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Abstract

Vertical profiles of the rate of linear change (trend) in the altitude range 15-50km are
determined from decadal O3 time series obtained from SCIAMACHY/ENVISAT mea-
surements in limb viewing geometry. The trends are calculated by using a multivariate
linear regression in the zonal bands 5° S—5° N (tropics), 50-60° N, and 50-60° S (mid-
to high latitudes). Seasonal terms, the quasi-biennial oscillation, and solar cycle vari-
ations are accounted for in the regression. In the tropics, positive trends between 15
and 30 km and negative trends between 30 and 35 km are identified. Moderately pos-
itive O5 trends are found in the upper stratosphere of the tropics and midlatitudes.
The explanation favoured for the observed positive and negative trends in the tropical
lower and middle stratosphere is NO, chemistry. Comparisons between SCIAMACHY
and EOS MLS in the tropics and at midlatitudes show good agreement. In the tropics,
measurements from OSIRIS/Odin and SHADOZ are analysed resulting in very similar
vertical profiles of the rate of linear change of O5. Observed trends in the stratospheric
column derived from integrated SCIAMACHY limb O4 profiles and nadir total columns
are found to be consistent.

1 Introduction

The Earth is shielded from UVB and UVC radiation in the 240-320 nm range by Oy
absorption in the stratosphere. This absorbed energy is the main heat source of the
stratosphere, which also drives the atmospheric circulation in the upper atmosphere
(e.g. Weber et al., 2011). The abundance of O is sensitive to various chemical and
dynamical factors. The most prominent example for human impacts on the O layer
is the Antarctic O5 hole caused by anthropogenically released chlorine and bromine
compounds. In order to diminish the anthropogenic O3 depletion, halogenated source
gases have been banned by the Montreal Protocol of 1987 and its amendments.
A slowdown of the O3 decline and even the onset of a recovery have been deduced
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from observations (Reinsel, 2002; Newchurch et al., 2003; Yang et al., 2006; WMO,
2007). The recovery of the global stratospheric O layer to values observed before the
CFC-driven O5 depletion is, however, not expected before the middle of this century
(WMO, 2011).

Measurements of O5 have a long tradition and various trend studies have been per-
formed over the last few decades (WMO, 2007, and references therein). In recent
years, several trend studies have aimed at investigating the impacts of O; depleting
substances (ODS) and dynamical forcings affecting the O3 shield (e.g. Reinsel et al.,
2005; Rosenfield et al., 2005; Andersen et al., 2006; Miller et al., 2006; Steinbrecht
et al., 2006; Dhomse et al., 2006; Zanis et al., 2006; Randel and Wu, 2007; Harris
et al., 2008; Jones et al., 2009; WMO, 2007, 2011). The majority of these trend as-
sessments agreed that the present stage of O; is somewhere between its depletion
slowing down and the subsequent turnaround phase, expected as a result of the mea-
sures implemented within the Montreal Protocol and its amendments. The complexity
of the issue of the longterm evolution of stratospheric O3 arises from stratospheric O
being influenced by several factors which vary with latitude and altitude. For gas phase
catalytic O3 depletion, major groups of catalytic species were identified with the parti-
tioning of the species varying with altitude. These are HO, (Bates and Nicolet, 1950),
NO, (Crutzen, 1970), CIO, (Stolarski and Cicerone, 1974; Molina and Rowland, 1974),
and BrO, (McElroy et al., 1986). The altitude dependence of their partitioning in O
depletion is discussed in Osterman et al. (1997).

The observation of high latitude loss of O in springtime (Farman et al., 1985) has
been the source of much study and led to our current scientific understanding of O
(WMO, 2011, and references therein). This manuscript contributes to our knowledge of
stratospheric O; and its changes during the period following the turnaround in strato-
spheric halogens in the late 1990s where the halogen load, still high, is slowly declining.

Vertically resolved Oj trends are derived from observations by satellite instru-
ments, groundbased lidars and microwave radiometers, and balloon-borne ozoneson-
des (Steinbrecht et al., 2006; Jones et al., 2009; Randel and Thompson, 2011; Mieruch
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et al., 2012). In Mieruch et al. (2012), O5 trends from SCIAMACHY and those inferred
from a range of instruments were compared within the period from 2002 to 2008.
Therein, it was shown that trend comparison results are not significantly changed when
comparing collocated measurement pairs and gridded monthly mean values. It was
demonstrated further that inter-instrumental trend comparisons are needed to assess
instrumental issues like detector degradation or line of sight mispointing. A number of
satellite datasets of O5 were investigated by Jones et al. (2009). There, O3 trends were
inferred from an average dataset including various satellite instruments between 1979
and 2008. SCIAMACHY, OSIRIS/Odin, and EOS MLS contributed to the years after
2000. Jones et al. (2009) showed that these satellite data agreed with each other to
a high extent. After 1997, Jones et al. (2009) identified moderately positive midlatitude
O5 trends between 35 and 45km in the order of a few percent per decade. These
findings are corroborated by Steinbrecht et al. (2006, 2009) by using groundbased
measurements. As the upper stratosphere is highly sensitive to halogen chemistry
(WMO, 1999), these may be signs for the onset of a turnaround in the O; abundance
in response to declining halogens. Analysing a merged dataset from satellites and
ozonesondes, Randel and Thompson (2011) identified some negative O3 trends in the
lowermost tropical stratosphere. These were attributed to dynamical factors, namely
enhanced tropical upwelling.

In this study, a global O dataset obtained from the SCIAMACHY instrument on board
ENVISAT is investigated. SCIAMACHY was in routine operation from August 2002 until
ENVISAT suddenly and unexpectedly failed on 8 April 2012. In its limb viewing geome-
try, SCIAMACHY performed measurements of the scattered solar radiation. Limb mea-
surements are used to retrieve vertical profiles of atmospheric constituents, i.e. trace
gases, aerosols, and clouds (Sioris et al., 2003, 2004; Rozanov et al., 2007, 2011;
Kihl et al., 2008; Bauer et al., 2012; Ernst et al., 2012). Besides SCIAMACHY, the
profiling instruments ACE FTS (Bernath et al., 2005), ACE MAESTRO (Bernath et al.,
2005), EOS MLS (Jarnot et al., 2006), GOMOS (Kyrola et al., 2004), HALOE (Russell
et al., 1993), HIRDLS (Gille et al., 2003), MIPAS (Fischer et al., 2008), OSIRIS/Odin
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(Llewellyn et al., 2004), POAM III (Lucke et al., 1999), SAGE Il (Mauldin et al., 1985),
SMILES (Kikuchi et al., 2010), and SMR (Murtagh et al., 2002) made measurements
during the last decade.

Rates of linear change or trends in the SCIAMACHY limb O time series are inferred
in our investigation for the period from August 2002 to December 2011. The trends
are presented as functions of altitude and latitude. The trends from SCIAMACHY are
compared with those derived from OSIRIS/Odin, EOS MLS, and SHADOZ ozoneson-
des. The instrument comparisons are based on monthly mean time series without any
temporal collocation criteria between the instruments. The resulting O3 trend profiles
are presented for selected latitude bands in the tropics and at midlatitudes. In addition,
trends in the integrated O3 column from SCIAMACHY limb and merged total O3 from
GOME (Burrows et al., 1999), SCIAMACHY nadir, and GOME2 (Callies et al., 2000)
are compared.

This manuscript is structured as follows. Section 2 provides an overview about the
SCIAMACHY limb Og retrieval. The multivariate linear regression, used in our study, is
introduced and explained in Sect. 3. The Oy time series from SCIAMACHY and their
regression models are described in Sect. 4. In Sect. 5, the vertical profiles of the rate
of linear change or trend of the Oj retrieved from SCIAMACHY measurements are
presented. O5 trend profiles from SCIAMACHY are compared with those from EOS
MLS and OSIRIS/Odin, other atmospheric limb sounders, in Sect. 6. In Sect. 7, further
comparisons are performed in the tropics including SHADOZ ozonesondes and column
integrated O3. Section 8 summarizes the main results of the study.

2 SCIAMACHY limb ozone

The European environmental research satellite ENVISAT hosted ten instruments,
which were operational until its abrupt loss on 8 April 2012. SCIAMACHY recorded
electromagnetic radiation upwelling from the Earth’s atmosphere in 3 measurement
modes: occultation, nadir, and limb geometry. Detailed information is provided in
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Burrows et al. (1995) and Bovensmann et al. (1999). In limb viewing geometry, the in-
strument scanned the horizon in 3.3 km steps. Each limb scan sequence ranged from
-3 to 92km (0 to 92 km since October 2010) in tangent height. The vertical sampling
and the instantaneous field of view (2.6 km x 103 km) defined the vertical resolution of
typically 3—4 km. Global coverage was achieved within 6 days at the equator and less
elsewhere. ENVISAT was in a sun-synchronous orbit with an inclination of 98° and it
overpassed geolocations between 82°N and 82° S during daytime (less in the winter
hemisphere).

Our investigation uses a monthly mean dataset of O; which was binned into zonal
means of the following latitude bands: 60-50° N, 5° N-5° S, and 50-60° S. The bound-
aries of 60° N and 60° S are chosen for this investigation to avoid any effects which are
directly related to the polar vortex. Some of the inter-instrumental comparisons pre-
sented in the manuscript also cover the 20° N-20° S latitude band. In order to avoid
possible influences of the South Atlantic Anomaly, any data within the longitudes of
285° and 345° and latitudes of 20°S and 60° S are excluded. For each latitude band,
the rate of linear change or trend of O3 has been determined for all altitudes between
15 and 50 km resulting in a O4 trend profile.

The SCIAMACHY results presented here use the limb Oj retrieval version 2.5 of
IUP Bremen. O is retrieved in 1 km steps from 10 to 75 km. The derived rate of linear
change or trend profiles are presented in steps of 1 km accordingly. With the satellite
retrieval often suffering from cloud interference below 15 km, only altitudes above 15 km
are taken into consideration in the following.

3 Trend determination

3.1 Multivariate linear regression

A multivariate linear regression is applied to the datasets with autocorrelations of con-
secutive values accounted for by the Cochrane—Orcutt transformation (Cochrane and
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Orcutt, 1949). The regression is unweighted. The following terms are used in the re-
gression:

2 . [2mjt 2njt

;1+az)z‘+/§1 (,81/-S|n (1—é) + B2 COS (%)) + A(1), (1)
where t is the time in months and u, @, and B44, B1s, - - -, Boa, P24 are fitting parameters.
The harmonics with 12, 6, 4, and 3 month periods, j = 1,2,3,4, a sine and cosine term
each, are used to represent seasonal changes. Clearly, harmonics of 12 and 6 months
approximate the annual and semi-annual cycles. The combination of sine and cosine
terms provides a flexible adjustment to any phase of the (semi-)annual variation. As
discussed by Stiller et al. (2012), as the oscillation patterns are possibly compressed
or stretched with respect to a harmonic shape, the terms having 4 and 3 month periods
improve the fit quality. In addition, a linear fit having a gradient or slope @ and an
intercept u is included in the regression analysis. The gradient is the O4 trend at a given
altitude. Its standard deviation is the 10 value of the error, which is also used for the
error bars of trends in subsequent figures. It comprises fluctuations due to instrumental
errors as well as natural variability. The trends are given in units of %yr'1 with respect
to the mean value of the time series. The criterion for the trend being significant to the
95 % confidence level is that the absolute ratio of the trend to its standard deviation is
larger than 2 (Tiao et al., 1990). As discussed in Sect. 3.2, it is also advantageous to
extend the linear regression, see Eq. (1), by additional terms representing the quasi-
biennial oscillation (QBO) and the solar cycle (SC):

A(t) = QBO(t) + SC(t). 2)

In the northern midlatitudes, there is an exception from Eq. (1) because of the strong
interannual variability of the annual cycle of Og. In the 15-26 km range of the 60-50° N
zonal band, the cumulative eddy heat flux (based on ERA-Interim, 50 hPa eddy heat
flux integrated from 45° N to 75° N, cumulation starts in October) is fitted instead of har-
monic terms. The cumulative eddy heat flux is a proxy accounting for the wave driven
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O3 accumulation in winter and early spring. For 60-50° N, the interannual variability in
total O is found to be well approximated by the cumulative eddy heat flux (Dhomse
et al., 2006). Here, correlation tests show that throughout the altitude range from 15—
26 km, a time lag of 2 months is optimum.

3.2 The QBO signal of ozone

The quasi-biennial oscillation (QBO) is a quasi-periodic signal observed in the tropical
stratospheric zonal wind speed. It alternates between east and west phase with the pe-
riod varying between 2 and 3 yr. Previous studies report a maximum QBO response of
tropical Og in the altitude ranges of 20—27 km and 30-38 km (Zawodny and McCormick,
1991; Chipperfield et al., 1994).

In the tropics, the QBO response of O is driven by effects related to the vertical
transport (Butchart et al., 2003). As described by the thermal wind relation, a QBO sig-
nal is induced in the temperature and meridional circulation. The QBO induced merid-
ional circulation modulates the upwelling branch of the Brewer—Dobson circulation.
This modulation of the tropical upwelling leads to the largest changes of the O volume
mixing ratio (VMR) in the altitude range of large vertical gradients of the O3 VMR, which
are located below and above the maximum in the vertical O3 VMR profiles. The result
is a compacting (vertical squeezing) of the mean vertical O3 VMR profile at westerly
QBO phase and a lofting (vertical stretching) at easterly phase. Around the maximum
of the mean vertical profile of the O3 VMR, where the vertical gradient changes sign,
the phase change of the QBO response of O3 takes place (Butchart et al., 2003). With
the QBO phases modulating the Brewer—Dobson circulation, a QBO response may be
observed in extratropical O5 as well (Baldwin et al., 2001).

The Singapore winds are extensively used as a QBO proxy to describe the tem-
poral evolution of stratospheric O3 and assess accompanied trends. The radiosonde
measured Singapore wind time series (available from http://www.geo.fu-berlin.de/en/
met/ag/strat/produkte/qbo/) cover pressure levels up to 10 hPa (Naujokat, 1986). In the
following, the 10 hPa and 30 hPa Singapore winds are used as fit proxies, i.e.:

11276

| Jadeq uoissnosig | Jaded uoissnoasi(

Jaded uoissnosiqg

il

Jaded uoissnosiqg

ACPD
13, 11269-11313, 2013

Stratospheric ozone
trends and variability

C. Gebhardt et al.

L

Title Page
Abstract Introduction
Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

() ®


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/11269/2013/acpd-13-11269-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/11269/2013/acpd-13-11269-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://www.geo.fu-berlin.de/en/met/ag/strat/produkte/qbo/
http://www.geo.fu-berlin.de/en/met/ag/strat/produkte/qbo/
http://www.geo.fu-berlin.de/en/met/ag/strat/produkte/qbo/

10

15

20

25

QBO(t) = 2QBO;(t) + bQBO4 (1), 3)

with a and b as their fit coefficients. The indices “10” and “30” denote the pressure level
of the proxy. This approach is applied both in the tropics and extratropics to account for
any QBO effects.

The monthly time series of the Singapore winds are smoothed by a 12 month running
average before being used as QBO proxy. The same is done with the Mg Il index, used
as a solar cycle proxy. Both proxies are not detrended.

3.3 The solar cycle of ozone

The 11 yr solar cycle, which leads to pronounced variations of the solar radiation in the
UV spectral range, is known to be reflected by stratospheric O3 (Gray et al., 2010). It
is widely accepted that the solar cycle response of O3 occurs without any time lag and
at positive correlation (e.g. Soukharev and Hood, 2006; Remsberg and Lingenfelser,
2010). The solar cycle response of O3 may extend from the tropics into the midlati-
tudes (SPARC CCMVal, 2010). In the following, a solar cycle proxy is included in the
multivariate linear regression for any latitude band analysed.

Among the most popular proxies for the solar cycle response of O are the Mg I
index and F10.7 cm flux (Fioletov, 2009). As discussed by Viereck et al. (2001, 2004),
the Mg Il index shows excellent correlation with solar UV radiances. In the follow-
ing, a multi-instrument monthly average Mgll index is used, which is mainly based on
GOME, SCIAMACHY, and GOME2 observations over the time span under study. The
data can be obtained from http://www.iup.uni-bremen.de/gome (Weber et al., 2013).

In addition to the QBO and the solar cycle, the O; time series might also be influ-
enced by the El Nino Southern Oscillation (ENSO) (Randel et al., 2009; Lee et al.,
2010; Randel and Thompson, 2011; Thompson et al., 2011). However, for SCIA-
MACHY limb O3, no clear signatures of ENSO were identified in the time series using
either the MEI (http://www.esrl.noaa.gov/psd/enso/mei/table.html) or the OEI index
(Ziemke et al., 2010) as proxy.
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4 Time series of ozone

Figures 1 to 4 show Oj time series at the altitudes of 35km and 44 km at northern
midlatitudes (60—50° N) and in the tropics (5° N-5° S). The time series are overlaid by
their fitting curve from our regression model: the fit residuals being plotted below. The
individual terms from the regression, i.e. the harmonics, QBO, and solar cycle related
contributions, are shown in separate panels. The harmonic terms are overlaid by the
time series with the linear fitting terms subtracted (i.e. a detrended time series) and the
QBO terms by the time series with the linear and harmonic fitting terms subtracted (i.e.
a detrended and deseasonalised time series). For the solar cycle terms, all terms but
the solar cycle are removed from the overlaid time series.

At both altitudes, good fit quality is obtained. The use of harmonics for approximat-
ing the (semi-)annual oscillation as well as the combination of the 10 hPa and 30 hPa
Singapore winds to proxy QBO appears to be a sufficiently complete approach. The
fit residuals are well within £5 % to £10 % of the fitted time series both at midlatitudes
and in the tropics.

At 35km at midlatitudes, the annual cycle terms dominate in the fitting curve. The
O; maximum is reached in late spring/early summer persisting for the summer months.
At 44 km at midlatitudes, the harmonic terms have two maxima and minima per year.
The annual minimum occurs in summer and a secondary minimum in winter. These
patterns are explained as follows: The periodic variability of O5 is governed by pho-
tochemical O production at 35km and catalytic O3 depletion at 44 km, both being
on its maximum in summer (Perliski et al., 1989). At 35km, the annual maximum in
summer driven by photochemical production is flattened by catalytic depletion which is
of minor consequence. At 44 km, catalytic depletion has gained control leading to the
annual minimum in summer. Overlaid photochemical production leads to a secondary
minimum in winter.

At 35km in the tropics, the QBO and semi-annual terms dominate. As discussed
before, the maximum QBO response of tropical O3 is located below 40km. With
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increasing altitude, the semi-annual oscillation predominates. At 44 km in the tropics,
the semi-annual terms provide the most important contribution to the fitting curve. In the
middle tropical stratosphere, the semi-annual oscillation of O4 is driven by photochem-
ical O production which reflects two equator passages of the sun per year (Perliski
et al., 1989). In the upper tropical stratosphere, a semi-annual oscillation is also ob-
served in the zonal winds and temperatures, known as the stratospheric semi-annual
oscillation (SAO).

5 Resulting trends and discussion
5.1 Tropical and extratropical trend profiles

The O5 trend profiles and estimated errors (both in % yr'1) for the three latitude bands
are shown in Fig. 5. Three features of particular interest are identified:

— a distinct positive trend in the tropics between 15 and 30 km
— a distinct negative trend in the tropics between 30 and 35 km

— a moderately positive trend in the upper tropical stratosphere between 38 and
48 km and at northern midlatitudes (between 40 and 45 km).

In the lower tropical stratosphere, the observed positive trends have their maximum
of 1 %yr'1 around 20 km. This maximum is fairly broad in altitude. From 20 to 28 km,
the 95 % significance criterion is met. In the middle tropical stratosphere, the negative
trends reach a maximum of -2 % yr'1 around 33 km. In the upper tropical stratosphere,
moderately positive trends of around 0.5 %yr‘1 are observed.

At northern and southern midlatitudes, the trends do not exceed +1 %yr'1 in the
altitude range from 20 to 50 km. The northern trend profile is more variable with several
sign changes of the trend. Moderately positive trends of around 0.5 %yr'1 are seen
between 40 and 45 km. The southern trends are close to zero for almost all altitudes.
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The trend errors are comparable for all three latitude bands. There is some asymmetry
between 60-50° N and 50-60° S. The northern trends reach almost —1 %yr'1 in the
25-35 km range while the southern trends are close to zero in the same altitude range.

In the tropics, the QBO and solar cycle proxies are included sequentially into the
regression model in order to investigate their influence on the resulting trend profile.
The QBO is followed by the solar cycle, as shown in Fig. 6. Including the QBO, the
trend errors are clearly reduced at all altitudes below 40 km. Between 20 and 30 km,
the trends increase notably by up to 0.5 % yr'1 . With the solar cycle considered, notable
changes to the tropical trend profile occur above 35km. The trends become different
from zero and reach values of around 0.5 %yr‘1 between 38 and 48 km.

5.2 Factors relevant to explaining the O3 trends

In the tropical stratosphere between 15 and 30 km, both dynamical and chemical fac-
tors potentially explain the positive O3 trends observed by SCIAMACHY. For example,
changes in the rate of tropical upwelling, changes in halogens, or changes in NO,
are possibly responsible for changes in O3. Analysing O4 partial columns between 18
and 25km, Yang et al. (2006) found that halogens are of minor importance in this al-
titude range because many CFCs do not release their radicals immediately after their
injection through the tropical tropopause. Since the vertical gradient of Oj is positive,
enhanced vertical advection has a negative O3 response in the lower tropical strato-
sphere. Randel and Thompson (2011) suggested that an increase of the tropical up-
welling has led to some negative O3 trends around 17 km to 21 km observed in the pe-
riod 1984-2009. As the O trends seen by SCIAMACHY are positive and spread over
a much wider altitude range, an increase in vertical advection related to the tropical
upwelling may be masking in part the increase in O3, which must have another expla-
nation. According to Nevison et al. (1999), an increase in NO, might be a reason for
a positive trend in O3 at these altitudes. This is because NO, trigger buffering effects as
a result of interactions with HO, and CIO, cycles beside catalytic O5 depletion. Nevi-
son et al. (1999) have shown that an increase in NO, results in an O3 enhancement
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extending up to around 30 km in the proximity of the equator and holding well below
20km. This altitude range coincides with the positive O5 trends observed by SCIA-
MACHY.

In the 30—-35km range, NO, can also be a potential driver for negative trends ob-
served in tropical O by SCIAMACHY. In particular, Portmann and Solomon (2007)
and Fleming et al. (2011) have performed model sensitivity studies with increasing the
N,O source of NO,. Both studies predicted the most negative O; response near 35 km
in the tropics. The latitudinal extent of the modelled maximum O4 response depends on
the model scenario assumed. Different model scenarios imply different NO, emissions
for the future. For example, the model run of Fleming et al. (2011) for the time span
1979-1996 results in a broad maximum response between 50° N-50° S while a narrow
maximum response centred around the equator is seen for the period 2005-2095 (their
Figs. 3 and 4). The negative O5 trends observed by SCIAMACHY for 2002-2011 decay
to approximately half of their value from 5° N-5° S to 20° N—20° S as shown in Sect. 6.3.

Figure 7 shows a latitude-altitude cross section of the O5 trends spanning the latitude
range from 70°N to 70°S. The cross section is based on zonally averaged O; data
binned in 5° latitude bins. As a function of the latitude, the trends are shown for the 15 to
50 km altitude range. As before, there are distinct positive trends between 15 and 30 km
and distinct negative trends between 30 and 35 km in the tropics. Moderately positive
trends in the upper stratosphere, identified before for 5° N-5° S between 38 and 48 km
and also for 60-50° N between 40 and 45km, are observed over large parts of the
latitude range from 70° N to 70° S. The hemispheric asymmetry at midlatitudes between
25 and 35km is clearly pronounced with negative trends in the Northern Hemisphere
and positive trends in the Southern Hemisphere. Below 20 km, some positive trends
not considered before are evidenced (around 70-60° N, 30° S, 60-70° S). These trends
should, however, be treated with caution because of potential impact of clouds possibly
reaching up to 20 km (Mieruch et al., 2012).

Moderately positive Og trends of approximately 0.5 %yr'1 are inferred from SCIA-
MACHY in the upper stratosphere over large parts of the tropics and midlatitudes. As
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O in the upper stratosphere is highly sensitive to halogens (WMO, 1999), these trends
are expected to be in response to declining halogens. Evidence for a turnaround in up-
per stratospheric O5 has already been pointed out by Reinsel (2002). Some attribution
to declining halogens has been provided by Newchurch et al. (2003). Their study is
based on satellite data indicating at least a levelling off of O3 for the tropics and in
the extratropics. Meanwhile the O; abundance continuing some levelling off or slight
increase has been supported by various groundbased lidar and microwave radiometer
stations (Steinbrecht et al., 2006, 2009).

A potential explanation for the asymmetry between the northern and southern trend
profiles, negative trends and positive trends between 25 and 35 km, respectively, is
provided by age of air results from Stiller et al. (2012) based on MIPAS data cover-
ing the same observation period as SCIAMACHY. In the northern non-polar middle
stratosphere, a clear increase of the mean age of air has been observed. This may
be explained by in-mixing of polar vortex air after sudden stratospheric warmings. This
implies some dilution of O in the altitude range in question.

6 Comparisons of trends from SCIAMACHY with those from other limb
measurements

6.1 OSIRIS/Odin

The Odin satellite, which carries the OSIRIS instrument (Llewellyn et al., 2004), fol-
lows a near terminator orbit so that the illumination conditions specific to OSIRIS are
always close to the solar terminator. The ascending node was constantly between
6 and 7p.m. over the time span considered here. Similar to SCIAMACHY, OSIRIS
measures the scattered solar light in limb viewing geometry. Seasonal variations of
day and night times interrupt the OSIRIS measurements in the winter hemisphere. As
a result, OSIRIS provides continuous time series only in the tropics. The data might
also be unequally distributed around the equator, i.e. predominantly to the north from
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it during northern summer and vice versa. Thus, the upcoming comparison between
the instruments is performed with the tropics represented by the 20° N-20° S band. In
order to match the sampling of both instruments, their data are first binned horizontally
in 5° latitude x 15° longitude. The data from both instruments are excluded in any bin
if one of the instruments has no data for the corresponding month and altitude. Sub-
sequently, the zonal monthly means for the 20° N—20° S band are calculated. The time
span covered by the comparison is August 2002—December 2011.

The OSIRIS O3 data are from the retrieval version 5.07 produced by the University of
Saskatchewan, which has a modified filtering of outliers with respect to earlier versions.
The OSIRIS data separate clearly into records at AM and PM local time. As pointed
out by Huang et al. (2010), diurnal variations of O are expected to be in the order of
only a few percent in the stratosphere. Because the equator crossing time of Odin is
closer to that of ENVISAT, the AM O3 data from OSIRIS are used, which in any case
are made closer in time to SCIAMACHY.

The retrieval altitudes of OSIRIS, which has a smaller vertical step and higher spa-
tial resolution, and SCIAMACHY are between one another. For each altitude of SCIA-
MACHY from 15 to 50km, the two adjacent altitudes of OSIRIS were interpolated to
the SCIAMACHY altitude.

6.2 EOS MLS

The MLS instrument aboard the EOS Aura satellite (Jarnot et al., 2006) measures
the radiation emitted by the Earth’s atmosphere in the microwave spectral range on
both the day and night side of the near-polar orbit. In this comparison, we have used
O; profiles retrieved from MLS daytime measurements. Aura crosses the equator in
ascending node at 1.45p.m. local time. Its daytime measurements extend deep into
both hemispheres similar to the measurements from SCIAMACHY. The comparison
between the instruments is done for the latitude bands defined in Sect. 2, namely
60-50° N, 5°N-5°S, and 50-60° S. The time span for the comparison is August 2004—
December 2011.
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The MLS O4 data used here are from the retrieval version 2.2. The pressure serves
as the vertical coordinate. After conversion from pressure to geometric height, the MLS
Oj profiles are interpolated to the altitudes of the SCIAMACHY retrieval. Zonal monthly
means are calculated for the 3 latitude bands between 15 and 50 km.

6.3 Trend comparisons

Figures 8 and 9 show the comparisons between SCIAMACHY and MLS at midlatitudes.
At northern midlatitudes, the MLS Og trend profile has less variability with altitude than
that of SCIAMACHY. There are some significant deviations between 30 and 35 km with
SCIAMACHY showing a clear negative trend while MLS shows nearly zero positive
trends. Moderately positive trends seen by SCIAMACHY around 40 to 45km agree
with MLS within the uncertainties. There is also reasonable agreement in the southern
midlatitudes. The trend profiles from both instruments follow each other closely and
have similar error bars. The agreement between SCIAMACHY and MLS holds up to
50 km, where both profiles become increasingly negative.

The comparison for the tropics, represented by the 5° N-5° S latitude band, is shown
in Fig. 10. Both SCIAMACHY and MLS show negative trends in the tropical 30-35 km
range with SCIAMACHY reaching —2%yr'1 and MLS showing a maximum between
-1 %yr‘1 and -1.5 %yr‘1. From 29km down to 21km, MLS confirms the positive
trends seen by SCIAMACHY. However, the agreement is poorer below 21 km. This
might be a result of vertical oscillations in the tropical UTLS region known since the
early phase of version 2.2 MLS validations (Froidevaux et al., 2008). Some further dis-
crepancies are observed in the 40-50 km range. Here, SCIAMACHY shows moderately
positive trends of around 0.5 %yr'1 while MLS points towards zero to slightly negative
trends.

In Fig. 11, the comparison between SCIAMACHY and OSIRIS is shown. As de-
scribed in Sect. 6.1, the wider tropical zonal band from 20°N to 20°S is investi-
gated. The positive trends from OSIRIS between 15 and 30 km are in good agree-
ment with those from SCIAMACHY. In the 30—-35 km range, the negative trends seen
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by SCIAMACHY for 20° N-20° S are somewhat weaker than those for 5° N-5° S: SCIA-
MACHY reaches -1 %yr‘1 while the trends from OSIRIS are around -0.3 %yr‘1 at
maximum. In the upper stratosphere, both SCIAMACHY and OSIRIS show moderately
positive trends of around 0.5 %yr‘1. This value is obtained for SCIAMACHY between
40 and 50 km and for OSIRIS near 40 km.

A three-instrument comparison between SCIAMACHY, OSIRIS, and MLS has also
been performed. The latitude band of 20° N—20° S and the time span from August 2004
to December 2011 are selected for the comparison. The resulting trend profiles are
shown in Fig. 12. In good agreement, SCIAMACHY, OSIRIS, and MLS show negative
trends between 30 and 35 km. Below 30 km, the O5 datasets from all three instruments
have positive trends. Good agreement between the O5 trends from SCIAMACHY, MLS,
and OSIRIS is found down to around 20 km, where the O3 trend from SCIAMACHY has
its maximum. Below 20 km, the trends from SCIAMACHY decrease gradually towards
zero whereas OSIRIS and MLS still increase.

7 Comparisons of trends from SCIAMACHY with those from independent
measurement techniques

7.1 SHADOZ ozonesondes

As discussed above, the tropical trend profile from SCIAMACHY has the shape of
a dipole: distinct positive trends being observed between 15 and 30km and distinct
negative ones between 30 and 35km. A similar structure was observed in O3 trends
inferred from other satellite measurements. In this section, we compare the O trends
from SCIAMACHY with those from balloon-borne ozonesonde measurements.

The altitude range of the balloon sonde O5 data is determined by the altitude at
which the balloon bursts. Thus, few balloons achieve maximum altitudes above 30 km.
The data from ozonesondes have a vertical resolution in the order of 100 m, clearly finer
than that from the SCIAMACHY limb sounder, which is typically 3—4 km. The vertical Og
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profiles from the sondes are smoothed over intervals of £2 km relative to the altitudes
defined by the Og retrieval from SCIAMACHY, i.e. from 15 to 30 km in steps of 1 km. In
the following, these smoothed O profiles are used for determining monthly averaged
O, time series from the sondes.

SHADOZ is a network of more than 10 ozonesonde stations at (sub-)tropical sites
(e.g. Thompson, 2003). Since coming into being in 1998, the network has been system-
atically operational with typically several ozonesonde launches per month per station.
The datasets of all stations are freely accessible via http://croc.gsfc.nasa.gov/shadoz/.
Here, we select the stations at Ascension (8.0°S, 14.4° W), Kuala Lumpur (2.7°N,
101.7°E), Nairobi (1.3°S, 36.8°E), Natal (5.4°S, 35.4° W), and Paramaribo (5.8°N,
55.2°W). According to their geolocations, these stations match the 5°N-5°S zonal
band, considered before, quite well. The monthly averaged O5 time series over all 5
stations are calculated. In order to account for possible offsets between the stations, the
mean values of single-station time series are adjusted before averaging. The reference
value is the mean value of one of the contributing stations, in our case Paramaribo.
The resulting sonde trend profile is compared to the trend profile from SCIAMACHY,
which is based on data selected at latitudes and longitudes around the sites of the
ozonesonde stations and averaged accordingly.

Figure 13 compares the sonde and SCIAMACHY Oj trend profile from 15 to 30 km.
As a result of the high zonal symmetry of tropical stratospheric O; (Thompson, 2003;
Randel and Thompson, 2011), the trend profile from SCIAMACHY is very similar to
the profile obtained for the entire 5° N-5°S zonal band in Sect. 5.1. There are posi-
tive trends between 15-30 km with a maximum around 20 km. By the sondes, positive
trends are seen in the 15-30km range as well. The O5 trend uncertainties are com-
parable for both trend profiles at most altitudes. The sondes are in agreement with
SCIAMACHY from 30km down to around 20 km. Below 20 km, the trends from the
sondes climb further and reach a maximum between 15-20 km. For SCIAMACHY, the
O trends decay continuously towards zero. The data from the sondes indicate a trend
maximum somewhat lower than SCIAMACHY.
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The differences between 15-20km may arise from the satellite retrieval suffering
from the impacts of high convective clouds, see e.g. Mieruch et al. (2012). Considering
the last decade only, there is still some tendency towards positive Og trends in the low-
ermost tropical stratosphere in contrast to those trends inferred by Randel and Thomp-
son (2011). Their O5 trends were inferred from a dataset merged between SAGE Il and
SHADOZ spanning the period from 1984—-2009. Some negative trends were identified
in the lowermost tropical stratosphere and attributed to enhanced tropical upwelling.

7.2 Total ozone

A comparison of the trend in the stratospheric O3 column derived by integrating SCIA-
MACHY limb O4 with that in total column O3 has been made for the period from August
2002 to December 2011. The total O3 columns are obtained from a merged dataset
from GOME, SCIAMACHY nadir, and GOME2 (Weber et al., 2012). The dataset is in
good agreement with the O observations from Dobson and Brewer data networks and
also with the total O3 data from SBUV and TOMS. This dataset of zonal mean total
O; (GOME/SCIAMACHY/GOME?2 merged WFDOAS total ozone V1) is accessible via
http://www.iup.uni-bremen.de/gome/wfdoas. By averaging over 5° N-5° S, the monthly
time series of tropical total O3 is obtained and compared to the tropical SCIAMACHY
limb Oy integrated over the entire altitude range from 10 to 75 km.

With large parts of total O4 residing in the stratosphere, the time series of integrated
limb O3 and total O3 are quite close to each other as shown in Figs. 14 and 15. Due to
tropospheric O3 below 10 km, the GOME/SCIAMACHY/GOME?2 total O5 time series is
always slightly larger than the integrated limb time series. Trend analyses including the
QBO and solar cycle are performed for the integrated limb and merged total O3, yielding
trends of (0.1 £0.1) %yr‘1 and (0.3+0.1) %yr'1, respectively. Thus, a consistent near
zero trend is observed for both integrated limb and nadir total O3 in the inner tropics
from 2002 to 2011. This results from the positive trend in the lower and upper strato-
sphere cancelled by the negative trend in the middle stratosphere. This unusual and
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unexpected O4 trend behaviour in the tropics as a function of altitude is not observable
in the total column data.

8 Conclusions

Time series from vertical profiles of O3 from SCIAMACHY limb measurements have
been analysed for the 60-50° N, 5°N-5°S, and 50-60° S latitude bands. Rates of lin-
ear change or trends were determined for stratospheric O in the 15-50 km range for
the time span August 2002 to December 2011. The trends obtained from SCIAMACHY
were compared to those obtained from the measurements of the OSIRIS/Odin and
EOS MLS satellite instruments and to the trends from SHADOZ ozonesondes. SCIA-
MACHY and the comparison instruments are found to be in good agreement down to
altitudes around 20 km.

In the tropics, the O4 trend profile is found to exhibit a pronounced dipole shape.
There are positive trends up to 1 %yr‘1 between 15 and 30 km and negative trends up
to -2 %yr'1 between 30 and 35 km. As identified by Nevison et al. (1999), positive O
trends observed between 15 and 30 km are likely to be caused by increasing NO,. In
agreement with the studies of Fleming et al. (2011) and Portmann and Solomon (2007),
increasing NO, are also favoured as driver of negative tropical O; trends observed
between 30 and 35 km. Further studies on NO, trends from SCIAMACHY are underway
to elucidate further the origin of the changes in the vertical profile of O5 trends.

In the upper stratosphere between 40 and 50 km, moderately positive O3 trends are
seen by SCIAMACHY from the tropics to the midlatitudes of both hemispheres. These
trends are believed to be in response to declining halogens as this region is highly
sensitive to halogen chemistry (WMO, 1999). Similar O3 trends have been previously
reported by Steinbrecht et al. (2006, 2009), Jones et al. (2009), and WMO (2011) in
the 35—45 km range.

In our study, integrated limb O3 from SCIAMACHY has also been considered in or-
der to assess the net effect of vertically resolved trends. Both SCIAMACHY integrated
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limb O5; and merged total O; from GOME, SCIAMACHY nadir, and GOME2 show con-
sistently near zero trends in the tropics. For the considered time span, this is the net
effect of positive Og trends in the lower and upper stratosphere and negative O trends
in the middle stratosphere seen in the vertically resolved time series. This finding is
also compliant with tropical total O3 having undergone hardly any changes over the
last decades (WMO, 2007).
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Fig. 8. Ozone trends inferred from SCIAMACHY and MLS measurements: 60-50° N, August
2004-December 2011. Error bars: 10.
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Fig. 9. Ozone trends inferred from SCIAMACHY and MLS measurements: 50-60° S, August

2004-December 2011. Error bars: 1o.
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Fig. 10. Ozone trends inferred from SCIAMACHY and MLS measurements: 5° N-5° S, August
2004-December 2011. Error bars: 10.
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Fig. 12. Ozone trends inferred from SCIAMACHY, MLS, and OSIRIS measurements: 20° N—
20° S, August 2004-December 2011. Error bars: 10.
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nadir, and GOME2 (blue). The overall fitting curve (black dashed) and its linear terms (black)

are overlaid.
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