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Abstract. The ozone radiometer GROMOS (GROund-based
Millimeter-wave Ozone Spectrometer) has been performing
continuous observations of stratospheric ozone profiles since
1994 above Bern, Switzerland (46.95° N, 7.44° E, 577 m).
GROMOS is part of the Network for the Detection of At-
mospheric Composition Change (NDACC). From November
1994 to October 2011, the ozone line spectra were measured
by a filter bench (FB). In July 2009, a fast Fourier transform
spectrometer (FFTS) was added as a back end to GROMOS.
The new FFTS and the original FB measured in parallel for
over 2 years. The ozone profiles retrieved separately from
the ozone line spectra of FB and FFTS agree within 5% at
pressure levels from 30 to 0.5hPa, from October 2009 to
August 2011. A careful harmonisation of both time series
has been carried out by taking the FFTS as the reference in-
strument for the FB. This enables us to assess the long-term
trend derived from stratospheric ozone observations at Bern.
The trend analysis was performed by using a robust multilin-
ear parametric trend model which includes a linear term, the
solar variability, the EI Nifio—Southern Oscillation (ENSO)
index, the quasi-biennial oscillation (QBO), the annual and
semi-annual oscillation and several harmonics with period
lengths between 3 and 24 months. Over the last years, some
experimental and modelling trend studies have shown that
the stratospheric ozone trend is levelling off or even turning
positive. With our observed ozone profiles, we are able to
support this statement by reporting a statistically significant
trend of +3.14 % decade ! at 4.36 hPa (37.76 km), covering
the period from January 1997 to January 2015, above Bern.

Additionally, we have estimated a negative trend over this
period of —3.94 % decade* at 0.2 hPa (59 km).

1 Introduction

For many decades it has been known that the stratospheric
ozone layer shields the Earth’s surface from harmful so-
lar ultraviolet radiation (UV), thus enabling life on Earth
and protecting humans and the biosphere against adverse ef-
fects. Molina and Rowland (1974) were the first to propose
that this protective layer could be depleted by anthropogenic
emission of chlorofluorocarbons (CFCs) to the atmosphere.
The photodecomposition of CFCs and other long-lived or-
ganic molecules in the stratosphere releases chlorine (CI) and
bromine (Br) atoms that destroy ozone molecules in catalytic
cycles. In the last Scientific Assessment of Ozone Deple-
tion: 2014 of the World Meteorological Organization (WMO,
2014) it is stated that global ozone levels decreased through
the 1980s and early 1990s while stratospheric abundances of
ozone-depleting substances (ODSs) were increasing.

In 1985, massive ozone losses in measured column abun-
dances during the Antarctic spring were reported and het-
erogeneous chlorine chemistry on polar stratospheric clouds
(PSCs) were implicated for the loss (WMO, 2011). Around
that time and over the later years, the Montreal Protocol and
its amendments and adjustments were enacted with the aim
to reduce the production and consumption of ODSs. Ac-
tions taken under the Montreal Protocol have led to decreases
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in the atmospheric abundance of controlled ODSs and are
enabling the return of the ozone layer toward 1980 levels
(WMO, 2014).

From the late 1990s, there were some measurements and
model calculations indicating a turnaround in the decreasing
0zone, suggesting that the negative ozone trends in the strato-
sphere would level out or even become positive (Newchurch
et al., 2003). Nevertheless, during this recovery phase, 0zone
levels will also be affected by the expected anthropogenic in-
creases in abundances of other ozone-relevant gases (carbon
dioxide (CO>), methane (CHjy4), and nitrous oxide (N20)) as
well as by the natural influences of volcanic eruptions, so-
lar activity, and the natural variability in the Earth’s climate
(WMO, 2014).

The concerns regarding anthropogenic depletion of strato-
spheric ozone increased the necessity for precise and ac-
curate measurements to monitor long-term trends in this
species. (Parrish et al., 1992). Passive millimetre-wave ra-
diometry has been used to monitor the vertical distribution
of atmospheric trace gases since the early 1970s (Palm et
al., 2010). The need for continuous monitoring of the strato-
spheric response to anthropogenic trace gas releases, per-
formed by a well-defined set of instruments, led to the foun-
dation of the Network for the Detection of Stratospheric
Change (NDSC) (now Network for the Detection of At-
mospheric Composition Change — NDACC) in 1991. The
ozone radiometer GROMOS (GROund-based Millimeter-
wave Ozone Spectrometer) is part of the NDACC; hence our
more-than-20-year harmonised time series are available via
http://ftp.cpc.ncep.noaa.gov/ndacc/station/bern/hdf/mwave/.

Ozone time series from the GROMOS microwave ra-
diometer were used for comparisons with lidar, ozoneson-
des and collocated satellite observations, and for detection
of long-term trends (Dumitru et al., 2006; Steinbrecht et al.,
2006; Steinbrecht et al., 2009; Keckhut et al., 2010; van Gi-
jsel et al., 2010; Studer et al., 2013; Delcloo and Kreher,
2013; WMO, 2014).

Ground-based millimetre-wave radiometry is a powerful
technique for trace gas measurements due to its low sensitiv-
ity to weather conditions and aerosol contamination. Since
ozone radiometers measure the thermal microwave emission
of ozone in the middle atmosphere, they do not require exter-
nal illumination sources, such as laser pulses or the solar irra-
diance. The measurements can therefore be made throughout
day and night. Among other advantageous technical features,
the more than 20 years of continuous observations and the
privileged location of the instrument offer us a pretty clear
vision of the distribution of ozone in the northern midlati-
tudes (46.95° N, 7.44° E, 577 m).

We perform a trend study of our time series of strato-
spheric ozone profiles through a new robust multilinear para-
metric trend estimation method (von Clarmann et al., 2010).
The program minimises a cost function in order to estimate
the linear trend of a time series. The cost function consists
of the quadratic norm of the residual between a regression
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model and the measured time series, weighted by the in-
verse covariance matrix of the data errors. Error correla-
tions between data points are supported, making the pro-
gram suitable for consideration of autocorrelated residuals.
This generic trend method takes the entire effect of corre-
lated residuals into account, but it does not correct them.
The method is particularly useful when a time series is con-
structed of multiple data sets where different calibration stan-
dards and other errors with systematic components have to be
considered. Further, this method takes into account autocor-
related residuals which are caused by atmospheric variability
on timescales larger than the sampling distance of the data
but not described properly by the multilinear trend model
chosen. Since the related additional autocorrelated error term
can change the weight of the data points, its inclusion does
not only lead to a larger, more realistic, error estimate but can
slightly change the trend estimate, too. The regression model
consists of an axis intercept, a linear trend, sine waves, and
several proxies. Unknown biases between data subsets are
handled by assigning a fully correlated error term to each
data point of one of the data subsets. With this trend analy-
sis tool a complete treatment of the uncertainties is assured,
making this trend analysis particularly valuable to confirm
the aforementioned ozone turnaround with a representative
station in central Europe. Trend studies of ozone profiles
based on ground-based microwave measurements are rare. In
fact, since Steinbrecht et al. (2006) we are not aware of any
other publication; therefore, the purpose of this paper is to
present a new trend estimation based on stratospheric ozone
profiles measured by a ground-based microwave at northern
midlatitudes (46.95° N, 7.44° E, 577 m).

The present study is organised as follows: the description
of the instrument, the measurement technique, the spectrom-
eter upgrade and the retrieval method are presented in Sect. 2.
Section 3 summarises the procedure carried out for the har-
monisation of ozone profiles, followed by a detailed descrip-
tion of the trend estimation method in Sect. 4. Section 5 deals
with the characterisation of GROMOS uncertainty sources.
The estimated trend is presented in Sect. 6, concluding with
an overview of our result in an overall context. And finally,
Sect. 7 is a summary of our findings.

2 The GROMOS radiometer

GROMOS is an ozone radiometer, located at the University
of Bern (46.95° N, 7.44° E), Switzerland. It has been operat-
ing continuously since November 1994 in the framework of
the NDACC.

2.1 Measurement technique
GROMOS is a 142 GHz total power radiometer observing at

an elevation angle of 40° in the north-east direction. Alterna-
tively, its plane mirror rotates to take measurements from a
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Figure 1. Measurement of the ozone spectrum line at 142 GHz at
Bern on a winter day with the filter bench spectrometer. The inte-
gration time is 60 min.

hot black body (heated to 313 K), the atmosphere (through a
microwave transparent styrofoam window) and a cold black
body (immersed in liquid nitrogen at 80 K). The hot and
cold load measurements are recorded for calibration pur-
poses. The mirror switches position every 8s, enabling an
accurate black body calibration of the ozone emission line.
The detected radiation is led through a quasi-optics system,
where a Martin—Puplett interferometer (MPI) works as a fil-
ter with destructive interference for the radiation at the upper
sideband (149.57504 GHz) and constructive interference at
142.17504 GHz. Then the signal is collected by a horn an-
tenna and mixed with the 145.875 GHz wave of a local os-
cillator for down conversion to an intermediate frequency of
3.7 GHz prior to being analysed by a spectrometer.

2.2 Spectrometer upgrade

The spectral analysis was performed by a filter bench (FB)
spectrometer from November 1994 to October 2011. The 45-
channel FB had a total bandwidth of 1.2 GHz, with individual
filters with a frequency resolution varying from 200 kHz at
the line centre to 100 MHz at the wings. Figure 1 shows as an
example a calibrated spectrum recorded on a winter morning
in 2011 by the FB spectrometer, with an integration time of
60 min.

In July 2009, an Acqiris fast Fourier transform spectrome-
ter (FFTS) was added as a back end to GROMOS. The FFTS
covers a total bandwidth of 1 GHz with 32768 channels, giv-
ing a frequency resolution of around 30.5kHz. A sample
of a calibrated ozone spectrum is given in Fig. 2. It shows
the ozone line recorded by the FFTS on the same winter
morning as the FB spectrum (Fig. 1). The integration time
is 30 min, and no frequency binning is applied in the blue
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FFTS spectrum, 2011-01-03 10:15:00 - 10:44:55
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Figure 2. Ozone spectrum line at 142 GHz recorded by the Acqiris
FFT spectrometer at Bern on a winter day. The integration time is
30 min. The red line represents the frequency binned.

Table 1. GROMOS instrument specifications.

Location

Bern, Switzerland

Direction of view
Elevation angle

Mode of operation

Mixer temperature
System noise temperature
Frequency of ozone line
Target species

Auxiliary quantities
Altitude range retrieved

46.95° N, 7.44°E, 577m

North-east

40°

Total power

294 K (uncooled, room temperature)
2520 K (single side band)
142.17504 GHz

O3

Tropospheric opacity at 142 GHz
25-70km

Spectrometer 45-channel FB (Nov 1994 to Oct 2011)
32768-channel FFTS (since Jul 2009)
Total bandwidth 1.2GHz (FB)
1GHz (FFTS)

Frequency resolution 20kHz at line centre, 100 MHz
at line wings (FB)

30.5kHz (FFTS)

Time resolution for the 60 min (FB), 30 min (FFTS)

standard retrieval

curve, whereas the red line represents the 15 MHz frequency
binned spectrum.

Compared to the FB, the FFTS has a high resolution not
only in the centre but also in the line wings. The stability time
of our whole radiometer system was improved compared to
the FB (Miiller et al., 2009). The FB required much more
maintenance by the operator, and in spite of this individual
channels were disturbed from time to time so that the mea-
sured line spectrum was not usable. With the aim to ensure
a proper harmonisation of the two data sets, both spectrome-
ters were measuring in parallel for over 2 years. Afterwards
the FB was turned off, and the FFTS is now used to continue
the ozone time series. Table 1 summarises the characteristics
of the GROMOS radiometer.
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2.3 Measurement principle and retrieval procedure

GROMOS measures the thermal microwave emission of a ro-
tational transition of ozone at 142.175 GHz. As the observed
emission line is broadened by pressure, the vertical distribu-
tion of ozone (approximately from 25 to 70 km) can be calcu-
lated from the shape of the observed spectrum in the retrieval
procedure. For the ozone profile retrieval of GROMOS, the
Atmospheric Radiative Transfer Simulator (ARTS2) (Eriks-
son et al., 2011) is used as the forward model. It simulates
atmospheric radiative transfer and calculates an ozone line
spectrum for a model atmosphere using an a priori 0zone
profile. The accompanying Matlab package Qpack2 (Eriks-
son et al., 2005) takes advantage of ARTS2 by comparing
the modelled spectrum with the observed ozone spectrum of
GROMOS. The Qpack2 derives the best estimate of the verti-
cal profile of the ozone volume mixing ratio (VMR) by using
the optimal estimation method (OEM) (Rodgers, 1976) and,
taking into account the uncertainties of the measured ozone
spectrum, the a priori profile and the a priori covariance ma-
trix. The OEM further provides a characterisation and formal
analysis of the uncertainties (Rodgers, 1990).

Prior to the inversion, a tropospheric correction for the tro-
pospheric attenuation (mainly due to water vapour) of strato-
spheric ozone emission is applied to the calibrated spectra
by assuming an isothermal troposphere with a mean temper-
ature, Tmean- Tmean depends upon the temperature profile as
well as on the absorption profile at a specific frequency. Since
the number density is highest at low altitudes and the absorp-
tion is highest near the ground, Tmean has a value close to the
temperature of the lower troposphere (Ingold et al., 1998).
The transmission factor e™" = (Tg,wing — Tmean)/ (T8, strat —
Tmean), Where 7 is the opacity, is estimated from the off-
resonance emission 7 wing at the wings of the spectrum and
the expected brightness temperature above the troposphere
Tg strat (Peter, 1997). Knowledge of the tropospheric opacity
permits the so-called tropospheric correction, which means
that the effect of tropospheric attenuation is removed from
the measured line spectrum (Studer et al., 2014). The inver-
sion is performed for all spectra if the tropospheric opacity
is lower than 1.6, i.e. if the transmission factor is larger than
0.2 (Studer et al., 2013). In the standard retrieval, the time
resolution is 30 min, which gives a sufficient signal-to-noise
ratio (approximately 30; measurement noise is around 0.7 K,
and brightness temperature at the ozone line peak is around
20 K) (Studer et al., 2014). The vertical resolution depends
upon altitude and can be estimated from the full width at
half maximum (FWHM) of a kernel line. The averaging ker-
nels (AVKSs) and the area of the averaging kernels (AoA) of
GROMOS are shown on the middle and right panel of Fig. 3.
For GROMOS the vertical resolution lies generally within 8—
12 km in the stratosphere and increases with altitude to 20—
25km in the lower mesosphere. An estimate of the a priori
contribution to the retrieval can be obtained by the area of the
averaging kernels (measurement response). Between 20 and
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GROMOS at Bern: January, 2002
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Figure 3. Example of an a priori profile and a retrieved ozone profile
(left panel), averaging kernels (middle panel) and the measurement
response (area of averaging kernels) (right panel) of the GROMOS
retrieval for January, 2002.

52km (50 to 0.5hPa) the measurement response is higher
than 0.8, which corresponds to an a priori contribution less
than 20 %. Consequently, the retrieved ozone values at these
altitudes are predominantly based on the measured line spec-
trum.

The a priori profiles of ozone are from a monthly varying
climatology based on earlier ozone measurements at Bern.
As diagonal elements of the a priori covariance matrix we
assume a relative error around 35% at 100 hPa. The error
decreases in the lower stratosphere up to 28%. Then it in-
creases linearly from 35 % in the upper stratosphere to 70 %
in the lower mesosphere. The off-diagonal elements expo-
nentially decrease with a correlation length of 3km. The line
shape used in the retrieval is the representation of the Voigt
line profile from Kuntz (1997). Spectroscopic parameters to
calculate the ozone absorption coefficients were taken from
the JPL catalogue (Picket et al., 1998) and the HITRAN
spectroscopic database (Rothman et al., 1998). The atmo-
spheric temperature and pressure profiles are taken from the
6-hourly European Centre for Medium-Range Weather Fore-
cast (ECMWF) operational analysis data and are extended
above 80 km by monthly mean temperatures of the CIRA-
86 atmosphere model (Fleming et al., 1990). The total er-
ror includes systematic error and random error as well as
the smoothing term. The systematic error originates from the
tropospheric correction, calibration error due to systematic
errors in the load temperatures, errors due to baseline fea-
tures, spectral parameters, etc. The random error includes,
e.g., the thermal noise on the spectra. An error analysis has
been performed by Peter (1997). The uncertainty resulting
from the tropospheric correction is smaller than 5% (Ingold
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et al., 1998). The total error is of the order of 7% for the
stratosphere and increases toward the lower and upper alti-
tude limit: up to 10 % at 20 km and up to 30 % at 70 km. The
smoothing term is due to the limited altitude resolution. The
GROMOS radiometer is described in more detail by Peter
(1997).

3 Harmonisation strategy for the ozone profiles

As GROMOS was upgraded with a fast Fourier transform
spectrometer, harmonisation is needed between the time se-
ries measured by the original FB spectrometer and the time
series recorded by FFTS. In order to ensure appropriate har-
monisation, both spectrometers were measuring in parallel
for over 2 years. According to Sect. 2.2, the FFTS offers high
resolution besides stability and accuracy compared with FB.
Therefore, we can use the data recorded by FFTS as a refer-
ence for the original FB data set.

The strategy carried out for the harmonisation of both data
sets was to study the bias between them in the time inter-
val in which both spectrometers were simultaneously mea-
suring, i.e. from October 2009 to August 2011. In Fig. 4, we
show in the left panel the mean ozone profiles recorded by FB
(red line) and by FFTS (blue line), for this time interval. The
blue area (FFTS) and the red area (FB) are the standard de-
viation of the measurements. The middle panel presents the
mean relative difference profile between data of both spec-
trometers, with the FFTS data as a reference. The grey area
represents the standard deviation of the differences. The bias
between FB and FFTS during this overlap period is less than
5% above 20 hPa. The green box indicates the valid range of
GROMOS (from 30 to 0.3 hPa). The purpose of the harmon-
isation is to correct this bias between both spectrometers, by
using the data from FFTS as a reference. Accordingly, the
harmonisation was performed by subtracting the mean abso-
lute difference profile (blue curve in the right panel) from the
FB data set, for every pressure level.

On the basis of this harmonisation process, we have gen-
erated a time series of more than 20 years of stratospheric
ozone profiles observed by GROMOS over Bern (Fig. 5).
Undoubtedly, Fig. 5 provides an extremely clear view of the
evolution of stratospheric ozone over the last 2 decades at a
central Europe station, and hence at northern midlatitudes.
Further, the annual cycle of ozone can be observed in the
stratosphere, as can an increase of mid-stratospheric ozone
in recent years.

4 Trend estimation method

A multilinear parametric trend model (von Clarmann et al.,
2010) is applied to the time series of ozone monthly means
by fitting the following regression function to the data from
January 1997 to January 2015:
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Figure 4. Harmonisation of ozone profiles retrieved from the FB
(red line in the left panel) and FFT (blue line in the left panel) spec-
trometers. The blue area (FFTS) and the red area (FB) are the stan-
dard deviation of the measurements. The bias between FB and FFTS
is less than 5 % (middle panel) as derived from the overlap measure-
ment (2009 to 2011) of ozone profiles at pressure levels from 30 to
0.3hPa (valid altitude range of GROMOS, green box). The grey
area in the middle panel is the standard deviation of the differences.
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Figure 5. Harmonised time series of stratospheric 0zone VMR pro-
files recorded by GROMOS from January 1997 to January 2015
above Bern, Switzerland.
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where ¢ is time, and a and b represent the constant
term and the slope of the fit, respectively. The terms
gbo1 and gboy are the normalised Singapore zonal winds
at 30 and 50hPa as provided by the Free Univer-
sity of Berlin via http://www.geo.fu-berlin.de/met/ag/strat/
produkte/gbo/index.html. These wind series are approxi-
mately orthogonal such that their combination can emulate
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Figure 6. Power spectra of stratospheric ozone time series mea-
sured by GROMOS above Bern, Switzerland. The black dotted lines
are the frequencies for the annual and semi-annual oscillation, the
11 years due to the solar cycle, the 2.4 years of the QBO and the
4.5 years of ENSO phenomenon. The magenta dotted lines are the
frequencies of the overtones (3, 4, 7.2, 8.4 and 24 months).

any quasi-biennial oscillation (QBO) phase shift (Kyrola et
al., 2010). The F10.7 term stands for fitting against the so-
lar 10.7 cm flux, which is commonly used as a measure of
solar activity. MEI is the multivariate ENSO index (MEI),
which monitors the EI Nifio—Southern Oscillation (ENSO)
phenomenon with six variables (sea-level pressure, zonal and
meridional components of the surface wind, sea surface tem-
perature, surface air temperature, and total cloudiness frac-
tion of the sky). Both indices are available from www.esrl.
noaa.gov/psd/data/climateindices/list. The sum term com-
prises seven sine and cosine functions with the period length
I,,, including the annual and semi-annual oscillation as well
as five harmonics with periods lengths of 3, 4, 7.2, 8.4 and
24 months. The selection of these periods lengths was done
by plotting the power spectra of the GROMOS o0zone series
(Fig. 6). In black dotted lines are represented the frequen-
cies for the annual and semi-annual oscillation, the 11-year
oscillation due to the solar cycle, the 2.4 years characteristic
of the QBO and the 4.5-year frequency related to the ENSO
phenomenon. In magenta dotted lines are plotted the spectral
components of 24, 8.4, 7.2, 4 and 3 months.

With the aim to assess the linear variation of the time series
within the period covering January 1997 to January 2015, the
coefficients a, b, c1, ..., cg, d1, ..., dg, e and f are fitted to
the ozone monthly means using the method of von Clarmann
et al. (2010), where the full error covariance matrix of mix-
ing ratios is considered. The diagonal elements of the error
covariance matrix are the uncertainty of the ozone monthly
mean profiles, described in the following section. The off-
diagonal elements are initially set to 0. In a second iteration,
the correlation coefficients between each data point and its
nth neighbour are estimated from the fit residuals, and an
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Figure 7. The first panel shows the trend fit at 10 hPa, with the
GROMOS monthly mean data (blue line), the calculated fit (red
line) and the related trend (black line). The second panel shows the
residual and in the following panels the fitted signals of the prox-
ies QBO (magenta line), solar F10.7 cm flux (red line) and ENSO
(green line), at 10 hPa.

additional error term is built, based on these covariances, de-
scribing the deficiency of the multi-parametric model chosen.
This error term (in terms of covariance matrix) is scaled ac-
cording to chi-square statistics and added to the initial mea-
surement error covariance matrix.

The inputs required by the trend estimation program are
the ozone monthly mean profiles and their uncertainty. An
example of the fit is displayed in Fig. 7, showing the ozone
monthly means as well as the fit and linear variation (top
panel) and the residual (second panel) at 10 hPa. The fol-
lowing panels show the ozone fitted signals of the prox-
ies QBO (magenta line), solar F10.7 cm flux (red line) and
ENSO (green line), also at 10hPa. The variability of the
GROMOS measurements is satisfactorily reproduced by the
fit. The residual is within 0.5 ppmv except for some partic-
ular cases. There are just some small short-term anomalies
in the years 1998, 2012 and 2014, probably due to the effect
of an atmospheric variability on a larger timescale which is
not accounted for by the multilinear trend model. From 20
to 0.1 hPa the regression model explains about 80 % of the
variance.

5 Uncertainty considerations

Before analysing the estimated trends, the uncertainties af-
fecting the ozone profiles recorded by GROMOS must be
considered, analysed and taken into account. We have con-
sidered three types of uncertainties. The first one is the un-
certainty of the natural variability that is approximated by
the standard error of the monthly mean. The second one is
the observation error, which is obtained from the propagation
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of the thermal noise of the brightness temperature into the
ozone profile. The observation error corresponds to the ran-
dom error, calculated during the retrieval procedure, which is
due to the thermal noise on the spectra. The third way to as-
sess the uncertainties is based on cross-validations of GRO-
MOS with satellites and ground-based instruments (Dumitru
et al., 2006; Steinbrecht et al., 2006; Studer et al., 2013; Del-
cloo and Kreher, 2013).

The criterion to indicate if an estimated trend is statisti-
cally significant at the 95 % confidence level is that the abso-
lute ratio of the trend to its uncertainty is larger than 2 (Tiao
etal., 1990).

The large number of GROMOS measurements per month
allows a robust assessment of the uncertainty from natural
variability, where the effect of the autocorrelation among
data points within the series is taken into account. The stan-
dard error of the monthly mean contains uncertainties due
to both measurement noise and atmospheric variability. First
the standard deviation was calculated:

1 -
o= n_llgl:(xt—x)z’ @)

where n is the number of measurements per month, x the
0zone mixing ratio, and x its monthly mean. Then the vari-
ability within the month was analysed for autocorrelations
between the single measurements. From this information,
the degrees of freedom (DGF) were estimated as the ratio
between the number of measurements »n and the correlation
length within the month under assessment. Due to the auto-
correlations, DGF is less than the number of measurements.
For instance if the amount of measurements of GROMOS
within a month is around 1300, and at 10 hPa the time lag
is around 2 days, then the DGF are more or less 12.5. Fol-
lowing the same assumption, at 100 hPa (time lag around 5
days) the DGF are 4.8 and 81.25 at 1 hPa (8 h of time lag).
With DGF, the standard error of the monthly mean (SEM)
can be calculated:

o 1

SEM = -
JVDGE /(- 1)DGF

To calculate the correlation lengths, we used the autocor-
relation function (ACF) of Matlab, which provides us the
time lags (correlation lengths) of the temporal autocorrela-
tion function calculations. For stationary processes, the au-
tocorrelation among any two observations only depends on
the time lag. Therefore, the autocorrelation is 1 for the time
lag equal to O, since unlagged data are perfectly correlated
with themselves. The collection of autocorrelations, autocor-
relation function, computed for various lags exhibit a more
or less gradual decay toward O as the time lag increases, re-
flecting the generally weaker statistical relationship between
data points more remote from each other in time. The number
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Figure 8. Uncertainty budget of GROMOS used in the trend analy-
sis. The red line is an example of monthly mean correlation length
profile, in units of days, calculated for the time interval from Octo-
ber 2011 to October 2014. The magenta line is the monthly mean
observation error profile, calculated for the same time interval. The
blue line is the estimated instrumental error profile. And the black
line represents the total contribution of the uncertainty of GRO-
MOS.

of time lags of autocorrelated values within the 95 % confi-
dence level are the correlation lengths within a month, used
to calculate the DGF.

Finally, we assume an uncorrelated monthly instrumental
uncertainty. The aim is to take into account the bias between
GROMOS and other instruments, and thereby to get a real-
istic uncertainty estimation. We have estimated this profile
with the result of past cross-validations of coincident data
from GROMOS, ozonesondes, nearby lidars and satellites
(Dumitru et al., 2006; Steinbrecht et al., 2006; Studer et al.,
2013 and Delcloo and Kreher, 2013). Past cross-validations
show a systematic uncertainty of about 5 to 10 % for our in-
strument: around 5% between 10 and 1 hPa and tending to
roughly 10 % toward the lower and upper stratosphere. The
strongest point of this estimation method relies on the fact
that these validation reports and intercomparisons cover all
20 years of GROMOS measurements — both for the period
in which the spectral analysis was done by the filter bench
spectrometer (Dumitru et al., 2006; Steinbrecht et al., 2006),
as for the period of the new fast Fourier transform spectrom-
eter (Studer et al., 2013; Delcloo and Kreher, 2013).

Figure 8 shows the error budget used as input for the trend
estimation model. The red line is an example of monthly
mean correlation length profile, in units of days, calculated
for the time interval from October 2011 to October 2014. We
can see the monthly autocorrelations of stratospheric ozone.
The magenta line is the monthly mean observation error pro-
file, from the thermal noise on the spectra, calculated for the
same time interval. The blue line is the estimated instrumen-
tal error profile based on recent and past intercomparisons of
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Figure 9. Estimated ozone trend profile (in %decade_l) for the pe-
riod of January 1997 to January 2015 recorded by GROMOS above
Bern, Switzerland. The dark blue line represents the trend profile;
the darkest blue area and the lightest blue area are the 1o and 2o
areas, respectively. o is the uncertainty of the trend estimate. The
green boxes are the two regions where the trend is statistically sig-
nificant at the 95 % confidence level.

coincident data from GROMOS, ozonesondes, nearby lidars
and satellites. And the black line represents the total contri-
bution of the uncertainty of GROMOS, taking into account
all the aforementioned errors.

6 Results and discussion

Figure 9 presents the estimated ozone trend profile (in
% decade1 ) for the period of January 1997 to January 2015
above Bern, Switzerland. The selection of the time interval is
based on the assumption that 1997 is the turnaround year of
the equivalent effective stratospheric chlorine (EESC), since
EESC concentration peaked in 1997 at midlatitudes (WMO,
2011). The dark blue line represents the trend profile; the
dark blue area and the light blue area are the 1o and 2o areas,
respectively. o is the uncertainty of the trend estimate. The
green boxes are the two regions where the trend is statisti-
cally significant at the 95 % confidence level. These features
of particular interest are readily identified: the first green box
of positive trend between 10 and 2.5hPa (32 to 42 km) with
its maximum peak at (3.14+1.71) (% decade~1) around
4.36 hPa, and the second green box of negative trend be-
tween 0.6 and 0.06 hPa (50 to 67 km) with its maximum peak
at (—3.94 £ 2.73) (% decade1) around 0.2 hPa. The uncer-
tainty denotes twice the standard deviation.

The estimated stratospheric trend results are able to sup-
port the evidence of a shift toward increasing ozone in the
middle and upper stratosphere at northern midlatitudes also
reported by previous studies (Vigouroux et al., 2008; Nair
et al., 2013; Huang et al., 2014; WMO, 2014; Tummon et
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al., 2015; and references therein). On the other hand, other
recent studies (Eckert et al., 2014; Vigouroux et al., 2015;
Harris et al., 2015; and references therein) have found a pos-
itive but not significant trend at our location. But we have to
be careful about these discrepancies since they could arise
from differences in treatment and propagations of uncertain-
ties, selection of data, ozone measurement techniques, sta-
tistical approach, latitudinal and altitudinal extent and/or the
time period covered in the trend study.

The WMO (2014, Table 2.4) reported a statistically sig-
nificant ozone increase of (3.9 + 1.3) (% decade—1) at 40 km
in the upper stratosphere at northern midlatitudes (35-60° N)
over the 2000-2013 period. This ozone trend value is based
on observations from various space-based and ground-based
measurement instruments. A slightly different ozone se-
ries of the GROMOS instrument contributed a bit to the
ozone trend estimation of WMO (2014). The ozone trend
of our study cannot be directly compared to WMO (2014)
since the time window and the measurement region differ.
However, the ozone trend at Bern (about 3.0 % decade? at
40km) agrees well with the ozone trend at northern mid-
latitudes (about 3.9% decade! at 40km) as reported by
WMO (2014). Furthermore, Nair et al. (2013) presented pos-
itive upper-stratospheric ozone trends, in the 1997-2010 pe-
riod, over a northern midlatitude station, Haute-Provence
Observatory (OHP: 43.93° N, 5.71° E), using GOZCARDS
(Global OZone Chemistry And Related trace gas Data
records for the Stratosphere) data and a combination of data
sets from total column ozone observations from the Dobson
and Systéeme d’Analyse par Observation Zénithale (SAQZ)
spectrometers and ozone profile measurements from light de-
tection and ranging (lidar), ozonesondes, the Stratospheric
Aerosol and Gas Experiment (SAGE) II, the Halogen Oc-
cultation Experiment (HALOE) and the Aura Microwave
Limb Sounder (MLS). Our results also match well with those
reported in WMO (2010) and by Vigouroux et al. (2008),
who deduced a positive trend of (0.26 & 0.18) (% year~1) at
Jungfraujoch for the period 1995-2004 in the altitude range
of 27-42km. The Jungfraujoch station located in Switzer-
land at 47° N is equipped with a Fourier transform infrared
(FTIR) instrument. Moreover, Tummon et al. (2015) showed,
with Solar Backscatter Ultraviolet Radiometer (SBUV) in-
struments on board NASA (National Aeronautics and Space
Administration) and NOAA (National Oceanographic and
Atmospheric Administration) satellites, significant positive
trends up to 4%decade! between 10 and 7hPa, for the
1998-2011 period. All these statements are in agreement
with our findings. The small change in trends is somewhat
to be expected given that the lifetimes of most ODS species
are long (several decades), and thus the removal of these
species will occur over a considerably longer timescale than
the relatively brief period during which their concentrations
increased (Tummon et al., 2015). Otherwise, the increase of
carbon dioxide is cooling the upper stratosphere. This cool-
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ing increases ozone concentrations in this region through
temperature-dependent chemistry (WMO, 2014).

Concerning circulation changes as contributors to the
stratospheric ozone increases, recent studies have simulated
changes in the Brewer-Dobson circulation (BDC) in re-
sponse to increasing greenhouse gases (Butchart et al., 2006).
Changes in the BDC can modify the distribution of ozone
and other chemical compounds. Recently this stratospheric
mean meridional circulation (BDC) has been clearly differ-
entiated into two branches: a shallow branch, located in the
lowermost stratosphere, with upwelling in the tropics and
downwelling in the subtropics and middle latitudes, and a
deep branch with maximum upwelling in the tropical upper
stratosphere and downwelling in the middle and high lati-
tudes throughout the entire height of the stratosphere (Birner
and Bonisch, 2011). Observations of changes in temperature
and ozone over the past 3 to 5 decades are suggestive of in-
creased upwelling of air in the tropical lower stratosphere.
This is consistent with model simulations, which robustly
simulate long-term increases in the tropical upwelling due to
past greenhouse gas increases (WMO, 2014). Ozone in the
tropical lower stratosphere shows little response to ODS, be-
cause conversion of ODS into reactive chlorine and bromine
is small in this region. Instead, tropical lower-stratospheric
ozone is more affected by the strength of tropical upwelling
of air from the troposphere to stratosphere caused by the shal-
low branch of the BDC (WMO, 2014). Additionally, Stiller
et al. (2012) also used the hypothesis of a general increased
upwelling in the tropics and intensification of the BDC, to-
gether with weakening of the subtropical mixing barrier as
an explanation of their age of air temporal evolution. There-
fore, the acceleration of both branches of BDC could be one
of the contributors to the aforementioned stratospheric ozone
increase in northern midlatitudes.

Regarding the lower mesosphere region, our results are
in agreement with recent trend estimations (Kyrola et al.,
2013; Remsberg, 2014, and references therein; Tummon et
al., 2015). They have found statistically significant nega-
tive trends above 55 km in the northern midlatitudes through
the SAGE Il version 7 data and by the combined SAGE
II-GOMOS (Global Ozone Monitoring by Occultation of
Starts) data set.

7 Conclusions

We have constructed a harmonised ozone profile time series
from GROMOS measurements since November 1994 up to
now. The need for such harmonisation is due to the spec-
trometer upgrade performed in 2009. From November 1994
to October 2011, the ozone line spectra were measured by a
filter bench spectrometer. Since July 2009 the spectral anal-
ysis has been done by a fast Fourier transform spectrometer.
Both spectrometers were measuring parallel in order to en-
sure a proper harmonisation. A bias between both data sets
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has been identified, being less than 5% above 20 hPa. The
harmonisation has been done by taking the data set from the
FFTS as a reference for the FB. The combined data set time
series was then analysed for trends in the stratosphere.

A mutilinear parametric trend model was used to analyse
this time series of stratospheric ozone profiles. This model
includes a linear term, the solar variability, the EI Nifio—
Southern Oscillation index, the quasi-biennial oscillation, the
annual and semi-annual oscillation and several harmonics
with period lengths between 3 and 24 months. The trend re-
sults for the period between January 1997 and January 2015
show statistically significant trends at the 95% confidence
level at pressure levels around 5 and 0.2 hPa. Our estimated
trend profile is in agreement with other northern midlatitude
trend estimations from other ground-based and satellite in-
struments (Vigouroux et al., 2008; Nair et al., 2013; Kyrola et
al., 2013; Huang et al., 2014; Remsberg, 2014; WMO, 2014;
Tummon et al., 2015, and references therein).

This study also demonstrates the reliability of GROMOS
measurements for providing stratospheric ozone profiles, al-
lowing us the adequate study of the characterisation of ozone
variability on timescales from 10 min to more than 20 years.
The continuation in time of these measurements will help
future generations to confirm findings through the intercom-
parison with other instruments and to understand the evolu-
tion of the ozone layer, which is extremely crucial for life on
Earth.
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