
ACPD
13, 17849–17900, 2013

Drifts, trends and
periodic variations in

MIPAS ozone

E. Eckert 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
|

Atmos. Chem. Phys. Discuss., 13, 17849–17900, 2013
www.atmos-chem-phys-discuss.net/13/17849/2013/
doi:10.5194/acpd-13-17849-2013
© Author(s) 2013. CC Attribution 3.0 License.

EGU Journal Logos (RGB)

Advances in 
Geosciences

O
pen A

ccess

Natural Hazards 
and Earth System 

Sciences

O
pen A

ccess

Annales  
Geophysicae

O
pen A

ccess

Nonlinear Processes 
in Geophysics

O
pen A

ccess

Atmospheric 
Chemistry

and Physics

O
pen A

ccess

Atmospheric 
Chemistry

and Physics

O
pen A

ccess

Discussions

Atmospheric 
Measurement

Techniques

O
pen A

ccess

Atmospheric 
Measurement

Techniques

O
pen A

ccess

Discussions

Biogeosciences

O
pen A

ccess

O
pen A

ccess

Biogeosciences
Discussions

Climate 
of the Past

O
pen A

ccess

O
pen A

ccess

Climate 
of the Past

Discussions

Earth System 
Dynamics

O
pen A

ccess

O
pen A

ccess

Earth System 
Dynamics

Discussions

Geoscientific
Instrumentation 

Methods and
Data Systems

O
pen A

ccess

Geoscientific
Instrumentation 

Methods and
Data Systems

O
pen A

ccess

Discussions

Geoscientific
Model Development

O
pen A

ccess

O
pen A

ccess

Geoscientific
Model Development

Discussions

Hydrology and 
Earth System

Sciences

O
pen A

ccess

Hydrology and 
Earth System

Sciences

O
pen A

ccess

Discussions

Ocean Science

O
pen A

ccess

O
pen A

ccess

Ocean Science
Discussions

Solid Earth

O
pen A

ccess

O
pen A

ccess

Solid Earth
Discussions

The Cryosphere

O
pen A

ccess

O
pen A

ccess

The Cryosphere
Discussions

Natural Hazards 
and Earth System 

Sciences

O
pen A

ccess

Discussions

This discussion paper is/has been under review for the journal Atmospheric Chemistry
and Physics (ACP). Please refer to the corresponding final paper in ACP if available.

Drift-corrected trends and periodic
variations in MIPAS IMK/IAA ozone
measurements
E. Eckert1, T. von Clarmann1, M. Kiefer1, G. P. Stiller1, S. Lossow1, N. Glatthor1,
D. A. Degenstein2, L. Froidevaux3, S. Godin-Beekmann4, T. Leblanc5,
S. McDermid5, M. Pastel4, W. Steinbrecht6, D. P. J. Swart7, K. A. Walker8, and
P. F. Bernath9

1Karlsruhe Institute of Technology, Institute for Meteorology and Climate Research, Karlsruhe,
Germany
2Institute of Space and Atmospheric Studies, University of Saskatchewan, Saskatoon, Canada
3CalTech/Jet Propulsion Laboratory, Pasadena, California
4Laboratoire Atmosphère, Milieux, Observations Spatiales (LATMOS), Institut Pierre Simon
Laplace, Université Pierre et Marie Curie, Université Versailles St-Quentin-en-Yvelines, Centre
National de la Recherche Scientifique, Paris, France
5California Institute of Technology, Jet Propulsion Laboratory, Wrightwood, CA, USA
6Meteorological Observatory, Deutscher Wetterdienst, Hohenpeissenberg, Germany
7National Institute of Public Health and Environmental Protection, P.O. Box 1, NL-3720 BA
Bilthoven, the Netherlands
8Department of Physics, University of Toronto, Ontario, Canada

17849

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/17849/2013/acpd-13-17849-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/17849/2013/acpd-13-17849-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 17849–17900, 2013

Drifts, trends and
periodic variations in

MIPAS ozone

E. Eckert 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
|

9Department of Chemistry and Biochemistry, Old Dominion University, Norfolk, VA
23529-0126, USA

Received: 7 June 2013 – Accepted: 18 June 2013 – Published: 4 July 2013

Correspondence to: E. Eckert (ellen.eckert@kit.edu)

Published by Copernicus Publications on behalf of the European Geosciences Union.

17850

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/17849/2013/acpd-13-17849-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/17849/2013/acpd-13-17849-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 17849–17900, 2013

Drifts, trends and
periodic variations in

MIPAS ozone

E. Eckert 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
|

Abstract

Drifts, trends and periodic variations were calculated from monthly zonally averaged
ozone profiles. The ozone profiles, among many other species, were derived from level-
1b data of the Michelson Interferometer for Passive Atmospheric Sounding (MIPAS)
by means of the scientific level-2 processor run by Karlsruhe Institute of Technology5

(KIT), Institute for Meteorlogy and Climate Research (IMK). All trend and drift analy-
ses were performed using a multilinear parametric trend model which includes a lin-
ear term, several harmonics with period lengths from three to twenty four months and
the quasi-biennial oscillation (QBO). Drifts at 2-sigma significance level were mainly
negative for ozone relative to Aura MLS and Odin OSIRIS and negative or near zero10

for most of the comparisons to Lidar measurements. Lidar stations used here include
those at Hohenpeissenberg (47.8◦ N, 11.0◦ E), Lauder (45.0◦ S, 169.7◦ E), Mauna Loa
(19.5◦ N, 155.6◦ W), Observatoire Haute Provence (43.9◦ N, 5.7◦ E) and Table Mountain
(34.4◦ N, 117.7◦ W). Drifts against ACE-FTS were found to be mostly insignificant. The
assessed MIPAS ozone trends cover the time period of July 2002 to April 2012 and15

range from −0.5 ppmvdecade−1 to +0.5 ppmvdecade−1 depending on altitude and lat-
itude. From the drift analyses we derive that the real ozone trends might be slighly
more positive/less negative than those calculated from the MIPAS data, by conced-
ing the possibility of MIPAS having a very small (approx. within −0.3 ppmvdecade−1)
negative drift for ozone. This leads to drift-corrected trends of −0.4 ppmvdecade−1 to20

+0.55 ppmvdecade−1 for the time period covered by MIPAS Envisat measurements
with very few negative and large areas of positive trends, which is in good agreement
with recent literature. Differences of the trends compared with recent literature could be
explained by a possible shift of the subtropical mixing barriers. Results for the altitude-
latitude distribution of amplitudes of the quasi-biennial, annual and the semi-annual25

oscillation are also in very good agreement with recent findings.
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1 Introduction

Stratospheric ozone depletion has been an important issue for more than the past three
decades. Although ozone can cause health problems when being present close to the
surface in unnaturally large amounts, e.g. in the downstream of urban areas during
warm periods, its presence is very important at higher altitudes. Most of the ozone is5

located in the stratosphere, where it absorbs ultraviolet light coming from the sun. Light
at these wavelengths can lead to e.g. increased risk of skin cancer, hence the careful
monitoring of stratospheric ozone abundances is mandatory.

After Hartley’s approximate measurements of the absorption of ozone in the ultravi-
olet Fabry and Buisson were the first to estimate the vertical thickness of ozone in the10

atmosphere (Dobson, 1968). Shortly afterwards, during the 1920s, Dobson measured
column ozone at Oxford using a Féry spectrograph (Dobson, 1931; Götz et al., 1934).
Subsequently further Féry spectrographs were set up at several other locations in Eu-
rope. As a second step the measurements were expanded beyond Europe during the
late 1920’s, including a southern hemispheric site at Christchurch, New Zealand. Over15

the years, many different instruments and measurement techniques were developed so
that nowadays data are collected by ground based instruments like lidars, airborne ob-
servations including instruments carried by airplanes or balloons and spaceborne limb
sounders like MIPAS Envisat, the Microwave Limb Sounder on the Aura satellite (Aura
MLS), the Optical Spectrograph and Infrared Imaging System (Odin OSIRIS) and the20

Atmospheric Chemistry Experiment Fourier Transform Spectrometer (ACE-FTS). Mea-
surements form the latter satellite instruments are used in the analyses that follow.

All measurements show that the largest abundance of ozone can be found in the
stratosphere, forming the ozone layer. This layer protects the earth’s flora and fauna
from most of the harmful solar ultraviolet radiation. Molina and Rowland (1974) discov-25

ered that some anthropogenically produced chemicals could lead to the depletion of
stratospheric ozone. The discovery of the Antarctic ozone hole by Farman et al. (1985)
indicated that ozone depletion due to anthropogenic emission of e.g. chloroflourocar-
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bons (CFC) had the potential of a global threat. These findings led to the restriction
of major ozone depleting substances (ODSs) via the Montreal Protocol in 1987, but
since most of these substances are long-lived their amounts continued to increase in
the stratosphere until the mid-90s (WMO, 2011). Consequently a negative global trend
in ozone was observed for the same time period, reaching minimum total ozone val-5

ues during 1996–1997. Even though a decrease of stratospheric ODS concentrations
was noted from the mid-1990s on, ozone did not recover consistently. Trends after
1995 were found to be either nonexistent or slightly positive (Steinbrecht et al., 2009a;
WMO, 2011).

In this paper, linear variations of ozone calculated from zonal monthly means10

are shown which were derived from MIPAS Envisat IMK/IAA level-2 V3O_O3_9,
V5R_O3_220 and V5R_O3_221 data. The analyses cover the altitude range from 10
to 44 km in steps of one kilometer and continue in 2 km steps up to 50 km. Additionally,
altitude-latitude distributions of the amplitude of periodic variations with period lengths
of 6 (semi-annual oscillation – SAO) and 12 (annual oscillation – AO) months were15

assessed, as well as the quasi-biennial oscillation (QBO). These results were obtained
using MIPAS data from July 2002 to April 2012. MIPAS measurement data exhibit a gap
between March 2004 and January 2005, during which no data could be collected by
the instrument due to technical problems. This also led to an altered operation mode
for the second time period, with different spectral and horizontal resolution and tangent20

height pattern.
In order to support the trend analyses, drifts are estimated via comparison with sev-

eral coincident measurements of space borne instruments, namely ACE-FTS, Aura
MLS and Odin OSIRIS. We also calculated drifts comparing MIPAS profiles to co-
incident measurements of the Network for the Detection of Atmospheric Composi-25

tion Change (NDACC) lidars at Hohenpeissenberg, Mauna Loa, Lauder, Observatoire
Haute Provence and Table Mountain. Our conclusions from the drift analyses were
used to correct trends derived from the MIPAS data. The instruments used for this
study are introduced and characterized in Sect. 2, followed by a detailed description
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of the method of trend estimation and additional scientific tools in Sect. 3. While the
results are presented in Sect. 4, we provide a closing overview in the conclusions
(Sect. 5), putting the findings of this work into an overall context and point out possible
future work.

2 Instruments5

2.1 MIPAS Envisat

MIPAS was one of the core payload atmospheric chemistry instruments aboard the
European satellite Envisat (Fischer et al., 2008). The satellite was launched into a sun-
synchronous polar orbit at approximately 800 km, with 98.55◦ inclination, by the Euro-
pean Space Agency (ESA) in March 2002. The instrument setup allows global cover-10

age from pole to pole. Envisat crossed the equator at approximately 10:00 and 22:00 LT
and performed about 14.4 orbits per day. However it ceased sending data on 8 April
2012 and was declared dead shortly afterwards, so MIPAS provided data for a period
of about 10 yr.

MIPAS is a Fourier transform limb emission spectrometer, which measures the sig-15

natures of various trace gases within the spectral range of 4.15 to 14.6 µm. Originally
(high spectral resolution period), MIPAS measured one limb scan consisting of 17 tan-
gent altitudes from 6 to 68 km and about 75 profiles per orbit in its nominal mode, which
results in approximately 1000 profiles per day. The spectral resolution of MIPAS during
this first time period (2002–2004) was 0.025 cm−1 unapodized (0.035 cm−1 apodized).20

The data product used in this study associated with this time period is the V3O_O3_9
data set. It was developed by improvement of the V3O_O3_7 data using version 4.6x
level-1b data set as characterized by Glatthor et al. (2006) and consists of 486 945
ozone profiles. The retrieval grid width in all MIPAS data versions is 1 km for altitudes
below 44 km and 2 km above, independent of the tangent altitudes of the measure-25

ments. Changes from the V3O_O3_7 described there to the more recent V3O_O3_9
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retrieval and processing setup include a switchoff of the first microwindow (741.675 to
741.825 cm−1) at 18 km (Glatthor et al., 2006, Table 1) and the additional usage of the
horizontal temperature gradient fitted at a preceding retrieval. The vertical resolution of
the V3O_O3_9 version ranges from 3.5 to 5 km between 10 and 40 km (Steck et al.,
2007) and becomes slightly coarser above, depending on atmospheric conditions.5

For the second time period we chose to use the combination of the V5R_O3_220
(1541 474 profiles) and V5R_O3_221 (331 287 profiles) MIPAS ozone product, both
of which were derived from version 5.0 and later level-1b data. The V5R_O3_221
data ozone set consistently extends the V5R_O3_220 product after April 2011. These
versions of the ozone product are closely linked with version V4O_O3_202 (deduced10

from version 4.67 level-1b data) as characterised by von Clarmann et al. (2009) and
validated by Stiller et al. (2012b). The thorough validation of the V5R_O3_220 (and
V5R_O3_221) is currently in progress (Laeng et al. and paper in preparation). Dif-
ferences in the setup from version V4O_O3_202 to both V5R_O3 versions are major
changes in level 1b data and the temperature fitted in a preceding retrieval. Additionally15

the upper end of the jointly retrieved continuum profile was shifted from 33 km to 50 km.
From version V5R_O3_220 to V5R_O3_221 only minor changes were applied which
do not appreciably change the results for ozone in the investigated altitude range. The
vertical resolution of the version V5R_O3_220 and V5R_O3_221 data product ranges
from about 2.5 to 5 km, exhibiting the worst vertical resolution around 30 to 35 km.20

Recent investigations of this feature showed that the vertical resolution in this altitude
range would be significantly improved by activating microwindows in the MIPAS AB
band (1020–1170 cm−1) at and above 33 km instead of 36 km and above as performed
for the dataset used here, at the cost of a higher positive bias, however. The combined
data set of V3O_O3_9, V5R_O3_220 and V5R_O3_221 contains 2 359 706 ozone pro-25

files in total.

17855

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/17849/2013/acpd-13-17849-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/17849/2013/acpd-13-17849-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 17849–17900, 2013

Drifts, trends and
periodic variations in

MIPAS ozone

E. Eckert 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
|

2.2 Aura MLS

The Microwave Limb Sounder (MLS) is one amongst four instruments currently oper-
ating on the Earth Observing System (EOS) Aura satellite, which was launched into
a sun-synchronous, near-polar orbit at about 705 km by NASA on 15 July 2004. The
Aura satellite is dedicated to chemical constituents of the atmosphere, while the other5

satellites of the EOS program, Aqua and Terra, focus on the hydrological cycle and
land processes, respectively (Schoeberl et al., 2006). Aura MLS records microwave
emissions in spectral regions centered at approximately 118, 190, 240 and 640 GHz
and additionally 2.5 THz (Waters et al., 2006). With a vertical resolution of 2.5 to 3 km it
measures atmospheric constituents in the upper troposphere, stratosphere and meso-10

sphere, while achieving nearly pole to pole coverage (82◦ S to 82◦ N).
Mainly focussing on tropospheric and stratospheric processes concerning ozone

chemistry, Aura MLS provides data on several atmospheric chemical species linked to
ozone destruction, including various reservoir gases. With approximately 240 profiles
per orbit (nearly 3500 profiles per day) Aura MLS provides a large number of profiles15

(day and night) and is thus a very good candidate for drift estimation by means of coin-
ciding profiles. In this study the ozone version v2.2 of the Aura MLS data was used. The
standard ozone product, which is used in this study, is derived from the 240 GHz region
(main line at 235.7 GHz and lines at 243.45 GHz and 244.16 GHz, Froidevaux et al.,
2008). This Aura MLS dataset is recommended for pressure levels between 215 and20

0.02 hPa, after necessary data screening is applied (Froidevaux et al., 2008). Since the
application of the MIPAS averaging kernel, as described in Sect. 3.2.2, was performed
on the MIPAS altitude grid we interpolated the Aura MLS data from its pressure grid
to an adequate altitude grid using coincident ECMWF temperatures and pressure to
calculate pressure-altitude relations.25
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2.3 ACE-FTS

The Fourier Transform Spectrometer (FTS) of the Atmospheric Chemistry Experiment
(ACE) is one of the two instruments on board the Canadian satellite SCISAT-1. It was
launched into a circular low-earth orbit at approximately 650 km from an airplane on
12 August 2003 and the routine measurements were started in February 2004. ACE5

typically measures in the altitude range from 10 to 100 km, depending on the measure-
ment and the strength of the spectral lines, although the high-resolution (0.02 cm−1)
infrared FTS can generally start at the cloud tops and reach up to about 150 km. The
vertical resolution of the FTS is approximately 3–4 km (Dupuy et al., 2009). While using
a similar wavelength region (2.2 to 13.3 µm) as MIPAS, ACE-FTS measures in solar oc-10

cultation. For this study, the updated version v2.2 of the ACE-FTS ozone data was used
for comparison. Due to the fact that some of the profiles seemed to show very unrealis-
tic values, the following rejection criteria were applied: First, the criteria provided at the
data issue page (https://databace.scisat.ca/validation/data_issues_table.php), where
certain peculiarities are reported, were used to sort out some profiles. Since this ap-15

proach still left some suspicious profiles in the data sets, we also removed those for
which the ozone mixing ratios were outside of the range −10 to 20 ppmv. This range
was suggested by Dupuy et al. (2009) during the validation of the ACE-FTS ozone
product. The profiles were rejected, if their values were outside these ranges at any
point between 0 and 60 km.20

2.4 Odin OSIRIS

The Optical Spectrograph and InfraRed Imaging System (OSIRIS) is a Canadian in-
strument aboard the Swedish Satellite Odin and has been collecting data since Febru-
ary 2001 (Degenstein et al., 2009). It orbits sun-synchronously at about 600 km with
northward equator crossing time at 6 p.m. LT and 98◦ inclination. Since OSIRIS is an25

instrument which measures scattered sunlight, measurements are only possible dur-
ing June, July, August and September (November, December, January and February)
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at the Northern Hemisphere (Southern Hemisphere) , because sunlight is imperative
for the instrument’s observations. While the optical spectrograph (OS) records spectra
of limb scattered sunlight from 280 to 800 nm and has a spectral resolution of about
1 nm, the second part of the instrument, the infrared imager (IRI), measures scattered
sunlight as well as airglow emissions (Llewellyn et al., 2004). The altitudinal coverage5

of OSIRIS is generally from 10 to 100 km and scans from 7 to 70 km tangent altitude in
normal operation mode (Degenstein et al., 2009). In this study we use version v5.07 of
the OSIRIS ozone data retrieved by means of the SaskMART Multiplicative Algebraic
Reconstruction Technique. The retrieved profiles have a vertical resolution of approxi-
mately 2.2 km up to 40 km, degrading slightly above.10

2.5 Lidars

All lidar data used in this study were provided by the NDACC community (http:
//www.ndacc.org, see also Steinbrecht et al., 2009a,b; McDermid et al., 1990, 1995;
Brinksma et al., 2000). These lidars (at Hohenpeissenberg, Lauder, Mauna Loa, Haute
Provence and Table Mountain) use the Differential Absorption Lidar (DIAL) Technique15

(Megie et al., 1977) to derive stratospheric ozone profiles from atmospheric measure-
ments. Light at two different wavelengths is emitted. One wavelength is 308 nm for all
lidars, while the reference wavelength is 353 nm at Hohenpeissenberg and Lauder and
355 nm for the other lidars during the investigated time period. Lidar measurements
become less reliable with altitude which is reflected in deteriorating precision from ap-20

proximately 1 % up to 30 km through about 2–5 % around 40 km to up to 25 % at 50 km
(Nair et al., 2012). Most lidars have vertical resolutions of around 2 km for altitudes
below 30 km which then increases rapidly above. More detailed information about the
lidar characteristics and the measurement technique may be found in Nair et al. (2012);
Megie et al. (1977). Since the recorded data are provided in terms of number density,25

ECMWF data were used for conversion to volume mixing ratio.
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3 Methods

3.1 Method of trend estimation

The multilinear parametric trend model used in this study consists of a constant and
a linear term, annual and semi-annual oscillation terms, as well as several harmonic
overtones. The QBO was implemented using the Singapore winds at 30 hPa and5

50 hPa as a proxy, which are approximately phase shifted by a quarter period and can
thus be treated equivalently to sine and cosine functions of the same period length.
Equation (1) is the basic function applied here, similar to Stiller et al. (2012c).

ŷ(x) = a+bx+c1qbo1 +d1qbo2 +
m∑
n=2

(cnsin
2πx
ln

+dncos
2πx
ln

) (1)

Here x is the time, whereas qbo1 and qbo2 refer to the Singapore winds at 30 and10

50 hPa. The sum comprises 8 sine and cosine functions with the period length ln,
including the annual and semi-annual oscillation as well as 6 overtones with period
lengths of 3, 4, 8, 9, 18 and 24 months. a and b represent the constant term and the
slope of the fit, respectively. cn and dn are parameters which have to be found to fit
amplitude and phase of the oscillations.15

The method is based on a concept introduced by von Clarmann et al. (2010) in order
to estimate trends of combined data sets which have a potential bias. By using the full
covariance matrix when minimizing the cost function (cf. von Clarmann et al., 2010)
an arbitrary bias can be accounted for during the regression process and thus makes
the model resistant to such biases. The scheme is equivalent to fitting the trends in20

each data sub set individually and ignoring any jump between the subsets. The final
trend then corresponds to a weighted mean of the trends of each subset. Coefficients
associated with periodic and quasi-periodic variations refer to the entire data set.

In order to account for the autocorrelative nature of the atmosphere and to get realis-
tic error estimates, the autocorrelations among the data points were considered in the25
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covariance matrix of the data set, and a model error component was assessed itera-
tively and added to the covariance matrix such that χ2 of the fit approaches unity. The
parameters a, b, cn and dn of Eq. (1) were fitted to zonal monthly means of 10◦ latitude
bands of the MIPAS ozone time series covering 1 July 2002 to 8 April 2012 to assess
the linear variation during that period. An example of the fit is shown in Fig. 1, showing5

the ozone monthly means as well as the fit and linear variation at 0 to 10◦ N and 30 km
altitude. The bias between the two data blocks is quite obvious and it is reasonably
accounted for during the fit process. A semi-annual oscillation and a QBO signal can
also be identified in the data, which are satisfactorily reproduced by the fit.

Before analysing derived trends a potential drift in MIPAS ozone data must be iden-10

tified and accounted for. To estimate the drifts against other instruments the difference
of MIPAS minus the reference instrument was calculated for each data point and the
related time series were fitted by the same method as just introduced. The linear term
of the variation of these differences is the drift.

3.2 Drifts15

In our definition, drifts are a trend-like artificial linear variation of a signal due to less
than perfect instrument stability. In order to assess a clean natural trend from the mea-
surements, possible drifts are analysed in a preceding step. This is realized by calculat-
ing the difference of the MIPAS measurement and that of another instrument at every
valid altitude grid point of each coinciding profile pair, establishing monthly means of20

these differences and applying the trend method as introduced in Sect. 3.1. Figure 2
shows an example of the fit for the differences of Aura MLS and MIPAS. As can be
seen here, there are still some oscillations in the differences, which we first expected to
cancel out. When we discovered that this assumption was not justified we decided to
use the full multilinear parametric regression model for drift estimation as well, includ-25

ing the whole set of oscillations, instead of just using a linear and a constant term. This
is to account for possible dependence of the differences on the atmospheric state.
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To improve comparability with e.g. Nair et al. (2012) we also assessed relative drifts
by calculating the relative difference of each coinciding profile pair consistently with
their paper as follows

vmrrel =
vmrM − vmrRF

vmrRF
·100%

= A ·100% (2)5

The respective error was estimated accounting for Gaussian error propagation and with
respect to Eq. (2).

3.2.1 Coincidence criteria

To account for varying data coverage and availability, two different coincidence cri-10

teria were used. One pair takes measurements into account which are closer than
250 km radial spatial distance and 6 h temporal difference to the MIPAS measurements.
Weaker criteria of 1000 km and 24 h were applied to instruments with sparser coverage
and/or fewer measurements to still obtain a sufficiently large number of measurements
to compare in the drift analyses. In both cases the distance is calculated relative to15

the nominal geolocation of the MIPAS profile, which is the tangent point of the 30 km
tangent altitude limb view. Table 2 summarizes these criteria for the different instru-
ments and lists the total number of profiles which matched these criteria. For some
instruments which originally cover the whole MIPAS mission period we additionally
performed the analysis for a reduced time series, meaning that we only took coinci-20

dences of the second MIPAS period into account. This was done in order to assure
that the results exhibit only minor changes when the first MIPAS period is omitted due
to lack of data, e.g. for instruments like Aura MLS or ACE-FTS.

In cases with more than one measurement fulfilling the coincidence criteria, only the
closest profile was chosen. This was done by normalizing the distance and time criteria25

as shown in Eq. (3), such that the pair with the lowest Ccomb-value is considered to be
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the best coincidence.

Ccomb =
(

d
dmax

)2

+
(

t
tmax

)2

, (3)

where d is the spatial distance between the two profiles, dmax is the maximum allowed
distance, t is the time difference between the profiles and tmax is the maximum allowed
time difference. In case of two MIPAS profiles matching the same profile of the other5

instrument a selection process was undergone such that the loss of profiles pairs was
minimized and the entirety of the pairs fulfilled the criteria best.

3.2.2 Application of the MIPAS averaging kernel

In most cases the vertical resolution of the reference instrument was better than that
of MIPAS in certain altitude regions. For the lidars this region is rather the lower end of10

the profile, vertical resolution is certainly not better above 40 km, but as already men-
tioned measurements above approximately this altitude should be treated with care.
The reason for applying the MIPAS averaging kernels is primarily the vertical resolu-
tion peak around 30 to 35 km in version V5R_O3_220 and V5R_O3_221 of MIPAS data
from the second time period of the MIPAS mission. In the case of ACE-FTS the worst15

case assumption on the vertical resolution, based on the field of view, is about 3–4 km,
which is very similar to that of MIPAS. Sensitivity studies showed that application of the
MIPAS averaging kernels to ACE-FTS profiles does not exhibit any major differences
compared to ACE-FTS profiles to which no averaging kernels were applied. However,
for consistency and the afore mentioned reasons we chose to apply the respective av-20

eraging kernel of the coinciding MIPAS measurement to all instruments according to
Eq. (4).

x̃fM = AMIPASVxf + (I−AMIPAS)xa (4)

In this equation, xf is the initially finer profile (e.g. that of Aura MLS). x̃fM is that pro-
file transferred to the MIPAS grid under consideration of the MIPAS averaging kernel25
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AMIPAS. V is a transformation matrix relating the fine profile xf with the coarser grid. I is
unity and xa is the a priori profile used for MIPAS. In the case of ozone a zero a priori
had been used simplifying Eq. (4) to

x̃fM,O3
= AMIPAS,O3

Vxf,O3
(5)

More detailed information on the methodology may be found in Stiller et al. (2012b).5

3.3 Drift-corrected trend

Since we were interested in how the drift would influence the MIPAS ozone trend, we
calculated a so-called drift-corrected trend bcorrected (Eq. 6).

bcorrected = bMIPAS −bDrift,MIPASvsREF (6)

For this purpose we used the drift estimates and calculated the difference of the MI-10

PAS trend bMIPAS and the drift versus the reference instrument bDrift,MIPASvsREF for every
altitude-latitude grid point. The associated error was simply calculated as the combined
error of the MIPAS trend and the drift established in comparison versus the respective
instrument, both of which were assessed within the respective regression process.
Here we assume the difference to be caused by a MIPAS drift to a large extend, not15

by a possible drift of the other instrument. The resulting errors can be considered as
a conservative estimate, because we did not account for possible correlations between
the single instrument errors. If these errors were treated as positively correlated to
some extent, the resulting error would decrease. Not expecting any correlation is justi-
fied here for the following reasoning: We assume that natural variability should mostly20

be cancelled out by calculating differences, which is the main contributor to the basic
errors. Even though this is not entirely true, as shown in Sect. 3.2, this approximation is
valid to a good extent, since the oscillations in the differences are considerably smaller
than those in the time series of the measurements. In addition the data sets used for
drift estimation are at least six times smaller than the data set used for trend estimation25

(MIPAS), due to only accounting for coinciding measurements.
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4 Results

4.1 Drifts

From the drift analyses we have a wide range of results from various instruments.
Comparisons with instruments which offer global or near global coverage are displayed
as altitude-latitude cross-sections of the linear term of the drift analysis. Hatched areas5

in these plots are those where the significance of the estimated drifts is less than 2
sigma. We have performed MIPAS drift estimations versus Aura MLS, ACE-FTS and
Odin OSIRIS (Figs. 3–5). Estimates versus lidars are displayed in drift panels showing
the linear term of the drift analysis as well as a 2-sigma uncertainty at each altitude grid
point. In the following we will focus on discussing only drifts with 2-sigma significance10

or better. Blue colors in Figs. 3–5 indicate that the linear variation for the MIPAS data
decreases more strongly than that of the reference instrument, while red colors denote
a stronger increasing linear variation for the MIPAS data.

Results for Aura MLS (Fig. 3) exhibit only negative drifts, except from very few
values at lower latitudes. The negative drifts range from near zero to approximately15

−0.33 ppmvdecade−1 and seem to become slightly more negative with altitude up to
∼40 km. For Odin OSIRIS (Fig. 4) we find a similar pattern, but the absolute values
range down to about −0.55 ppmvdecade−1 at several grid points and even reach val-
ues around −0.7 ppmvdecade−1 in a few cases. The plots of ACE-FTS (Fig. 5) look
a bit different, mainly because we found very few significant drifts overall. The remain-20

ing drifts do not seem to have a positive or negative majority in sign, so that MIPAS
and ACE-FTS seem to have been measuring at similar stability during the examined
time period. The large white area in the tropics, where no drifts could be calculated,
results from ACE-FTS focusing on higher latitudes. Due to this there are simply not
enough months during which ACE-FTS measures at low latitudes, resulting in under-25

determination of the system of the multilinear parametric trend model.
Aura MLS and Odin OSIRIS do not cover the same time period. In order to assess if

including the first measurement period of MIPAS makes a difference, we also analysed
17864
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the drifts of MIPAS versus Odin OSIRIS and two of the lidars only for the low reso-
lution period of MIPAS (Figs. A2 and A3, respectively). It is obvious from these plots
that differences compared to the drift analyses for the combined high and low spectral
resolution time period of MIPAS are negligible.

Considering the lidars we assessed insignificant or negative drifts in most cases5

(Hohenpeissenberg, Table Mountain, Mauna Loa and Lauder). Only the comparison
of MIPAS versus Observatoire Haute Provence shows positive drifts above ∼25 km,
which increase with altitude and even exceed 1.0 ppmvdecade−1 around 40 km. While
the calculated drifts for the comparison of MIPAS with Mauna Loa and Lauder lidars
are insignificant except for very few cases, we found significant negative drifts versus10

the lidar measurements at Hohenpeissenberg and Table Mountain above ∼20 km. As
already observed for the analyses for MIPAS versus Aura MLS and Odin OSIRIS, these
drifts seem to increase with altitude, but since the lidar data are not very reliable above
40 km it is difficult to verify maximum drift values at and above 40 km, which are ap-
parently present in the satellite-satellite comparisons. In order to facilitate comparison15

with recent research (Nair et al., 2012, p. 1310) we also calculated the relative drifts of
MIPAS versus these lidars as discribed in Sect. 3.2 of this paper. The results are shown
in Fig. A1. We find a striking resemblance with the findings of the aforementioned au-
thors’ comparison of Aura MLS with the lidars. They also find mainly insignificant drifts
for comparisons of Aura MLS with the lidar measurements of Mauna Loa and Lauder.20

Drifts versus lidar measurements at Hohenpeissenberg and Table Mountain are pre-
dominantly negative above ∼20 km and increase with altitude, while positive drifts
dominate the results found for comparisons with measurements at Observatoire Haute
Provence. Quantitatively our results are also in very good agreement with those which
Nair et al. (2012) found for Aura MLS versus the lidars. Negative drifts below 40 km25

for MIPAS versus Hohenpeissenberg and Table Mountain measurements of down to
−8.2 %decade−1 and −12.8 %decade−1 correspond to approximately −1.0 %yr−1 and
−1.5 %yr−1 for Aura MLS from Nair et al. (2012), respectively. For lidar measurements
at Observatoire Haute Provence positive MIPAS drifts assessed in this study range up
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to 10 %decade−1 below ∼35 km and increase above, exceeding 15 %decade−1 close
to 40 km, while in the comparison of Aura MLS versus the same lidar measurements
Nair et al. (2012) find values smaller than 1.0 %yr−1 up to about 39 km and values close
to 1.5 %yr−1 above. This indicates that the drifts are probably (at least in part) related
to the lidar instruments and not the satellite instruments, e.g. Aura MLS.5

There are investigations in progress concerning the calculations used to correct
for the non-linearity in the MIPAS detectors during level-1b processing. Due to ag-
ing of the detectors the coefficients used for these corrections might be changing
with time, instead of being constant throughout the mission, which might lead to in-
strumental drifts. A small set of profiles experimentally processed with recently sug-10

gested time dependent non-linearity coefficients showed more positive/less negative
trends than the profiles calculated with the coefficients actually used for ESA’s opera-
tional level-1 processing. Preliminary results show drifts down to maximum values of
−0.3 ppmvdecade−1 for ozone. The drifts are far smaller than −0.3 ppmvdecade−1 at
lower altitudes and seem to become slightly more negative with altitude (internal com-15

munication – cf. http://congrexprojects.com/docs/default-source/acve_docs/abstract-
book-acve-for-the-web.pdf?sfvrsn=2, p. 38). So the drifts estimated regarding the old
and the improved non-linearity correction coefficients indicate an ozone drift of the
same sign and magnitude as those established during the drift analyses of MIPAS ver-
sus Aura MLS. This agreement between the drifts established from the comparison of20

MIPAS versus Aura MLS and the theoretically predicted drifts of MIPAS due to detector
non-linearity suggest that it is most likely that the drifts are for the most part originated
in MIPAS, not Aura MLS. In addition there has been no indication of a possible drift in
the Aura MLS ozone data so far.

Due to these reasons, we believe that the assumption of an artificial drift of the order25

of 0 to −0.3 ppmvdecade−1, depending on altitude, is well justified for MIPAS ozone.
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4.2 Amplitudes of the QBO, annual and semi-annual oscillation

Among other quantities like the drifts and trends which were assessed in this work,
we took a closer look at the altitude-latitude distribution of the amplitudes of the quasi-
biennial (QBO) and semi-annual oscillation (SAO) as well as of the seasonal variation
of the MIPAS ozone data which were also fitted during the trend estimation process.5

The amplitude of the SAO (Fig. 7) shows approximately hemispherically symmetric
distributions. We find an amplitude maximum of the ozone SAO signal which is cen-
tered slightly above 30 km and exhibits maximum amplitudes of 0.5 ppmv. Beyond trop-
ical latitudes the amplitude decreases rapidly to near zero values, except in the polar
region. These findings agree very well with the results of Huang et al. (2008), who anal-10

ysed QBO and SAO ozone signals based on the Sounding of the Atmosphere using
Broadband Emission Radiometry (SABER) satellite measurements for 2002 through
2005 from 20 to 100 km and for latitudes within 48◦ N and S, and found good agreement
with ozone data of the Microwave Limb Sounder on the Upper Atmosphere Research
Satellite (UARS MLS). They assess an amplitude maximum of ∼0.5 ppmv between 3015

and 35 km for ozone, which is a result remarkably similar to ours.
The amplitude of the ozone QBO signal AQBO is calculated as in Eq. (7) (cf. Eq. 1).

AQBO =
d1

sin
(

arctan
(
d1
c1

)) (7)

Its distribution, which is displayed in Fig. 8, shows a slightly more complex structure.
Beside two tropical maxima around 25 km, with slightly over 0.6 ppmv, and 35 km,20

with approximately 0.4 ppmv, we find two additional subtropical maxima slightly above
30 km on both hemispheres. Of the latter two areas, the Northern Hemisphere one
shows larger amplitudes with values of nearly 0.6 ppmv, while the Southern Hemi-
sphere area is spatially larger but exhibits smaller maximum values of more than
0.3 ppmv for severaly grid points but none reaching 0.4 ppmv.25
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The location of these maxima in the QBO ozone amplitude agrees very well with
previous findings of e.g. Zawodny and McCormick (1991) who find tropical maxima in
SAGE II data located between 20–27 km and 30–38 km, Randel and Wu (1996), who
report extra-tropical maxima located close to 30 km in latitude ranges of 10–60◦ also
from SAGE II data, as well as Fadnavis and Beig (2009) who find tropical maxima5

around 22 hPa (∼26 km) and 9 hPa (∼32 km) at equatorial latitudes and weaker extra-
tropical maxima. The values of the reported maxima are larger though (about 1 ppmv
(Randel et al., 1999) to 1.4–1.6 ppmv (Fadnavis and Beig, 2009)), showing the larger
values at the higher tropical maximum. MIPAS amplitudes are smaller, which might
partly be due to the coarse vertical resolution especially around the upper maximum10

in tropical latitudes. The pattern could be understood as a periodic expansion and
shrinking of the ozone maximum in the tropics with the QBO phase both in vertical and
meridional direction. In this case, the amplitudes would be largest where the ozone
gradient in both vertical and meridional direction is largest, which is what we observe
(cf. Fig. 12, which is discussed in detail in Sect. 4.3).15

We chose to show the seasonal variation in terms of relative values, because oth-
erwise the important regions for this variation, along the tropopause, fade into the
background since the absolute ozone values are much smaller in these regions than
above. In the Tropical Tropopause Layer (TTL) vertical motion has a great impact on
the ozone amplitude, while at higher latitudes meridional mixing plays an important20

role. Around the tropical tropopause (16–18 km; ∼20◦ S to ∼20◦ N) an area of strong
seasonal variation is visible. Most values of the absolute amplitude in this region are
within ∼0.01 and ∼0.06 ppmv with few outliers reaching up to ∼0.11 ppmv. In the ex-
tratropical Upper Troposphere Lower Stratosphere (UTLS: 10–22 km; 40–60◦ S/N) the
signal of the ozone variation is clearly visible around the tropopause and below. The25

values of the ozone amplitude in this region range from ∼0.1 to ∼0.8 ppmv in the North-
ern Hemisphere and from ∼0.01 to ∼0.6 ppmv in the Southern Hemisphere. We also
see a signal in polar regions reaching up beyond 40 km with absolute values of up to
1.23 ppmv in the Northern Hemisphere. In the Southern Hemisphere around 30 km we
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find AO amplitude of ∼1.0 ppmv and ∼1.24 ppmv between 40 km and 50 km. These
results were found to be in very good agreement with recent findings. Eyring et al.
(2010) report amplitudes of ∼0.05 ppmv for NIWA observations between 20◦ S–20◦ N
at 100 hPa (∼16 km), while some models show amplitudes ranging up to ∼0.1 ppmv.
For the extratropical UTLS region in the Northern Hemisphere, ozone AO amplitudes of5

∼0.5 ppmv were deduced from Aura MLS and a multimodel mean at 100 hPa, while at
200 hPa (∼12 km) ∼0.3 ppmv were found for the ozone AO amplitude in Aura MLS and
a slightly smaller amplitude of ∼0.2 ppmv was assessed from the multimodel mean.
For the Southern Hemisphere amplitudes of ∼0.4 ppmv and ∼0.1 ppmv were found at
pressure levels of 100 hPa and 200 hPa, respectively. These amplitudes are very sim-10

ilar to those we found in the MIPAS ozone data. Tegtmeier et al. (2013) report ozone
AO amplitudes of ∼0.15 ppmv for a multi-instrument mean at 80 hPa (∼17 km) be-
tween 20◦ N and S for the period of 2005 to 2010. For southern mid-latitudinal regions
(40–50◦ S) an amplitude of ∼0.15 ppmv was deduced from the multi-instrument mean
at 200 hPa for the same time period as mentioned above. In the Northern Hemisphere15

at 50 hPa the multi-instrument mean shows an amplitude of ∼1.2 ppmv. Some of these
amplitudes are larger than those deduced from MIPAS ozone data during this analy-
ses. However, Tegtmeier et al. (2013) offer the explanation, that this might be due to
significantly better vertical resolution of some of the instruments used in their analysis.

4.3 Linear variations (short term trends)20

The linear term of the analysis of the MIPAS data estimated with the method described
in Sect. 3.1 represents a short term trend of the evolution of stratospheric ozone during
the past 10 yr. Similar as for the drifts, we will concentrate on 2-sigma significant trends
throughout the following discussion. As can be seen in Fig. 10, this excludes most of
the results beyond 60◦ N and S, where natural variability is large and thus the simple25

multilinear parametric trend model can presumably not fit the data properly. However,
we should keep in mind that the non-random pattern of the estimated trends is a strong
hint that increased significance could be achieved by a reduced spatial resolution of
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the analysis, both in the vertical and the latitudinal domain. Most of the trends below
20 km are non-significant, probably because ozone values are very small and MIPAS
measurements are inhibited by clouds especially at low latitudes.

The results of this part of the trend analysis are displayed in Fig. 10 by means of an
altitude-latitude cross-section and show a northern-southern hemispherically asym-5

metric pattern. We found a larger number of 2 sigma-significant trends for Southern
Hemisphere latitudes in general. In addition these significant trends exhibit predomi-
nantly positive values. A pronounced positive area ranges from the subtropics to near
polar latitudes centered approximately around 30 km and with maximum ozone trend
values of +0.5 ppmvdecade−1. Apart from that we find a few smaller areas which also10

exhibit weaker positive trends, e.g. in the tropics around 20 km, at northern subtropical
latitudes slightly above 30 km, at northern mid latitudes at approximately 45 km and at
subtropical latitudes below 20 km in both hemispheres. Negative trends are observed
in the tropics in the form of a double peak structure with maxima at approximately 25
and 35 km which reveal minimum trends of −0.5 ppmvdecade−1. Considerably smaller15

values appear at Northern Hemisphere mid latitudes between 20 and 30 km.
Negative ozone trends in the tropical middle stratosphere have also been found in

SCIAMACHY data (Gebhardt et al., 2013). Generally the trends shown in their paper
agree with ours, but not in every detail. In particular the trends provided by Gebhardt
et al. (2013) for the middle tropics are more negative with only one negative peak.20

Kyrölä et al. (2013) see less negative trends in the tropics around 30 to 35 km than
Gebhardt et al. (2013). The trends by Kyrölä et al. (2013) are of the order of −2 to
−3 %decade−1. This is even a bit smaller than what we find, but in their paper the
time period looked at (1997–2011) is a bit longer than ours and covers a slightly dif-
ferent time span in general. Thus differences can be expected when comparing their25

results with ours. In the extratropics up to ∼50◦ N/S Kyrölä et al. (2013) find predomi-
nantly positive or near zero trends between 25 and 50 km. Their trends are in the order
of up to +2 %decade−1 in these regions. This agrees considerably well with our re-
sults. Comparing our results with others of the post mid 1990s period we find that the
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assessed changes are predominantly positive or near zero, except for the lower strato-
spheric tropics. While column ozone from ground-based and satellite measurements
seem to exhibit non-changing ozone values in the mid-latitudes for both hemispheres
after 1998 after showing an increase of ∼2 % from 1996 to 1998, an increase in mid-
latitudinal ozone was found for the Northern Hemisphere for the time period of 1996 to5

2009 at altitude ranges of 12–15, 20–25 and 35–45 km with largest increases (6 %) at
the lowest level and smaller values above. Southern Hemisphere mid latitudinal trends
were only found to be statistically significant at the highest level (35–45 km) exhibiting
an increase of 1–3 % for the time period of 1996 to 2009 (cf. WMO, 2011, Chapter 2,
Table S2-1). Tropical ozone trends from simulations show negative values right above10

the tropopause (18–19 km), presumably due to increased upwelling.
In addition to the trends estimated from MIPAS measurements, we also calculated

“drift-corrected trends” (Fig. 11). The displayed trends and associated errors were cal-
culated as described in Sect. 3.3. We chose the drift estimates versus Aura MLS for
correction of the MIPAS trends due to two reasons. First, a drift of the order of mag-15

nitude such as the one established by comparison with Aura MLS can mostly be ex-
plained by drifts associated with the non-linearity correction for the MIPAS detector as
already mentioned in Sect. 4.1. Second, there has been no indication of a possible
drift in Aura MLS ozone data so far. In addition to that the number of coinciding profiles
with Aura MLS is the largest compared to all other instruments, even when using strict20

coincidence criteria, which presumably provides the most reliable analysis. Thus the
drift estimate versus Aura MLS seems to be the most suitable candidate for shifting
the MIPAS trends towards reality. While one might think that the drift-corrected MI-
PAS trends using Aura MLS for drift determination gives actually an Aura MLS ozone
trend, this is not true: The MIPAS trend is inferred from a by far larger data set than25

that used for drift estimation. For the drift estimation of MIPAS-Aura MLS coincidences
had to be used, while the trends have been inferred from the entire MIPAS data set.
Most of the negative ozone trends which were significant in the pure MIPAS estimates
are no longer significant at 2-sigma level in the corrected version, especially at higher
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altitudes. In addition, significant areas with positive trends become larger and more sig-
nificant. These results agree better with recent findings (e.g. WMO, 2011; Steinbrecht
et al., 2009a) than the MIPAS trends without any correction. The few negative trends
left are the tropical double peak structure and Northern Hemisphere areas around 20
to 25 km, as well as a very small spot around 45 km. A clear hemispherically asym-5

metric distribution is still visible. Positive values reach up to +0.55 ppmvdecade−1 in
the Southern Hemisphere and +0.46 ppmvdecade−1 in the Northern Hemisphere, with
the northern hemispheric areas slightly above 40 km now reaching values of maximum
+0.40 ppmvdecade−1. The tropical negative peaks come up with minimum values of
−0.37 ppmvdecade−1 and −0.41 ppmvdecade−1 for the lower and the upper one, re-10

spectively.
A reasonable explanation for negative trends near the equator is increased tropical

upwelling, as suggested before (WMO, 2011), but only for altitudes slightly above the
tropopause. So upwelling does not provide a sufficient explanation for the negative
values in the tropical middle stratosphere. It cannot explain the double peak structure15

either. The altitude-latitude cross-section of the amplitude of the QBO shows that the
negative peaks in the trends coincide closely with the maxima in QBO amplitude. While
the pattern of the QBO amplitude hints towards a periodic expansion and shrinking of
the ozone maximum in the tropics (see Sect. 4.2), the trend pattern hints towards a
vertical shrinking and meridional expansion of the ozone maximum. This is also most20

pronounced where the gradient in the ozone distribution is largest. According to this it
is reasonable for the maxima of the QBO amplitude and the extrema of the trends to
occur in similar areas. Figures 12 and 13 show the zonal ozone distribution calculated
from the results of the parametric trend fit for the years 2000 and 2012, respectively.
While the constant term for the year 2000 is a direct output of the trend fit process,25

the constant term for the year 2012 was calculated by extrapolating the ozone volume
mixing ratio from the year 2000 to the year 2012 using the drift-corrected trend which
was assessed previously. One can see a vertical shrinking and latitudinal expansion of
the ozone maximum in the tropics.
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The hemispherically asymmetric trend patterns shown in Fig. 11 could be explained
by a shift of the subtropical mixing barriers by 5◦ to the south over the observation pe-
riod, as first indicated by Stiller et al. (2012a). A simple way to mimic this shift is shown
in Fig. 14: the zonal mean distribution of ozone as obtained from the constant terms
of the parametric fits of the time series for all latitude-altitude bins has been shifted by5

5◦ to the south below altitudes of 30 km. Above 30 km, the Northern Hemisphere (20◦

to 60◦ N) has been shifted to the North, simulating a widening of the tropical pipe. The
shifts have been applied between 60◦ S and 60◦ N only, since a shift to the polar mixing
barriers was not expected. The differences between the original and the shifted distri-
bution assumed to appear over a period of 10 yr is shown in Fig. 14. The pattern of the10

change of the ozone distribution over a decade is stunningly similar to the linear trends
observed in the real ozone distributions. Since the main features of the zonal ozone
distribution are to a large extent ruled by the subtropical mixing barriers a shift of the
barriers by 5◦ to the south (and an expansion of the tropical pipe above 30 km) would
be able to explain the observed decadal linear trend to a large degree. We do not claim15

however, that this is a climatological trend, but possibly rather a low-frequency natural
variability, the causes of which are still unknown.

5 Conclusions

The investigations performed in this work offer an overall coherent picture. We cal-
culated drifts of the MIPAS ozone time series versus several instruments which in-20

clude satellite as well as ground based experiments. Most of these analyses sug-
gest that MIPAS ozone data most probably has a small negative drift and thus trends
calculated from the MIPAS data might exhibit values which are less positive (more
negative) than in reality. Only few comparisons suggest that MIPAS ozone data do
not reveal a drift, such as the drift estimation versus ACE-FTS, or even hint at pos-25

itive drifts like the analysis comparing MIPAS with the Lidar at Observatoire Haute
Provence. Magnitudes of the established negative drifts differ from minimum values
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of about −0.3 ppmvdecade−1 for Aura MLS to approximately −0.7 ppmvdecade−1 for
Odin OSIRIS and for some lidars at high altitudes. Due to recent studies on MIPAS’
non linearity correction and the analysis versus Aura MLS, which presumably offers
the most reliable drift estimates, we assume that a drift in MIPAS ozone data is most
likely of a magnitude of 0 to −0.3 ppmvdecade−1, depending on latitude, and thus we5

correct our trends estimated from MIPAS data by the drift estimates of the compar-
ison with Aura MLS. The corrected trends agree well with recent findings and offer
better agreement with those findings than the non-corrected trends. They range from
approximately −0.4 ppmvdecade−1 in the tropics up to +0.55 ppmvdecade−1 at south-
ern mid-latitudes. Significant areas exhibiting positive values increase spatially when10

correcting with the drift estimated in comparison with Aura MLS, leaving mostly posi-
tive values. This is in very good agreement with results shown in WMO (2011). In the
aforementioned work there are predominantly positive or close to zero trends found for
the period after 1996/1997.

We observe a negative double peak structure around the equator, with minima at15

approximately 25 and 35 km, exhibiting extreme values of −0.37 ppmvdecade−1 and
−0.41 ppmvdecade−1 respectively, which coincide in altitude with the maxima of the
amplitude of the ozone QBO. This coincidence of the tropical QBO maxima with the
negative ozone trends occurs due to the ozone gradient being largest at these altitudes,
so that the periodic vertical expansion and shrinking (in case of the QBO) and the ver-20

tical flattening of the ozone maximum over the measured period (in case of the trends)
both are very obvious here. We find a clear hemispherically asymmetric pattern in the
trends with the negative signs in the northern lower stratosphere and positive values
in the southern lower stratosphere (20–30 km). This, together with negative trends at
tropical mid-stratospheric altitudes can be mimicked by shifting the zonal ozone distri-25

bution 30 km by 5◦ to the South and expanding the tropical pipe by 5◦ to the North and
South above, simulating mainly a respective shift of the subtropical mixing barriers over
the observation period. Even the positive trends just above the tropical tropopause can
be simulated by the shift of the subtropical mixing barriers to the South. Such a shift
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is not necessarily a climatological trend, but possibly rather a low-frequency natural
variation, the cause of which is still unknown.

The altitude-latitude cross-sections of the amplitudes of the QBO, SAO and the
seasonal variation agree well with previous results. In case of the SAO, both the
altitude-latitude distribution as well as the magnitude are very similar to previous5

findings, while the estimated values of the ozone QBO amplitude are smaller than
those found in other studies. Our results for the amplitudes of the seasonal variation
show reasonable altitude-latitude distributions and reveal similar magnitudes as
previous findings.

10
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Table 1. Overview of the instruments, important characteristics and time spans used for the
drift analyses.

Instrument Version Vertical resolution Period used for analyses

MIPAS Envisat V3O_O3_9 ∼3.5–5 km up to 40 km;
slowly degrading above

Jul 2002–Mar 2004

MIPAS Envisat V5R_O3_220 & V5R_O3_221 ∼2.5–5 km; largest values
around ∼30–35 km

Jan 2005–Apr 2012

ACE-FTS v2.2 ∼ 3–4 km Jan 2005–Sep 2009

Aura MLS v2.2 ∼2.5–3.0 km Jan 2005–Apr 2012

Lidar: Hohenpeissenberg V5.60 MOHP3 ∼1–2 km below 30 km; degrad-
ing to ∼9 km above 40 km

Jul 2002–Mar 2012

Lidar: Lauder v8.2 ∼1.8–3 km up to 30 km; degrad-
ing above

Jul 2002–Jun 2011

Lidar: Mauna Loa v05.15 ∼2–3 km up to 40 km; degrading
above

Jul 2002–Mar 2012

Lidar: Observatoire Haute Provence v4 ∼0.6–2.4 km up to 30 km;
degrading to ∼6.5 km at 45 km

Jul 2002–Jan 2012

Lidar: Table Mountain LidAna v05.4x to v6.x ∼2–4 km up to 30 km; degrading
above

Jul 2002–Jan 2012

Odin OSIRIS v5.07 ∼2.2 km up to about 40 km;
degrading above

Jul 2002–Apr 2012
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Table 2. Summary of coincidence criteria and the total number of coinciding profiles (reduced
time periods – January 2005 to April 2012 – in parenthesis) for the reference instruments with
MIPAS showing the maximal time and spatial distance allowed between the measurements.

Instrument Time criteria Distance criteria Number of coinciding
Instrument [h] [km] profiles

ACE-FTS 24 1000 14 190
Aura MLS 6 250 401 251
Lidar: Hohenpeissenberg (2005–2012) 24 1000 652 (509)
Lidar: Lauder 24 1000 243
Lidar: Mauna Loa (2005–2012) 24 1000 693 (503)
Lidar: Observatoire Haute Provence 24 1000 753
Lidar: Table Mountain 24 1000 539
Odin OSIRIS (2005–2012) 6 250 109 820 (94 274)
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Fig. 1. Trendfit for 0 to 10◦N, showing the monthly mean data (blue diamonds) the calculated fit and the

related trend (orange lines) for MIPAS ozone measurements at 30 km. The dotted orange line represents the

linear component of the regression function for times affected by bias correction. The bottom panel shows the

residual of the fit and the data points.

3 Methods

3.1 Method of trend estimation

The multilinear parametric trend model used in this study consists of a constant and a linear term,

annual and semi-annual oscillation terms, as well as several harmonic overtones. The QBO was

implemented using the Singapore winds at 30 hPa and 50 hPa as a proxy, which are approximately

phase shifted by a quarter period and can thus be treated equivalently to sine and cosine functions of

the same period length. Equation 1 is the basic function applied here, similar to Stiller et al. (2012).

ŷ(x) = a+ bx+ c1qbo1 + d1qbo2

+
m
∑

n=2

(cn sin
2πx

ln
+ dn cos

2πx

ln
) (1)

8

Fig. 1. Trendfit for 0 to 10◦ N, showing the monthly mean data (blue diamonds) the calculated
fit and the related trend (orange lines) for MIPAS ozone measurements at 30 km. The dotted
orange line represents the linear component of the regression function for times affected by
bias correction. The bottom panel shows the residual of the fit and the data points.
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Fig. 2. Trendfit for 0 to 10◦N, showing the monthly mean data (blue diamonds) the calculated fit and the related

trend (orange lines) for the differences in the ozone measurements of MIPAS and Aura MLS at 30 km. The first

subset of data is missing in the plot compared to Fig. 1, because Aura MLS and MIPAS have no overlap time

within the first period of the MIPAS mission (cf. Table 1). The bottom panel shows the residual of the fit and

the data points.

out. When we discovered that this assumption was not justified we decided to use the full multilin-

ear parametric regression model for drift estimation as well, including the whole set of oscillations,

instead of just using a linear and a constant term. This is to account for possible dependence of the

differences on the atmospheric state.

To improve comparability with e.g. Nair et al. (2012) we also assessed relative drifts by calculating

the relative difference of each coinciding profile pair consistently with their paper as follows

vmrrel =
vmrM − vmrRF

vmrRF

· 100%

= A · 100% (2)

The respective error was estimated accounting for Gaussian error propagation and with respect to220

Eq. 2.

10

Fig. 2. Trendfit for 0 to 10◦ N, showing the monthly mean data (blue diamonds) the calculated
fit and the related trend (orange lines) for the differences in the ozone measurements of MIPAS
and Aura MLS at 30 km. The first subset of data is missing in the plot compared to Fig. 1,
because Aura MLS and MIPAS have no overlap time within the first period of the MIPAS mission
(cf. Table 1). The bottom panel shows the residual of the fit and the data points.
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Fig. 3. Altitude-latitude cross-section of absolute drifts of MIPAS vs. Aura MLS ozone measurements. Hatched

areas mean that the significance is less than 2 sigma.

the tropics, where no drifts could be calculated, results from ACE-FTS focusing on higher latitudes.

Due to this there are simply not enough months during which ACE-FTS measures at low latitudes,

resulting in under-determination of the system of the multilinear parametric trend model.

Aura MLS and Odin OSIRIS do not cover the same time period. In order to assess if including the270

first measurement period of MIPAS makes a difference, we also analysed the drifts of MIPAS versus

Odin OSIRIS only for the low resolution period of MIPAS (Fig. 16). It is obvious from these plots

that differences compared to the drift analyses for the combined high and low spectral resolution

time period of MIPAS are negligible.

Considering the lidars we assessed insignificant or negative drifts in most cases (Hohenpeissenberg,275

Table Mountain, Mauna Loa and Lauder). Only the comparison of MIPAS versus Observatoire

Haute Provence shows positive drifts above ∼25 km, which increase with altitude and even exceed

1.0 ppmv/decade around 40 km. While the calculated drifts for the comparison of MIPAS with

Mauna Loa and Lauder lidars are insignificant except for very few cases, we found significant neg-

ative drifts versus the lidar measurements at Hohenpeissenberg and Table Mountain above ∼20 km.280

As already observed for the analyses for MIPAS versus Aura MLS and Odin OSIRIS, these drifts

14

Fig. 3. Altitude-latitude cross-section of absolute drifts of MIPAS vs. Aura MLS ozone measure-
ments. Hatched areas mean that the significance is less than 2 sigma.
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Fig. 4. Same as in Fig. 3 but for comparison versus Odin OSIRIS.

seem to increase with altitude, but since the lidar data are not very reliable above 40 km it is difficult

to verify maximum drift values at and above 40 km, which are apparently present in the satellite-

satellite comparisons. In order to facilitate comparison with recent research (Nair et al., 2012, p.

1310) we also calculated the relative drifts of MIPAS versus these lidars as discribed in Section 3.2285

of this paper. The results are shown in Fig.15. We find a striking resemblance with the findings of the

aforementioned authors’ comparison of Aura MLS with the lidars. They also find mainly insignif-

icant drifts for comparisons of Aura MLS with the lidar measurements of Mauna Loa and Lauder.

Drifts versus lidar measurements at Hohenpeissenberg and Table Mountain are predominantly neg-

ative above ∼20 km and increase with altitude, while positive drifts dominate the results found for290

comparisons with measurements at Observatoire Haute Provence. Quantitatively our results are also

in very good agreement with those which Nair et al. (2012) found for Aura MLS versus the lidars.

Negative drifts below 40 km for MIPAS versus Hohenpeissenberg and Table Mountain measure-

ments of down to -8.2%/decade and -12.8%/decade correspond to approximately -1.0%/year and

-1.5%/year for Aura MLS from Nair et al. (2012), respectively. For lidar measurements at Obser-295

vatoire Haute Provence positive MIPAS drifts assessed in this study range up to 10%/decade below

∼35 km and increase above, exceeding 15%/decade close to 40 km, while in the comparison of Aura

15

Fig. 4. Same as in Fig. 3 but for comparison versus Odin OSIRIS.
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Fig. 5. Same as in Fig. 3 but for comparison versus ACE-FTS.

MLS versus the same lidar measurements Nair et al. (2012) find values smaller than 1.0%/year up

to about 39 km and values close to 1.5%/year above. This indicates that the drifts are probably (at

least in part) related to the lidar instruments and not the satellite instruments, e.g. Aura MLS.300

There are investigations in progress concerning the calculations used to correct for the non-linearity

in the MIPAS detectors during level 1b processing. Due to aging of the detectors the coefficients used

for these corrections might be changing with time, instead of being constant throughout the mission,

which might lead to instrumental drifts. A small set of profiles experimentally processed with re-

cently suggested time dependent non-linearity coefficients showed more positive/less negative trends305

than the profiles calculated with the coefficients actually used for ESA’s operational level-1 pro-

cessing. Preliminary results show drifts down to maximum values of -0.3 ppmv/decade for ozone.

The drifts are far smaller than -0.3 ppmv/decade at lower altitudes and seem to become slightly

more negative with altitude (internal communication - cf. http://congrexprojects.com/docs/default-

source/acve docs/abstract-book-acve-for-the-web.pdf?sfvrsn=2, p.38). So the drifts estimated re-310

garding the old and the improved non-linearity correction coefficients indicate an ozone drift of the

same sign and magnitude as those established during the drift analyses of MIPAS versus Aura MLS.

This agreement between the drifts established from the comparison of MIPAS versus Aura MLS and

16

Fig. 5. Same as in Fig. 3 but for comparison versus ACE-FTS.
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a) b) c)

d) e)

Fig. 6. Absolute drifts of MIPAS vs. a) Hohenpeissenberg, b) Lauder, c) Mauna Loa, d) Observatoire Haute

Provence and e) Table Mountain lidar ozone measurements. The error bars are the 2-sigma uncertainties of the

estimated drifts.

the theoretically predicted drifts of MIPAS due to detector non-linearity suggest that it is most likely

that the drifts are for the most part originated in MIPAS, not Aura MLS. In addition there has been315

no indication of a possible drift in the Aura MLS ozone data so far.

Due to these reasons, we believe that the assumption of an artificial drift of the order of 0 to

-0.3 ppmv/decade, depending on altitude, is well justified for MIPAS ozone.

17

Fig. 6. Absolute drifts of MIPAS vs. (a) Hohenpeissenberg, (b) Lauder, (c) Mauna Loa, (d)
Observatoire Haute Provence and (e) Table Mountain lidar ozone measurements. The error
bars are the 2-sigma uncertainties of the estimated drifts.
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Fig. 7. Altitude-latitude cross-section of the amplitudes in ppmv of the semi-annual oscillation (6-month peri-

odic variation) derived from the MIPAS time series.

4.2 Amplitudes of the QBO, annual and semi-annual oscillation

Among other quantities like the drifts and trends which were assessed in this work, we took a closer

look at the altitude-latitude distribution of the amplitudes of the quasi-biennial (QBO) and semi-

annual oscillation (SAO) as well as of the seasonal variation of the MIPAS ozone data which were

also fitted during the trend estimation process.

The amplitude of the SAO (Fig. 7) shows approximately hemispherically symmetric distributions.

We find an amplitude maximum of the ozone SAO signal which is centered slightly above 30 km

and exhibits maximum amplitudes of 0.5 ppmv. Beyond tropical latitudes the amplitude decreases

rapidly to near zero values, except in the polar region. These findings agree very well with the

results of Huang et al. (2008), who analysed QBO and SAO ozone signals based on the Sounding of

the Atmosphere using Broadband Emission Radiometry (SABER) satellite measurements for 2002

through 2005 from 20 to 100 km and for latitudes within 48◦ North and South, and found good

agreement with ozone data of the Microwave Limb Sounder on the Upper Atmosphere Research

Satellite (UARS MLS). They assess an amplitude maximum of ∼0.5 ppmv between 30 and 35 km

18

Fig. 7. Altitude-latitude cross-section of the amplitudes in ppmv of the semi-annual oscillation
(6-month periodic variation) derived from the MIPAS time series.
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Fig. 8. Same as in Fig 7, but for the quasi-biennial oscillation (QBO).

for ozone, which is a result remarkably similar to ours.

The amplitude of the ozone QBO signal AQBO is calculated as in Eq. 7 (cf. Eq. 1).

AQBO =
d1

sin
(

arctan
(

d1

c1

)) (7)

Its distribution, which is displayed in Fig. 8, shows a slightly more complex structure. Beside320

two tropical maxima around 25 km, with slightly over 0.6 ppmv, and 35 km, with approximately

0.4 ppmv, we find two additional subtropical maxima slightly above 30 km on both hemispheres.

Of the latter two areas, the northern hemisphere one shows larger amplitudes with values of nearly

0.6 ppmv, while the southern hemisphere area is spatially larger but exhibits smaller maximum

values of more than 0.3 ppmv for severaly grid points but none reaching 0.4 ppmv.325

The location of these maxima in the QBO ozone amplitude agrees very well with previous findings

of e.g. Zawodny and McCormick (1991) who find tropical maxima in SAGE II data located between

20-27 km and 30-38 km, Randel and Wu (1996), who report extra-tropical maxima located close to

30 km in latitude ranges of 10-60◦ also from SAGE II data, as well as Fadnavis and Beig (2009)

who find tropical maxima around 22 hPa (∼26 km) and 9 hPa (∼32 km) at equatorial latitudes and330

weaker extratropical maxima. The values of the reported maxima are larger though (about 1 ppmv

19

Fig. 8. Same as in Fig. 7, but for the quasi-biennial oscillation (QBO).

17891

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/17849/2013/acpd-13-17849-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/17849/2013/acpd-13-17849-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 17849–17900, 2013

Drifts, trends and
periodic variations in

MIPAS ozone

E. Eckert 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
|

Fig. 9. Percentage amplitude of the seasonal variation of the MIPAS ozone time series (12-month periodic

variation).

(Randel et al., 1999) to 1.4-1.6 ppmv (Fadnavis and Beig, 2009)), showing the larger values at the

higher tropical maximum. MIPAS amplitudes are smaller, which might partly be due to the coarse

vertical resolution especially around the upper maximum in tropical latitudes. The pattern could

be understood as a periodic expansion and shrinking of the ozone maximum in the tropics with the335

QBO phase both in vertical and meridional direction. In this case, the amplitudes would be largest

where the ozone gradient in both vertical and meridional direction is largest, which is what we

observe (cf. Fig. 12, which is discussed in detail in Section 4.3).

We chose to show the seasonal variation in terms of relative values, because otherwise the important

regions for this variation, along the tropopause, fade into the background since the absolute ozone340

values are much smaller in these regions than above. In the Tropical Tropopause Layer (TTL)

vertical motion has a great impact on the ozone amplitude, while at higher latitudes meridional

mixing plays an important role. Around the tropical tropopause (16-18 km; ∼20◦S to ∼20◦N) an

area of strong seasonal variation is visible. Most values of the absolute amplitude in this region are

within ∼0.01 and ∼0.06 ppmv with few outliers reaching up to ∼0.11 ppmv. In the extratropical345

Upper Troposphere Lower Stratosphere (UTLS: 10-22 km; 40-60◦ South/North) the signal of

20

Fig. 9. Percentage amplitude of the seasonal variation of the MIPAS ozone time series
(12 month periodic variation).
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Fig. 10. Altitude-latitude cross-section of the linear variation of the MIPAS time series. As for the drifts,

hatched areas indicate trends with less than 2 sigma significance level.

The results of this part of the trend analysis are displayed in Fig. 10 by means of an altitude-latitude

cross-section and show a northern-southern hemispherically asymmetric pattern. We found a larger

number of 2 sigma-significant trends for southern hemisphere latitudes in general. In addition these

significant trends exhibit predominantly positive values. A pronounced positive area ranges from

the subtropics to near polar latitudes centered approximately around 30 km and with maximum385

ozone trend values of +0.5 ppmv/decade. Apart from that we find a few smaller areas which also

exhibit weaker positive trends, e.g. in the tropics around 20 km, at northern subtropical latitudes

slightly above 30 km, at northern mid latitudes at approximately 45 km and at subtropical latitudes

below 20 km in both hemispheres. Negative trends are observed in the tropics in the form of a

double peak structure with maxima at approximately 25 and 35 km which reveal minimum trends390

of -0.5 ppmv/decade. Considerably smaller values appear at northern hemisphere mid latitudes

between 20 and 30 km.

Negative ozone trends in the tropical middle stratosphere have also been found in SCIAMACHY

data (Gebhardt et al., 2013). Generally the trends shown in their paper agree with ours, but not in

every detail. In particular the trends provided by Gebhardt et al. (2013) for the middle tropics are395

22

Fig. 10. Altitude-latitude cross-section of the linear variation of the MIPAS time series. As for
the drifts, hatched areas indicate trends with less than 2 sigma significance level.
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Fig. 11. Same as in Fig. 10 but corrected by the drifts estimated in comparison with Aura MLS. 2 sigma

significances are based on the combined error of the trend and the drift.

more negative with only one negative peak.

Kyrölä et al. (2013) see less negative trends in the tropics around 30 to 35km than Gebhardt et al.

(2013). The trends by Kyrölä et al. (2013) are of the order of -2 to -3%/decade. This is even a

bit smaller than what we find, but in their paper the time period looked at (1997-2011) is a bit

longer than ours and covers a slightly different time span in generel. Thus differences can be400

expected when comparing their results with ours. In the extratropics up to ∼50◦N/S Kyrölä et al.

(2013) find predominantly positive or near zero trends between 25 and 50 km. Their trends are in

the order of up to +2%/decade in these regions. This agrees considerably well with our results.

Comparing our results with others of the post mid 1990s period we find that the assessed changes

are predominantly positive or near zero, except for the lower stratospheric tropics. While column405

ozone from ground-based and satellite measurements seem to exhibit non-changing ozone values

in the mid-latitudes for both hemispheres after 1998 after showing an increase of ∼2% from 1996

to 1998, an increase in mid-latitudinal ozone was found for the northern hemisphere for the time

period of 1996 to 2009 at altitude ranges of 12-15, 20-25 and 35-45 km with largest increases (6%)

at the lowest level and smaller values above. Southern hemisphere mid latitudinal trends were only410

23

Fig. 11. Same as in Fig. 10 but corrected by the drifts estimated in comparison with Aura MLS.
2 sigma significances are based on the combined error of the trend and the drift.
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Fig. 12. Constant term of the trend estimation of the MIPAS ozone time series at the year 2000.

found to be statistically significant at the highest level (35-45 km) exhibiting an increase of 1-3% for

the time period of 1996 to 2009 (cf. WMO (2011, Chapter 2, Table S2-1)). Tropical ozone trends

from simulations show negative values right above the tropopause (18-19 km), presumably due to

increased upwelling.

In addition to the trends estimated from MIPAS measurements, we also calculated ”drift-corrected415

trends” (Fig.11). The displayed trends and associated errors were calculated as described in

Sec. 3.3. We chose the drift estimates versus Aura MLS for correction of the MIPAS trends due

to two reasons. First, a drift of the order of magnitude such as the one established by comparison

with Aura MLS can mostly be explained by drifts associated with the non-linearity correction

for the MIPAS detector as already mentioned in Sec. 4.1. Second, there has been no indication420

of a possible drift in Aura MLS ozone data so far. In addition to that the number of coinciding

profiles with Aura MLS is the largest compared to all other instruments, even when using strict

coincidence criteria, which presumably provides the most reliable analysis. Thus the drift estimate

versus Aura MLS seems to be the most suitable candidate for shifting the MIPAS trends towards

reality. While one might think that the drift-corrected MIPAS trends using Aura MLS for drift425

determination gives actually an Aura MLS ozone trend, this is not true: The MIPAS trend is

24

Fig. 12. Constant term of the trend estimation of the MIPAS ozone time series at the year 2000.
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Fig. 13. Same as in Fig. 12, but for the year 2012. The MIPAS trend which was corrected by the drift estimated

in comparison with Aura MLS was used to assess the constant term for the year 2012.

inferred from a by far larger data set than that used for drift estimation. For the drift estimation

of MIPAS-Aura MLS coincidences had to be used, while the trends have been inferred from the

entire MIPAS data set. Most of the negative ozone trends which were significant in the pure MIPAS

estimates are no longer significant at 2-sigma level in the corrected version, especially at higher430

altitudes. In addition, significant areas with positive trends become larger and more significant.

These results agree better with recent findings (e.g. WMO (2011); Steinbrecht et al. (2009a)) than

the MIPAS trends without any correction. The few negative trends left are the tropical double

peak structure and northern hemisphere areas around 20 to 25 km, as well as a very small spot

around 45 km. A clear hemispherically asymmetric distribution is still visible. Positive values435

reach up to +0.55 ppmv/decade in the southern hemisphere and +0.46 ppmv/decade in the northern

hemisphere, with the northern hemispheric areas slightly above 40 km now reaching values of

maximum +0.40 ppmv/decade. The tropical negative peaks come up with minimum values of

-0.37 ppmv/decade and -0.41 ppmv/decade for the lower and the upper one, respectively.

A reasonable explanation for negative trends near the equator is increased tropical upwelling, as440

suggested before (WMO, 2011), but only for altitudes slightly above the tropopause. So upwelling

25

Fig. 13. Same as in Fig. 12, but for the year 2012. The MIPAS trend which was corrected by
the drift estimated in comparison with Aura MLS was used to assess the constant term for the
year 2012.
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Fig. 14. Altitude-latitude cross-section showing the resulting trends when shifting the tropical mixing barriers

below 30 km by 5 degrees to the south and above expanding them by 5 degrees.

does not provide a sufficient explanation for the negative values in the tropical middle stratosphere.

It cannot explain the double peak structure either. The altitude-latitude cross-section of the

amplitude of the QBO shows that the negative peaks in the trends coincide closely with the maxima

in QBO amplitude. While the pattern of the QBO amplitude hints towards a periodic expansion and445

shrinking of the ozone maximum in the tropics (see Section 4.2), the trend pattern hints towards a

vertical shrinking and latitudinal expansion of the ozone maximum. This is also most pronounced

where the gradient in the ozone distribution is largest. According to this it is reasonable for the

maxima of the QBO amplitude and the extrema of the trends occurring in similar areas. Fig. 12

and Fig. 13 show the zonal ozone distribution calculated from the results of the parametric trend450

fit for the years 2000 and 2012, respectively. While the constant term for the year 2000 is a direct

output of the trend fit process, the constant term for the year 2012 was calculated by extrapolating

the ozone volume mixing ratio from the year 2000 to the year 2012 using the drift-corrected trend

which was assessed previously. One can see a vertical shrinking and latitudinal expansion of the

ozone maximum in the tropics.455

The hemispherically asymmetric trend patterns shown in Fig. 11 could be explained by a shift of

26

Fig. 14. Altitude-latitude cross-section showing the resulting trends when shifting the tropical
mixing barriers below 30 km by 5◦ to the south and above expanding them by 5◦.
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Appendix A515

Drifts

a) b) c)

d) e)

Fig. 15. Same as Fig. 6 but showing relative drifts.

29

Fig. A1. Same as Fig. 6 but showing relative drifts.
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Fig. 16. Altitude-latitude cross-section of absolute drifts of MIPAS vs. Odin OSIRIS ozone measurements only

for the time period from January 2005 to April 2012. Hatching as described before.

a) b)

Fig. 17. Same as Fig. 6 a) and c) but only for the time period of 2005 to 2012.

30

Fig. A2. Altitude-latitude cross-section of absolute drifts of MIPAS vs. Odin OSIRIS ozone
measurements only for the time period from January 2005 to April 2012. Hatching as described
before.
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Fig. 16. Altitude-latitude cross-section of absolute drifts of MIPAS vs. Odin OSIRIS ozone measurements only

for the time period from January 2005 to April 2012. Hatching as described before.

a) b)

Fig. 17. Same as Fig. 6 a) and c) but only for the time period of 2005 to 2012.

30

Fig. A3. Same as Fig. 6a and c but only for the time period of 2005 to 2012.
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