted for two to three years, while
Southern Hemisphere ozone records did not show any pronounced ozone deficit (Fi-
oletov et al., 2002; WMO, 2003, 2007, 2011). Several studies (Schnadt Poberaj et al.,
2011; Aquila et al., 2013) showed that enhanced ozone transport through changes in
dynamical processes counteracted the chemical losses.15

3 Satellite total ozone time series

Zonal mean total ozone columns from the TOMS/SBUV/OMI Merged Ozone Dataset
(MOD) Version 8.0 (Stolarski and Frith, 2006) were used in this study. This dataset
combines data from eight independent backscatter ultraviolet technique (BUV-type)
satellite instruments (Total Ozone Mapping Spectrometer TOMS, Solar Backscatter Ul-20

traviolet SBUV/SBUV-2, and Ozone Monitoring Instrument OMI) with measurements
from 1979 till 2012. Drifts and biases in overlapping periods among instruments were
removed (Stolarski and Frith, 2006). For the sensitivity study, the SBUV/SBUV-2 Ver-
sion 8.6 (MOD 8.6) ozone data product (1979–2012) were also used, the construction
of the MOD V8.6 is based on the calibration and analysis processes presented in De-25

Land et al. (2012), Bhartia et al. (2012) and McPeters et al. (2013). Both MOD V8.0
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and V8.6 can be obtained from http://acd-ext.gsfc.nasa.gov/Data_services/merged/. In
this study we also used the merged GOME/SCIAMACHY/GOME-2 (GSG) total ozone
dataset. This dataset extends from 1995 to 2012 and combines data from GOME
(1995–2003) (Coldewey-Egbers et al., 2005; Weber et al., 2005), SCIAMACHY (2002–
2006) (Bracher et al., 2005) and GOME-2 (2007–present) (Weber et al., 2007). GOME5

was very stable over the operational period (1995–2012) and selected as a refer-
ence for bias adjusting SCIAMACHY and GOME-2 data (Kiesewetter et al., 2010;
Weber et al., 2011, 2012). Adjustments were made by determining a mean scaling
factor (GOME-2 and SCIAMACHY) from the monthly mean zonal mean ozone ratio
with respect to GOME. The data can be obtained from http://www.iup.uni-bremen.de/10

gome/wfdoas/merged/. Figure 2 shows annual means of the area-weighted total ozone
columns over the period 1979–2012 of the different global datasets used in this study
and the ground-based measurements which combines Brewer, Dobson, and filter spec-
trometer data for various zonal bands: global (60◦ S – 60◦ N), middle latitudes in both
hemispheres (35–60◦) and the tropics (25◦ S – 25◦ N), respectively.15

4 Multivariate linear regression

Trends in global total ozone are investigated through a multivariate linear regression
model consisting of various explanatory parameters (as discussed above) which ac-
count for chemical and dynamical processes in the atmosphere. This statistical method
has been frequently used in ozone assessments (Bojkov et al., 1990; SPARC, 1998,20

2010; WMO, 1999, 2003, 2007, 2011, and references therein) in order to assess the
contributions of various natural and anthropogenic changes to long-term and short-
term variability of ozone. The annual mean total ozone column (TOZ) time series is
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constructed as a simple linear sum of explanatory variables time series as follows:

TOZ(n) = TOZ(n)◦ +αEESC ·EESC(n)

+αqbo ·qbo(n)

+αsolar · solar(n)

+αaer ·aer(n)5

+αENSO ·ENSO(n)

+αAO/AAO ·AO/AAO(n)

+αEHF ·EHF(n)

+ε(n) (1)
10

where n is a running index (from zero to 34) corresponding to all years during the
period 1979–2012 while αX represent the time dependent regression coefficients of
each proxy (X ) and ε is the residual or noise time series. The EESC concentration
were obtained from NASA Goddard Space Flight Center web site (http://acdb-ext.
gsfc.nasa.gov/Data_services/automailer/index.html) and were calculated for a mean15

age of air of three years and width of age-of-air distribution of one and half years
(Newman et al., 2006, 2007) and bromine efficiency of α = 60 was used (Sinnhu-
ber et al., 2009). Equatorial zonal winds at 10 and 30 hPa pressure levels (from
FU Berlin, http://www.geo.fu-berlin.de/en/met/ag/strat/produkte/qbo/index.html) were
used to provide the QBO index in the regression analysis. QBO at 10 and 30 hPa are20

out of phase (∼ π/2, Bojkov and Fioletov, 1995; Steinbrecht et al., 2003) and account
for the effect of QBO strength and phase on ozone at different latitudes. This obviates
the need to find the optimal time lag since the effect on ozone in the extratropics is
represented by an optimal lag relation (Bojkov et al., 1990).

To account for the effect of volcanic aerosols after El Chichón and Mount Pinatubo25

eruptions, time dependent stratospheric aerosol optical depth at 550 nm (Sato et al.,
1993) is used. The optical depth (http://data.giss.nasa.gov/modelforce/strataer/) is
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multiplied by the stratospheric chlorine content (EESC) (Wohltmann et al., 2007). To
investigate the impact of UV solar irradiance modulation related to the 11 yr solar cycle,
core-to-wing ratio of the MgII line at 280 nm (http://www.iup.uni-bremen.de/gome/)
as well as solar radio flux at 10.7 cm wavelength (ftp://ftp.ngdc.noaa.gov/STP/
space-weather/solar-data/solar-features/solar-radio/noontime-flux/pentiction/5

pentiction_adjusted/listings/listing_drao_noontime-flux-adjusted_daily) are used
as proxies. For the El Niño Southern Oscillation phenomenon, the Nino 3.4 index
(http://www.cpc.ncep.noaa.gov/data/indices/ersst3b.nino.mth.81-10.ascii) is included
in the regression. The AO/AAO index is obtained from NOAA National Weather Service
Climate Prediction Center web site (http://www.cpc.ncep.noaa.gov/products/precip/10

CWlink/daily_ao_index/teleconnections.shtml) and the extratropical 100 hPa eddy
heat flux (EHF) averaged over midlatitudes between 45◦ and 75◦ in each hemisphere
is obtained from ECMWF ERA-Interim as described by Weber et al. (2011).

The explanatory variables time series used in a multivariate linear trend analysis
must be fully independent (uncorrelated); in this study the correlations between pre-15

dictors are small (between 0.1 and 0.2) except for the aerosol and ENSO term (0.34).
In order to account for auto-regression, a Cochrane–Orcutt transformation (Cochrane
and Orcutt, 1949) is applied to the regression. The transformation does not change
the estimates of the fitting coefficients, however, the fitting errors increase due to the
reduction in degree of freedom.20

5 Results

The regression analysis (Eq. 1) is applied to TOMS/SBUV/OMI annual mean zonal
mean total ozone data from 65◦ S to 65◦ N in steps of 5◦. An example of the model
and the contributions (in Dobson Units, DU) of the different natural as well as anthro-
pogenic explanatory variables are illustrated in Fig. 3 for the 60–65◦ N latitude band.25

The regressed ozone time series (blue, first panel) fits well to the ozone measurements
(red) and follows the general features capturing the decline of ozone to the mid-1990s,
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the pronounced ozone losses after the Mt. Pinatubo eruption and the slow increase
after that. The black curve (EESC) describes long-term variations attributed to anthro-
pogenic emissions of ODS. After 1997, a small increase (3.3±0.8 DUdecade−1) is
attributed to the EESC decline. The regression fit shows a correlation (r) of 0.78 be-
tween modelled and measured total ozone, while the coefficient of determination, i.e5

R2 (the ratio of the variance of all terms in Eq. (1) to the total variance), is 0.63. This im-
plies that about 63 % of the observed variance of total ozone column can be explained
by the regression.

The green line in the second panel displays the regression residuals between mea-
sured and regressed data (in percent). The fitted signal of each explanatory parameter10

αX ·X is shown in the third to seventh panel of Fig. 3. The overall combined QBO
related component (black, αqbo10 ·qbo10+αqbo30 ·qbo30) comprises the highest con-
tribution to interannual ozone variability, the fluctuation from easterly to westerly QBO
phase at 10 hPa (red) and 30 hPa (blue) attributes around 14 DU. The 11 yr solar cycle
contribution (blue, MgII index) reaches about 13 DU from solar minimum to solar maxi-15

mum. The aerosol response associated with El Chichón and Mount Pinatubo eruptions
(orange) accounts for about 11 DU and 15 DU loss in total ozone in 1983 and 1992,
respectively. The influence of ENSO (turquoise) is typically about ±8 DU, whereas the
1997/98 El Niño event contributed up to +4 DU. Eddy heat flux related ozone contri-
bution (magenta) amounts ±4 DU while the negative and positive phases of AO/AAO20

oscillation (lime-green) contribute ±5 DU. Both dynamical proxies were included in the
analysis as the regression model worked better and improved the correlation and the
coefficient of determination (not shown here). The regression coefficients of the various
proxies along with the standard deviation (in brackets) are noted as well in the plot.

The residual circulation transports more stratospheric ozone in winter and the winter-25

time ozone anomalies remain evident till autumn. Weber et al. (2011) reported positive
correlation between spring-to-fall ozone ratio and the winter mean eddy heat flux above
and below 50◦ S/N, while in the tropics (till 40◦ S/N) the relation is anti-correlated. To
account for ozone wintertime build up and its persistence through the summer, winter
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mean of eddy heat flux (from October of the previous year until March (NH) and April
to September (SH)) are used in the regression equation (Eq. 1) instead of the annual
mean used in Fig. 3. Figure 4 displays the regression results for the same latitude band
as in Fig. 3 but using the winter mean eddy heat flux. The ozone reconstructions and
contributions of EESC, QBO, solar cycle, aerosols and ENSO show the same features5

and patterns as in Fig. 3, respectively. The R2 has now improved to 0.76, correlation is
about 0.87 and the residual mean square (rms, the sample estimate of the variance of
the regression residuals) is 5.6 DU.

Moreover, the choice of wintertime dynamical EHF has a significant impact on the
effect of the solar cycle, aerosols, ENSO and EHF processes since the contributions10

of aerosols, ENSO and EHF are statistically significant at 2σ level and explain most of
the observed ozone variations. The corresponding amplitudes of total ozone variation
increased by almost 70 % for aerosol and ENSO terms, and by 75 % for solar cycle
and EHF terms, with highest contribution to total ozone variability arising from EHF
reaching about 20 DU. The AO terms are now not statistically significant (as they are15

most likely represented in the eddy heat flux term). The linear trend after 1997 due to
the ODS declines remained unchanged.

The statistical trend model was applied to twenty six 5◦ wide latitude mean ozone
data bands from 65◦ S to 65◦ N. The measured and modelled ozone are displayed in
Fig. 5 for each latitude band. The reconstructed ozone generally captures the temporal20

ozone variations and follows the general features of the slow decline till the mid-nineties
and the increase after that. The residuals (violet, right scale of the panels) are typically
within 3 %. The correlation, R2 and rms are also displayed for each latitude band.

The effect of each proxy on the interannual variability of total ozone measurements
is also estimated. Figure 6 shows the estimates of fitting coefficients of the different25

explanatory variables (using the same color notation as in Figs. 3 and 4) for each
latitude band as obtained from the regression analysis. The top panel displays the
correlation between measured annual ozone and regression results. Typical values are
higher than 0.8 across all latitude bands. The model works well with the choice of
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the terms included in the regression since the values of R2 are larger than 0.6. This
indicates that the statistical model explains the major part of the total ozone variance,
in the tropics (within 5◦ S/N). In southern subtropics the regression describes the total
ozone variations almost completely.

The second panel shows the total ozone response related to ODS abundance in5

the selected latitude bands as represented by the EESC term. The EESC coefficient
increases in magnitude with increasing latitude. In the inner tropics the EESC trends
are zero. The EESC response is larger in the Southern Hemisphere as compared to the
same latitudes in the Northern Hemisphere latitudes. The largest ozone loss attributed
to the chemical ozone depletion by the accumulated anthropogenic ODS, are found10

south of 50◦ S in the “ozone hole” region. This indicates that the Antarctic ozone loss
has a higher impact on the long-term decline at Southern Hemisphere midlatitudes
(Chipperfield, 2003; Fioletov and Shepherd, 2005; Kiesewetter et al., 2010). The error
bars indicate the statistical significance at two sigma level (95 % significance level).
The EESC term is statistically significant in all latitude bands except the tropics (north15

of 20◦ S and south 20◦ N).
The total QBO coefficient is symmetric about the equator (shown in black in the

third panel) and dominates ozone variability in the tropical and southern sub-tropical
regions with highest and clear influence between 5◦ S and 5◦ N latitude bands while
it is insignificant in the northern subtropics. Not unexpected, the 30 hPa QBO term is20

dominating over the 10 hPa QBO term. The QBO phase change from the equator to the
subtropics are due to a secondary circulation with the downward branch in the tropic
and the upwelling branch in the subtropics (positive ozone anomalies in the tropics and
negative in the 20–50◦ S/N subtropical regions).

The solar coefficients are statistically significant. When the core-to-wing ratio of the25

MgII line is replaced by the solar radio flux at 10.7 cm as a solar proxy in the regression
model (Eq. 1), the same ozone signal between solar maximum and solar minimum was
found and did not alter the influence of other processes (not shown here) as well as
the correlation, determination coefficient and rms.
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The coefficients of stratospheric aerosols (orange) in the fifth panel, are mostly neg-
ative and increases with increasing latitude. El Chichón and Mt. Pinatubo eruptions
significantly influence total ozone over the northern latitudes and the negative ozone
signal is in good agreement with results reported in previous studies (Staehelin et al.,
1998; Fioletov et al., 2002; Mäder et al., 2007; Wohltmann et al., 2007; Harris et al.,5

2008; Rieder et al., 2010a, b, 2011; WMO, 2007, 2011). At southern mid-latitudes the
signal is unexpectedly positive. Similar results were noted by (Fioletov et al., 2002) and
were also documented in the WMO reports (WMO, 2003, 2007, 2011). This spatial
pattern emanates from the dynamical processes in which enhanced ozone transport
to southern mid-latitudes driven by strong warm ENSO phase and negative AAO ac-10

companied by the shifting and stretching of the vortex towards the Antarctic Peninsula
suppressed the ozone signal (Schnadt Poberaj et al., 2011; Aquila et al., 2013; Rieder
et al., 2013).

The sixth panel shows the distribution of the ENSO coefficient over the studied lat-
itude range. A significant moderate negative influence on total ozone is centered over15

the tropical region (15◦ S–5◦ N). The positive patterns in the northern high latitudes
are interpreted as consequences of enhanced transport from the tropics during warm
ENSO events (Frossard et al., 2013; Rieder et al., 2013) while the coefficient are sta-
tistically insignificant towards southern high latitudes.

The AO estimates are found to be significant over the northern latitudes with large20

positive coefficients in the sub-tropics decreasing the total ozone column ozone during
the positive phase of AO and large negative coefficients enhancing ozone during the
negative phases of AO in the extra-tropics. The extremely negative AO index in 2010
resulted in very high ozone throughout the northern extratropics (Steinbrecht et al.,
2001). Similar to the NH, the negative AAO phases enhances SH ozone transport,25

however, the AAO contribution at high southern latitudes in the regression is statistically
not significant except for the 50–60◦ S region.

The winter mean eddy heat coefficients are statistically significant and dominates
ozone variability in the higher latitudes of both hemispheres above 50◦.
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6 ODS related trends in ozone total column

Ozone trends related to ODS are calculated for all latitude bands according to the
full regression model (Eq. 1). Based on the EESC curves, two clear linear trends can
be estimated. A decline in ozone amounts starting at the beginning of the measure-
ments due to the increases in stratospheric ODS loading (0.447 ppbvdecade−1) till the5

turnaround of the ODS levels in 1997 (EESC maximum), and a negative trend follow-
ing the levelling-off and phase out of ODS in the stratosphere (−0.179 ppbvdecade−1)
accompanied with an increase in total column levels. Both phases of the ODS re-
lated ozone trends can be approximated as the slopes of the declining and increasing
phases of EESC multiplied by the EESC coefficient (DUdecade−1).10

The negative until 1997 and positive turnaround after 1997 (red solid circles) EESC-
based trends as a function of latitude are displayed in the bottom panel of Fig. 7.
The positive trends after 1997 increase in magnitude with latitude and are statistically
significant across nearly all latitude bands except the tropics (south of 20◦ N and north
20◦ S). In the northern sub-tropics and extra-tropics, the positive trends are smaller than15

those in southern counterparts. This can be explained by the large dynamically driven
variations dominating the ozone variability in northern latitudes (Reinsel et al., 2005;
Dhomse et al., 2006; Wohltmann et al., 2007; Harris et al., 2008). The statistically
significant trends can be attributed to the onset of anthropogenic (or ODS related)
ozone recovery after 1997.20

The ozone trends before and after the ODS turnaround can also be described by
calculating piecewise linear trends (PWLT or hockey stick) (Reinsel et al., 2002, 2005;
Newchurch et al., 2003; Miller et al., 2006; Vyushin et al., 2007, 2010; Yang et al.,
2009). The PWLT model replaces the EESC term (αEESC ·EESC(n)) in Eq. (1) by two
separate linear trend terms:25

αEESC ·EESC(n) = αt1 ·δ(≤ 1997)+αt2 ·δ(> 1997) (2)

As for the EESC regression, the results obtained from the PWLT model (not shown
here) showed the same patterns as in Fig. 6 with the correlation and coefficient of
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determination better than 0.82 and 0.73, respectively, the contributions of the other
explanatory variables slightly altered. The MgII coefficient increased in the sub-tropics
of both hemispheres (10–15 %), the eddy heat flux coefficient increased by 5–10 % in
southern latitudes while in the northern latitudes it decreased largely and is statistically
significant only north of 55◦ N. The AO coefficient is smaller (15–30 %) in 10–35◦ N5

bands and higher (35 %) in 40–50◦ N bands when PWLT is used.
Both of the above mentioned approaches equally well describe the total ozone

changes during the last thirty years. Both EESC and PWLT related trends before and
after 1979 are shown in Fig. 7.

Both EESC and PWLT trends before 1997 are close to each other and agree within10

the 2-sigma error bars (grey shades for PWLT and dashed lines for EESC). The positive
trends after 1997 are almost identical south of 40◦ S and north of 50◦ N (statistically
insignificant) while elsewhere, larger differences are observed. The post-1997 PWLT
trend in the low to middle latitudes are up to four times larger than the EESC based
trend but agree within the 95 % error bars (except 15–30◦ N). The PWLT trend after15

1997 are larger than expected and cannot be accounted as a full true response to the
ODS decline after 1997 since PWLT regression analysis is very sensitive to the length
of the data record after 1997 (Vyushin et al., 2010). As the ODS related upward trend
is fairly small, the PWLT is more strongly affected by uncertainties in the short-term
variability.20

7 Quality of satellite ozone data record

In this study, the merged WFDOAS GOME/SCIAMACHY/GOME-2 (GSG, 1995–2012)
zonal total ozone dataset (Kiesewetter et al., 2010; Weber et al., 2011, 2012) and
SBUV/SBUV-2 Version 8.6 (V8.6) ozone data product (1979–2012) (DeLand et al.,
2012; McPeters et al., 2013) were also analysed in the regression model (Eq. 1, with25

wintertime eddy heat flux) to investigate the uncertainty in the long-term trends due to
the use of different ozone datasets. The statistical analysis was applied for the same
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latitude range (65◦ S–65◦ N). The GSG data (July 1995–December 2012) was com-
bined with TOMS/SBUV data (January 1979–June 1995) without adjustments of the
GSG data. The results as a function of latitude are depicted in blue in Figs. 8 and 9 to-
gether with the results for SBUV/SBUV-2 Version 8.6 dataset in green and the previous
results for the TOMS/SBUV/OMI MOD 8.0 merged data (1979–2012) presented in red.5

The new results are generally in good agreement with the TOMS/SBUV/OMI results.
For the GSG/MOD data in comparison to MOD V8, the correlation and determination
coefficient are close in the tropics but decrease at higher latitudes. The GSG/MOD
V8 rms are slightly lower within 10◦ N–40◦ N and slightly higher elsewhere. The differ-
ences when replacing part of the MOD V8 data with GSG data are very small indicating10

excellent agreement between both datasets. On the other hand, the correlation, coeffi-
cient of determination as well as rms for MMOD 8.6 improved between 25◦ S and 25◦ N
latitiude range while south of 25◦ S the values slightly dropped and north of 25◦ N the
values remained almost un changed.

The fit coefficients of the GSG/MOD V8 and MOD V8.6 data follow the same15

pattern as that for the MOD 8.0 merged dataset and agree within 2-sigma (see
Fig. 9). The EESC trends and QBO estimates agree well and are within ±15 % with
TOMS/SBUV/OMI estimates while ENSO generally changed by 15–30 %. The other
signals are significantly altered by the use of the GSG and MOD 8.6 data. The MgII
and aerosol signals obtained for GSG data are statistically insignificant north of 45◦ N20

and between 20◦ N and 40◦ N, respectively, and the eddy heat flux is only statistically
significant north of 50◦ N and south of 60◦ S while AO estimates decreased up to 25–
55 % in the subtropics.

Nevertheless, within 2-sigma fit parameters for all datasets agree. In particular, the
EESC trends are almost identical. This means hat the GSG, MOD 8.0 and MOD 8.625

datasets are highly consistent.
The piecewise linear trend is applied to the SBUV/SBUV-2 MOD 8.6 data and the

quality of the PWLT fit and the trends in comparison with the EESC trend regression
model are shown in Fig. 10. The fit is almost identical in the 40◦ S–30◦ N latitude range,
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slight changes are observed outside the latitude range. The pre-turnaround trends be-
fore 1979 for both EESC and PWLT approaches are very close to each other. On the
other hand, the positive trends after 1997 are also close to each other, the values of
the PWLT trend dropped significantly south of 40◦ S. Moreover, the positive PWLT is
statistically insignificant over the latitude bands except for the narrow band 20–30◦ in5

each hemisphere. Figure 11 shows a comparison between the EESC and PWLT trend
models for both MOD 8.0 and 8.6 datasets. The PWLT after 1997 is smaller for MOD
V8.6 data than that for MOD V8, but agree within 2-sigma. Except for high southern
latitudes, the PWLT and EESC trend after 1997 for MOD V8.6 data agree very well.
The MOD V8 data showed generally larger post-1997 PWLTs than post-1997 EESC10

trends, but differences are only statistically significant in the northern subtropics.

8 Summary and conclusions

In this study, long-term evolution of zonal mean annual mean total ozone measure-
ments from merged datasets of various satellites over the period 1979–2012 in 5◦ zonal
bands between 65◦ S and 65◦ N were analysed by multiple linear regression. The re-15

gression analysis included different explanatory variables representing dynamical and
chemical processes that modify global ozone distributions such as QBO, solar cycle,
aerosols, ENSO, eddy heat flux, AO/AAO and the EESC terms. The TOMS/SBUV/OMI
merged data were analysed first. The regression model explained about 60–95 % of the
ozone variability across the considered latitude range. The QBO signal dominates the20

tropical region and contributes up to ±7 DU depending on its phase while at higher lat-
itudes the eddy heat flux signal (±10 DU) and to lesser extent the ENSO and AO/AAO
signals represent the major attribution to ozone variations. The effects of El Chichón
(1982) and Mt. Pinatubo (1991) are limited to the periods of volcanic eruptions and are
responsible for a large fraction of ozone loss (up to −14 DU and −22 DU, respectively),25

the signal is more prominent and statistically significant in the Northern Hemisphere.
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The signature of the 11 yr solar cycle is evident over all latitude bands and the con-
tribution to ozone variability can reach about 13 DU from solar maximum to solar min-
imum. Replacing the MgII index by the F10.7 cm proxy, does not change the ozone
signal of the other explanatory variables or the statistical significance of the model al-
though the Mg II index is believed to correlate better with solar UV irradiance changes5

than the F10.7 cm solar flux (Viereck et al., 2001, 2004).
Figure 5 shows that the EESC function is the dominant cause of long-term ozone

decline in the stratosphere before 1997 and an increase afterwards. The trend is sta-
tistically significant and indicates the onset of ozone recovery as expected from the
slow decrease in the stratospheric halogen after measures introduced by the Montreal10

Protocol and amendments to phase out the ODS. The comparison with the trends ob-
tained from PWLT model yields similar results for the long-term decline before 1997.
On the other hand, the positive PWLT turnaround trends are larger than the EESC
trend at northern middle latitudes. The observed ozone changes are as expected from
the turnaround in the ODS since 1997, however, the large year-to-year variability still15

masks the exact magnitude of the recent (and weak) ODS related trend.
A sensitivity study was carried out by comparing the results obtained from the re-

gression model (Eq. 1) replacing the late MOD 8.0 data after 1995 with the merged
GOME/SCIAMACHY/GOME-2 WFDOAS dataset (Kiesewetter et al., 2010; Weber
et al., 2011, 2012) and SBUV/SBUV-2 MOD 8.6 ozone data from 1979 till 2012 (De-20

Land et al., 2012; McPeters et al., 2013). This allows us to assess the uncertainty
which may arise form the observational data record. Although, some changes in the
individual fit parameters were found, within the 2-sigma error bars the results were
identical. This is in agreement with an earlier study by Kiesewetter et al. (2010) which
also showed a high consistency between the GSG and the merged SBUV V8.0 data. In25

particular, the EESC related ozone trend is almost identical for the different total ozone
datasets, so that the data quality of total ozone data appears to be not an issue here.
The PWLT after 1997 is generally higher than the linear part of the EESC trend but
except for the northern subtropics they agree within 2sigma. The MOD V8.6 data show
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better agreement of the PWLT with the post-1997 EESC trend, however, the PWLT is
for most regions not statistically significantly different from a zero trend. In summary,
the updated trends up to end of 2012 consolidate the results from other studies (e.g.
Mäder et al., 2010) that the observed trend change since 1997 proves the effectiveness
of the Montreal Protocol phasing out ODS depleting substances. Since the ODS de-5

cline is now fairly slow (Fig. 1), the recent extratropical annual mean total ozone trends
are strongly influenced by large year-to-year variability in atmospheric dynamics.
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Fig. 1. Time series of the different explanatory variables used in this study are displayed in the
panels: stratospheric loading of ODS (first panel) in terms of Equivalent Effective Stratospheric
Chlorine (EESC) in pptv. The EESC concentration (black curve) peaked in 1997 and started
a slow decline afterwards. Quasi-Biennial Oscillation (QBO) index at 10 hPa (red) and at 30 hPa
(blue) are shown in the second panel. The equatorial zonal winds at both levels are out of
phase by about π/2. The third panel displays the 11 yr solar cycle as expressed by the solar
flux at 10.7 cm (red) and core-to-wing ratio of the MgII line at 280 nm (blue). Time series of
mean optical thickness at 550 nm (orange) to account for volcanic aerosol enhancements are
presented in the fourth panel; the dominant features are the 1982 eruption of EL Chicohón and
the 1991 eruption of Mt. Pinatubo. Nino 3.4 Index describing the state of the El Niño/Southern
Oscillation (ENSO) is shown in panel five: El Niño (red) and La Niña (blue). The next two panels
show the teleconnection patterns: Arctic Oscillation (AO) index in red and Antarctic Oscillation
(AAO) index in blue.In the last panel, extra-tropical eddy heat flux at 100 hPa averaged over
midlatitudes (area weight averaged between 45◦ N and 75◦ N) and averaged from October to
March in the NH (magenta) and from March to September in the SH (green).
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Fig. 2. Annual mean area-weighted total ozone time series of ground-based measure-
ments combining Brewer, Dobson, and filter spectrometer data (red, Fioletov et al., 2002,
2008), the merged SBUV/TOMS/OMI MOD V8.0 (dark blue: Stolarski and Frith, 2006), the
merged SBUV/SBUV-2 MOD V8.6 (blue: DeLand et al., 2012; McPeters et al., 2013), and
GOME/SCIAMACHY/GOME-2 “GSG” (green, Kiesewetter et al., 2010; Weber et al., 2011,
2012), in the zonal bands: (a) 60◦ N–60◦ N (global), (b) 30◦ N–60◦ N (NH), (c) 25◦ S–25◦ N (trop-
ics), and (d) 35◦ S–60◦ S (SH) zonal bands.
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Fig. 3. Annual mean total ozone variations for 60◦ N–65◦ N in DU (TOMS/SBUV/OMI V8.0
dataset from 1979–2012) and magnitude of contributing factors obtained by multiple linear
regressions. Top panel: observed total annual mean data (red), corresponding fit (blue) and
the EESC curve (black). Green line marks the residuals between the observed ozone and re-
gressed time series (second panel). Bottom panels show the contributions from: QBO at 10 hPa
(red), at 30 hPa (blue) and total effect (black), blue: 11 yr solar cycle (MgII index); orange: en-
hanced stratospheric aerosols; turquoise: ENSO (3.4 index), eddy heat flux in magenta and
AO/AAO oscillation in lime-green, respectively. The correlation between the observed and re-
gressed ozone (R), coefficient of determination (R2) and residual mean square (rms) are indi-
cated in the first panel. The regression coefficients of various proxies along with the standard
deviation (in brackets) are also indicated in each panel.
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Fig. 4. Same as Fig. 3, except for the wintertime mean eddy heat flux replacing the ozone
variability weighted annual mean EHF.

30445

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/30407/2013/acpd-13-30407-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/30407/2013/acpd-13-30407-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 30407–30452, 2013

Total ozone trends
and variability from
merged datasets of

satellites

W. Chehade et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Total ozone (annual mean),  TOMS/SBUV/OMI  MOD 8.0  measurements  

 Measured Annual Means   Regression  Residuals  % 

Fig. 5. Observed TOMS/SBUV/OMI V8.0 (red) annual zonal mean total ozone columns for 5◦

wide latitude bands from 65◦ S to 65◦ N and regressed (blue) ozone obtained from regression
models (with winter mean EHF dynamical proxy). The right hand scale in each panel gives the
residuals in percent (violet). The correlation, R2 and rms are also noted for each latitude band.
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Fig. 6. (Top panel) the correlation, R2 and rms calculated from multiple linear regression of
1979–2012 merged TOMS/SBUV/OMI 5◦ latitude zonal annual mean total ozone from 65◦ S to
65◦ N (results based on regression Eq. (1) with wintertime EHF dynamical proxy). The fitting
coefficients of the different explanatory variables used in this study for each latitude band are
displayed in respective colors as in Figs. 3 and 4. Error bars indicate the statistical significance
at two sigma level.
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Fig. 7. (Top panel) zonal distribution of the correlation, R2 and rms estimated for the 1979–2012
TOMS/SBUV/OMI V8.0 merged dataset from regression model based on Eq. (1) in red and the
piecewise linear trend (PWLT or hockey stick) model in blue. (bottom panel) Zonal distribution
of the linear trend of ozone in DUdecade−1 units calculated for the EESC-based declining part
of EESC during 1979–1997 and for the increasing part of EESC during 1997–2012 (red) as
well as the trends before and after the ODS turnaround (1997) calculated by the PWLT model
(blue). The statistical significance at two sigma level is indicated as grey shades for PWLT and
dashed lines for EESC.
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Fig. 8. (Top panel) zonal distribution of the correlation, R2 and rms estimated for zonal merged
GSG data (July 1995–December 2012) combined with TOMS/SBUV Mod V8.0 data (January
1979–June 1995) displayed in blue, SBUV/SBUV-2 MOD 8.6 ozone data (1979–2012) in green
and TOMS/SBUV/OMI Mod V8.0 merged data (1979–2012) in red. The results refer to analysis
based on regression Eq. (1) using wintertime EHF dynamical proxy. (bottom panel) The EESC-
based trends representing the decline from 1979 till 1997 (negative values) and and increase
after 1997 (positive values) are displayed for all ozone datasets. Grey shades indicate the
statistical significance at two sigma level for TOMS/SBUV/OMI + GSG merged data, red dashed
lines for TOMS/SBUV/OMI MOD 8.0 and green dashed lines for the SBUV/SBUV-2 MOD 8.6
dataset.
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Fig. 9. The fitting coefficients of the different explanatory variables used in the regression anal-
ysis of the different merged datasets. The statistical significance at two sigma level is displayed
in respective colors as in Fig. 8.
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Fig. 10. Same as Fig. 7, but for SBUV/SBUV-2 MOD 8.6 dataset.
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Fig. 11. Comparisons between EESC and PWLT trends before and after 1997 for the MOD
V8.0 (red) and MOD V8.6 (blue) total ozone data.
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