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Abstract

Vertical profiles of CFC-11 (CFCl3) and CFC-12 (CF,Cl,) have been measured with
the Michelson Interferometer for Passive Atmospheric Sounding (MIPAS) with global
coverage under daytime and nighttime conditions. The profile retrieval is based on
constrained nonlinear least squares fitting of measured limb spectral radiance to mod-
eled spectra. CFC-11 is measured in its v,-band at 850 cm™', and CFC-12is analyzed
in its vg-band at 922 cm™'. To stabilize the retrievals, a Tikhonov-type smoothing con-
straint is applied. Main retrieval error sources are measurement noise and elevation
pointing uncertainties. The estimated CFC-11 retrieval errors including noise and pa-
rameter errors but excluding spectroscopic data uncertainties are below 10 pptv in the
middle stratosphere, depending on altitude, the MIPAS measurement mode and the
actual atmospheric situation. For CFC-12 the total retrieval errors are below 28 pptv at
an altitude resolution varying from 3 to 5 km. Time series of altitude/latitude bins were
fitted by a simple parametric approach including constant and linear terms, a quasi-
biennial oscillation (QBO) proxy and sine and cosine terms of several periods. In the
time series from 2002 to 2011, quasi-biennial and annual oscillations are clearly visible.
A decrease of stratospheric CFC mixing ratios in response to the Montreal Protocol is
observed for most altitudes and latitudes. However, the trends differ from the trends
measured in the troposphere, they are even positive at some latitudes and altitudes,
and can in some cases only be explained by decadal changes in atmospheric age of
air spectra or vertical mixing patterns.

1 Introduction

Prior to the reduced emissions in response to the Montreal Protocol signed in 1987,
CFC-11 (CFCl3) and CFC-12 (CF,Cl,) were the major sources of stratospheric
chlorine. The stratospheric chlorine loading reached its maximum in 1996/1997,
and a slow decline of stratospheric total chlorine has been observed since then
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(Rinsland et al., 2003). Beyond being a source for reactive chlorine, which plays a ma-
jor role in stratospheric ozone depletion (Molina and Rowland, 1974), the long life-
times of these species (Ko and Sze, 1982) make them ideal tracers for dynamic pro-
cesses such as subsidence (e.g. Toon et al., 1992), horizontal transport, and mixing
(e.g. Waugh et al., 1997).

Recently, evidence has been found that the lifetimes of CFC-11 and CFC-12 might
have been underestimated, and their reevaluation is considered a high priority action
in atmospheric sciences, because of their role as a source of ozone destructing sub-
stances (Ko et al., 2011). A necessary prerequisite for a reassessment of lifetime of
these CFCs are stratospheric measurements.

Atmospheric chlorofluorocarbon (CFC) abundances are measured since the early
1970s (Lovelock, 1971). A variety of in-situ and remote sensing techniques has been
developed for this purpose in the following years, see, e.g. the bibliography in Goldman
et al. (1976). Stratospheric CFC abundances are typically measured by air sampling
techniques and subsequent laboratory analysis (e.g. Lueb et al., 1975; Heidt et al.,
1975; Engel et al., 1998), by in-situ techniques (e.g. Robinson et al., 1977; Bujok et al.,
2001; Romashkin et al., 2001), or remotely by infrared spectroscopy from balloon-
borne (e.g. Murcray et al., 1975; Williams et al., 1976) or space-borne (e.g. Zander
et al., 1987) platforms in solar occultation geometry. More recent solar occultation in-
struments used for CFC-detection include the Improved Limb Atmospheric Spectrom-
eter (ILAS) (Khosrawi et al., 2004) and the Atmospheric Chemistry Experiment (ACE)
(Mahieu et al., 2008; Brown et al., 2011).

Independently of a solar background signal, CFCs can also be measured by limb
emission spectroscopy, as first documented by Brasunas et al. (1986) and Kunde et al.
(1987). Space-borne limb emission measurements of CFCs were reported by Roche
et al. (1993) for the Cryogenic Limb Array Etalon Spectrometer (CLAES, Bingham
et al., 1997) for the Cryogenic Infrared Radiance Instrumentation for Shuttle (CIR-
RIS 1A), and by Spang et al. (1997) for the Cryogenic IR spectrometers and Tele-
scopes (CRISTA). This series of space-borne limb-emission CFC-measurements has
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been continued with the Michelson Interferometer for Passive Atmospheric Sounding
(MIPAS) (Hopfner et al., 2007; Hoffmann et al., 2008). In this paper, we present the
retrieval of CFC-11 and CFC-12 volume mixing ratio (VMR) profiles from limb emission
spectra and report on the climatology and trends of retrieved profiles. These climatolo-
gies have been prepared as a contribution to the SPARC (Stratospheric Processes and
their Role in Climate) data initiative (Hegglin and Tegtmeier, 2011).

2 MIPAS data

MIPAS is a cryogenic limb emission Fourier transform spectrometer designed for mea-
surement of trace species from space (Endemann and Fischer, 1993; European Space
Agency, 2000; Endemann et al., 1996; Fischer and Oelhaf, 1996; Fischer et al., 2008).
It is part of the instrumentation of the Environmental Satellite (ENVISAT) which was
launched into a sun-synchronous polar orbit on 1 March 2002. MIPAS was operated
from July 2002 to March 2004 with full spectral resolution (FR) specification (0.05 cm™
in terms of full width at half maximum, after apodization with the “strong” Norton and
Beer (1976) function, corresponding to a maximum optical path difference of 20 cm).
After a failure of one of the interferometer slide, MIPAS was operating from January
2005 on in the reduced spectral resolution (RR) mode (0.121 cm‘1) with an optical
path difference of 8.0 cm. We consider MIPAS measurements in the so-called nominal
mode, see Table 1. Data presented here were recorded from July 2002 to April 2011,
which equates to about 2 million profiles for CFC-11 and CFC-12. The data analy-
sis reported in this paper relies on the ESA-provided so-called level-1B data product
which includes calibrated phase-corrected and geolocated radiance spectra (Nett et al.,
1999), ESA data versions MIPAS/4.61 to MIPAS/4.62 for measurements recorded from
2002 to 2004, and MIPAS/5.02 to MIPAS/5.06 for measurements recorded since 2005.
All spectra under consideration here were measured according to the standard mea-
surement scenarios with nominal tangent altitudes from the upper troposphere to the
mesosphere. Table 1 lists the scan sequences for MIPAS FR (July 2002—March 2004)
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and RR (since 2005) nominal measurement modes (Dudhia, 2012). Data versions pre-
sented in this paper are V3O_CFC11.10 and V30O_CFC12_10 for FR measurements
and V5R_CFC11_220 and V5R_.CFC12_220 for RR measurements. Version 6 of the
operational ESA data product, just recently released, also includes CFC-11 and CFC-
12. Besides data presented in this study, there exist also MIPAS CFC data retrieved by
distinct data analysis schemes (Dinelli et al., 2010; Hoffmann and Riese, 2004; Hoff-
mann et al., 2008; Moore et al., 2004; Dudhia, 2012).

3 CFC Retrievals

The retrieval of CFC-11 and CFC-12 profiles presented here was performed with a MI-
PAS data processor dedicated for scientific applications, which has been developed
at the Institute for Meteorology and Climate Research (IMK) and complemented by
components relevant to treatment of non-local thermodynamic equilibrium (non-LTE;
not used in this study since not relevant to retrieval of CFCs) at the Instituto de As-
trofisica de Andalucia (IAA). The general strategy of the IMK/IAA data processing has
been documented in von Clarmann et al. (2003b). It underwent a pre-flight functionality
study and validation by cross-comparison with various other data-processors within the
framework of a blind test retrieval study von Clarmann et al. (2003a).

CFC-11 and CFC-12 are retrieved by constrained multi-parameter non-linear least
squares fitting of modeled to measured spectra. Spectral data from all tangent altitudes
are analyzed within one inversion process, as suggested by Carlotti (1988). VMR verti-
cal profiles are retrieved on a fixed, i.e. tangent altitude independent height grid which
is finer than the tangent altitude spacing (50 retrieval altitudes for CFC-11: 1-km steps
from 4 to 45km, then 5-km gridwidth to 50km, 10-km steps from 60 to 100 km, and
20-km step to 120km. 60 retrieval altitudes for CFC-12: 1-km steps from 4 to 44 km,
then 2-km gridwidth from 46 to 70 km, 5-km steps from 75 to 80 km, and 10-km steps
from 90 to 120 km). The horizontal spacing is 510 km for the FR resolution data nom-
inal mode and 410km for the RR nominal mode. In order to obtain stable profiles,
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the profiles have been constrained such that the first order finite difference quotient
AVMR/ Aaltitude at adjacent altitude gridpoints was minimized, using the formalism
as proposed by Tikhonov (1963). For both trace gases we use a zero a priori profile.
The strength of the regularization has been chosen altitude-dependent with a scheme
proposed by Steck (2002).

Forward modeling of spectra is performed with the Karlsruhe Optimized and Pre-
cise Radiative Transfer Algorithm (KOPRA) (Stiller, 2000; Stiller et al., 2002) using
a dedicated spectroscopic database for MIPAS compiled by Flaud et al. (2003). CFC-
11 and CFC-12 bands were modeled by 2-dimensional interpolation of pressure-,
temperature-, and wavenumber-resolved laboratory measurements (Varanasi, 1992;
Varanasi and Nemtchinov, 1994) to the actual atmospheric pressures and tempera-
tures. The spectroscopic uncertainty of this data has been estimated in the literature
to 5% (Rothman et al., 1998; Rinsland et al., 2005), however the spectral resolution
(0.08 cm™" and 0.01cm™" at pressures below 40 Torr) of the laboratory data may in-
troduce small systematic errors, together with the interpolation to different tempera-
tures and pressures. Indeed, CFC-11 and CFC-12 show dense and sharp spectral
structure at very high spectral resolution, even in the Q-branches (see, e.g. Orphal,
1991; McNaughton et al., 1994, 1995; D’Amico et al., 2002). It is also important to note
that comparisons of the absolute band intensities (see, e.g. Varanasi and Nemtchinov,
1994; D’Amico et al., 2002) with other studies show larger differences. For these rea-
sons, the absolute uncertainty of the spectroscopic data is estimated to 10 %, in the
absence of further information.

Local spherical homogeneity of the atmosphere is assumed here, i.e. atmospheric
state parameters related to one limb sounding sequence are not allowed to vary with
latitude or longitude but only with altitude. The only exception is temperature: for data
versions V5R_.CFC11.220 and V5R_CFC12_220, a horizontal temperature gradient,
calculated from ECMWF temperature fields, was taken into consideration in a range
of £400 km around the tangent point to reduce related retrieval artefacts (Kiefer et al.,
2010).
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Prior to trace gas retrievals, a spectral shift correction is applied first. Then eleva-
tion pointing correction and the temperature retrieval are performed (von Clarmann
et al., 2003b, 2009b), and results are used in the subsequent trace gas retrievals. The
most recent CFC data versions (V5R_.CFC11_220 and V5R_CFC12_220) are based on
a temperature and pointing retrieval where ozone and water vapor are jointly retrieved.
This reduces the dependence of related a priori information on these species and re-
lated error propagation. Older data versions (V40) where information on O3 and H,O
was taken from climatologies during the temperature and elevation pointing retrieval
led to temperature artifacts at about 30° N/S where the climatology was switched from
the tropical to the mid-latitudinal case. These artifacts propagated onto the species
retrievals and led to rabbit-ears-like structures in the altitude/latitude cross-sections
of tropospheric source gases, which are no longer found in the V5SR_.CFC11_220 and
V5R_CFC12_220 data. After temperature and line of sight (LOS) retrieval, the next
steps are dedicated H,O and Oj retrievals, of which the results were found superior
over the results of the joint retrieval of temperature, elevation pointing, ozone, and water
vapor. After that, species abundances are retrieved in the order HNO3, CH, together
with N,O, CIONO,, N,Og, CIO, and finally CFC-11 and CFC-12. Each gas is retrieved in
its specific spectral region, where results from preceding species abundance retrievals
are used as input for the next species retrieval.

3.1 CFC-11

CFC-11 was analyzed in the 831.0-853.0cm™" spectral region, which covers the main
part of the v, band. Main interfering species in this region are H,O, the HNO; v band,
and the COClI, v5 band (Toon et al., 2001). In order to avoid propagation of uncertainties
of a priori knowledge on these species to the CFC-11 profiles, their abundances were
jointly fitted along with CFC-11 in this analysis window. Although H,O results are avail-
able from preceding retrievals, joint-fitting led to reduced residuals in the H,O lines,
most probably due to inconsistencies between spectroscopic data in the H,O analy-
sis windows and the CFC-11 analysis window. Furthermore, a background-dependent
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continuum signal and a zero-radiance calibration correction were determined along
with the species abundances, as discussed in von Clarmann et al. (2003b). At tangent
heights above 40 km CFC-11 is far below the detection limit. Thus, to save computing
time, we used the twelve lowermost tangent heights, which correspond to altitudes be-
tween 5km and 38 km for the FR data, and the nineteen lowermost tangent heights,
which cover the 5km and 40 km altitude range for the RR data.

Retrieval error estimates for sample FR and RR CFC-11 retrievals are shown in Ta-
bles 2 and 3, respectively. The high resolution measurement was taken at high southern
latitudes on 21 May 2003. The estimated total retrieval error is 6.4 pptv at 25 km and
45.0 pptv at 10 km altitude. The RR measurement was taken in northern mid-latitudes
on 19 September 2009. The related estimated total retrieval error is 6.1 pptv at 25 km
and 19.0 pptv at 10km altitude. For both measurement modes, the total retrieval er-
ror in the middle stratosphere (above 15—20 km) is dominated by measurement noise,
while in the troposphere and lower stratosphere the leading error sources are uncer-
tainties in elevation pointing (line of sight error), uncertainties in the abundances of the
peroxyacetyl nitrate (PAN), NH3, and OCS abundances, as well as spectral calibration
uncertainties (gain error) and temperature uncertainties.

Selected rows of the CFC-11 averaging kernel matrices for both measurement
modes are shown in Fig. 1. The altitude resolution in terms of full width at half maximum
of a row of the averaging kernel matrix is about 4 km for the FR measurements, and
about 2 to 3km for the RR measurements. The averaging kernels are well-behaved
in a sense that they peak at their nominal altitudes between about 6 km and 25 km
for high spectral resolution and between about 10 and 25 km for RR measurements.
Below and above, the retrievals are particularly sensitive to the real atmosphere below
the nominal altitude. This is because the retrieval is strongly regularized to cope with
the low sensitivity at these altitudes. The retrieved CFC-11 profiles represent approx-
imately 4 to 7 degrees of freedom for the FR measurements and 5 to 9 degrees of
freedom for the RR measurements, respectively. The better vertical resolution in the
RR data is caused by finer vertical sampling.
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The horizontal information smearing (we intentionally avoid the term “horizontal res-
olution” because the resolution can never be better than the horizontal sampling) was
estimated on the basis of 2-D averaging kernels, evaluated on the basis of 2-D Ja-
cobians of 1-D retrievals as described in von Clarmann et al. (2009a). The horizontal
information smearing of a MIPAS retrieval in terms of full width at half maximum of the
horizontal component of the 2-D averaging kernel is approximately 200-500 km, de-
pending on measurement mode and altitude (Table 4). In many cases, the smearing is
smaller than the horizontal sampling, implying that the horizontal resolution is limited
by the horizontal sampling grid rather than the horizontal information smearing.

The information displacement is the horizontal distance between the point where
most information comes from and the nominal geolocation of the limb scan, which is
defined as the geolocation of the tangent point of the middle line of sight in a MIPAS
limb scan. Compared to the nominal geolocation, the tangent points are displaced to-
wards the satellite for the lowermost tangent altitude and in the opposite direction for
the uppermost tangent altitude. This displacement is caused by the satellite move-
ment and the position of the tangent point as a function of the elevation angle. Beyond
this, also atmospheric opacity and regularization of the retrievals contribute to the in-
formation displacement. In Table 5 the CFC-11 weighted displacements are listed for
altitudes of interest. Negative distances are displacements towards beyond the tangent
point, positive distances are displacements towards the satellite. Except for higher alti-
tudes the displacements are small compared to the horizontal sampling distance.

Figure 2 shows examples of a measured versus best fit modeled CFC-11 spectra,
along with related residual spectra. For the FR measurement, a spectrum recorded
at about 14 km tangent altitude is shown, which was measured on 21 May 2003. The
broad spectral signature of CFC-11 is well reproduced. The root mean square (rms)
of the residual is 16.91 nW/(cm2 srcm'1) which is about equal to the nominal noise
equivalent spectral radiance (NESR) in the wavenumber region 830-850 cm™', which
is 15nW/ (cm2 srcm'1) for apodized spectra. The RR spectrum was recorded at about
14 km tangent altitude on 19 September 2009. Also this spectrum is well reproduced
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and the rms of the residual is 12.78 nW/(cm2 srcm‘1), which also is about equal to the
nominal apodized noise equivalent spectral radiance of 12 nW/(cm2 srem™ ).

3.2 CFC-12

CFC-12 was analyzed in the 915.0-925.0 cm™ spectral region, which covers the cen-
tral part of the vg band. Main interfering signals are caused by the CO, 10001 — 00011
so-called laser band, the HNO3; 2v4 band, H,O and a weak PAN band. All these inter-
fering species were jointly fitted along with continuum and offset-correction. In contrast
to CFC-11 we used all available tangent heights for the CFC-12 retrieval, because the
measurable signal of CFC-12 extends to higher altitudes than that of CFC-11.

Error estimates for CFC-12 FR and RR measurements are shown in Table 6 and
Table 7, respectively. The estimated total retrieval error of CFC-12 retrieved from high
spectral resolution measurements is 20.0 pptv for 25km and 18.0 pptv for 10 km alti-
tude. At 20 km and above measurement noise is the leading error source, while below
parameter errors are dominating. The main parameter error components are the line
of sight elevation pointing error, gain calibration error, the error of the horizontal (along
track) temperature gradient, the temperature error itself, and the uncertainty in the NH3
profile. For RR CFC-12 retrievals, the relative importance of the various error sources
is similar, except that the horizontal temperature inhomogeneities do not appear as er-
ror source since horizontal temperature gradients were accounted for in the retrieval.
In the stratosphere, total retrieval errors are only slightly larger than for high spectral
resolution measurements (22.0 pptv at 25km) but at 10km the error is much larger
(64.0 pptv) because of propagated parameter uncertainties, for the example chosen.

The altitude resolution in terms of full width at half maximum of a row of the averaging
kernel matrix is about 3 to 5 km for the FR measurements and about 3 to 4 km for the
RR measurements. This corresponds to 6—9 degrees of freedom for FR measurements
and 9-13 for RR measurements. CFC-12 averaging kernels are shown in Fig. 3. They
are well-behaved between about 8 and 40 km for high spectral retrievals and between
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10 and 50 km for RR measurements. As for CFC-11, the better altitude resolution of
the RR measurements is due to the better vertical sampling.

Figure 4 shows examples of measured (black) versus fitted (red) CFC-12 spectra.
The high spectral resolution measurement was recorded on 21 May 2003 at the border
of the southern polar cap and the tangent altitude is 11 km. The measured spectrum is
well reproduced and the rms of the residual is 19.15 nW/(cm2 srcm‘1) which is slightly
higher than the nominal noise equivalent spectral radiance. The RR was recorded on
19 September 2009 at a tangent altitude of 11 km. Here the rms of the fit residual
(13.84 nW/(cm2 srcm‘1)) is even slightly less than the nominal noise equivalent spec-
tral radiance.

The horizontal information smearing of CFC-12 retrievals is approximately 300 km at
altitudes below 24 km and more than 400 km above for the FR retrievals (Table 8). For
the RR retrievals assessed here, it is between about 300 km and more than 500 km. As
for CFC-11, the information displacement is clearly smaller than the horizontal mea-
surement grid (Table 9).

4 The SPARC climatologies

MIPAS CFC climatologies have been prepared in compliance with the methodical and
data format requirements of the SPARC (Stratospheric Processes and their Role in Cli-
mate) data initiative (Hegglin and Tegtmeier, 2011). The climatology consists of zonal
monthly mean fields of CFC volume mixing ratios on 28 pressure levels of 300, 250,
200, 170, 150, 130, 115, 100, 90, 80, 70, 50, 30, 20, 15,10, 7,5, 3,2, 1.5,1.0,0.7, 0.5,
0.3, 0.2, 0.15, 0.1 hPa. Along with these monthly means, standard deviations and sam-
ple sizes are provided. Technical details of the generation of this climatologies follow
the approach published by von Clarmann et al. (2012).
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4.1 CFC-11 observations

Figure 5 shows monthly zonal means of CFC-11 between 200 hPa and 10hPa for
September 2002, December 2003, March 2008, and June 2010. Largest mixing ra-
tios are seen in the tropics in the upwelling branch of the Brewer-Dobson circulation.
With increasing altitude and latitude mixing ratios become smaller, reflecting photo-
chemical and OH-driven CFC-depletion in aged air. The decrease of CFC-11 from the
years 2002 to 2010 is noticeable particularly in the tropical tropopause, where the air
is youngest. Here the effect of reduced CFC emissions in response to the Montreal
Protocol is best visible.

Figures 6 and 7 illustrate the temporal evolution of CFC-11 for all latitudes between
July 2002 and April 2011 at selected altitude levels from 200 hPa to 15 hPa. Between
April and December 2004 no MIPAS data are available because of the instrument fail-
ure mentioned in Sect. 2. Particularly at 200 hPa there is an obvious bias between
the FR and the RR data, mainly caused by the improved vertical resolution of the lat-
ter. Nevertheless, the decadal decrease of CFC-11 is well observable in these time
series at all altitudes over the entire measuring period. Furthermore, the annual cy-
cle is clearly visible, and it is in opposite phase in the Southern versus the Northern
Hemisphere, following the local season. In the stratosphere, minimum mixing ratios
are found in the polar winter, due to the subsidence of old air depleted of CFCs. In the
troposphere, there is a polar summer minimum, in consistence with the seasonal cycle
seen in in-situ and flask data published by Butler et al. (1998). All time series show,
as expected, the maxima of the CFC-11 volume mixing ratios in the tropical and sub-
tropical zone between 30° S to 30° N. The region of large CFC-11 amounts, however,
is not symmetrical around the equator but shifted by a couple of degrees to north-
ern latitudes. The stratospheric mixing barrier, discernable by the region of the largest
CFC-11 zonal gradient at 15hPa, 20 hPa, 50 hPa, and 70 hPa varies with season be-
tween 20°, 25°, 30° and 40° in the Northern Hemisphere, compared to 12°, 15°, 20° and
30° in the Southern Hemisphere. A difference between hemispheres was also found by
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Palazzi et al. (2011). At 15hPa, 20 hPa and 50 hPa a clear signal of the quasi-biennial
oscillation (QBO) is visible.

4.2 CFC-12 observations

Figure 8 shows monthly zonal mean CFC-12 mixing ratio distributions between 200 hPa
and 1hPa of CFC-12 in September 2002, December 2003, March 2008, and June
2010. The structures are similar to those of CFC-11 but the CFC-12 survives the trans-
port into higher altitudes in the ascending branch of the Brewer-Dobson circulation,
because it is more stable under sunlit conditions. Also for CFC-12 a decrease with time
is observable, but it is much less pronounced than that of CFC-11. This is because the
decomposition of CFC-12 in the atmosphere is slower than that of CFC-11. The life-
time of CFC-12 in the stratosphere of about 100 yr is larger than that of CFC-11 which
is about 45yr (Cunnold et al., 1997; Volk et al., 1997). Time series (Figs. 9 and 10)
show basically the same features already discussed for CFC-11 (negative trend, an-
nual cycle, QBO, and asymmetry around the equator). Also for CFC-12 there is a bias
between FR and RR measurements, most pronounced at lower altitudes.

5 Trends

5.1 Method

Time series of monthly mean CFC-11 and CFC-12 mixing ratios at selected altitudes
and for 10° latitude bins have been analyzed by fitting the following regression function
to the data (Stiller et al., 2012)

VMR(t) = a + bt + c1qbo,(t) + dyqbo,(t) + (1)
9
+ D (cpsin LU d,cos @)
/n /n
n=2
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where t is time, gbo; and gbo, are quasi-biennial oscillation (QBO) indices. The terms
under the sum are 8 sine and cosine functions of the period length /,, which represent
the seasonal and the semi-annual cycle and their “overtones” with period lengths of 3,
4, 8,9, 18, and 24 months. Sine and cosine of the same period length are both fitted to
account for any phase shift of the variation. The terms gbo; and gbo, are the normal-
ized Singapore winds at 30 hPa and 50 hPa. These are provided by the Free University
of Berlin via http://www.geo.fu-berlin.de/met/ag/strat/produkte/gbo/index.html. As sug-
gested by Kyrola et al. (2010), we exploit the approximate orthogonality of gbo; and
gbo, to emulate any QBO phase shift by their combination with different weights. Coef-
ficients a, b, ¢4, ..., Cg, dy, ..., dy are fitted to the data using the method of von Clarmann
et al. (2010), where the full error covariance matrix of mixing ratios is considered, with
the squared standard errors of the monthly means as the diagonal terms. In a first step
of the analysis, covariances are only important to consider any bias between the FR
and the RR CFC measurements due to the change of the MIPAS measurement modes.
Since these biases are thought to be primarily caused by different altitudes resolutions,
they can depend on altitude and latitude. For each time series at a certain altitude and
latitude band, the bias can simply be treated as a fully correlated error component of
one of both data subsets. This method is very robust with respect to the estimate of
the residual bias used to create the covariance matrix. Consideration of the bias in the
covariance matrix has been shown to be equivalent to the inference of the bias from
the data themselves with an optimal estimation scheme where the a priori variance of
the residual bias equals the residual bias component in our covariance matrix (cf. von
Clarmann et al., 2001). From the fit residuals, additional autocorrelated error terms are
estimated and added to the initial covariances, as described by Stiller et al. (2012).
A second trend fit is performed with the enhanced covariance matrix, which is then
used for the scientific analysis.
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5.2 Results for CFC-11

Trends of CFC-11 based on monthly zonal mean mixing ratios in 10° latitude bins
have been calculated for selected altitudes. Data coverage was good from July 2002
to March 2004 with measurements available for about 16 to 31 days per month. From
2005 to 2007 data coverage was quite inhomogeneous when the number of days for
which nominal mode measurements were available varied from 2 to 30 days per month,
while since then MIPAS has again been operated at full duty cycle and nearly contin-
uous coverage. Figure 11 shows examples of measured and best fitting time series.
A negative trend is obvious in all these examples, as well as the annual variation, and
the bias between the data subsets V30O_CFC11_10 and V5R_CFC11_220. The minima
of mid-latitudinal measurements occur in local winter (left panels). The amplitude of the
annual cycle is largest at polar latitudes. In the tropical time series a clear QBO signal
is visible (upper right panel), while the amplitude of the annual cycle is largely reduced
compared to higher latitudes.

Liang et al. (2008) report northern and southern hemispheric averaged monthly
mean surface CFC-11 and CFC-12 mixing ratios between January 1977 and December
2004 based on measurements of different long-term observations (Prinn et al., 2000;
Montzka et al., 1999; Thompson et al., 2004). Their CFC-11 monthly mean values in
the year 2002 are about 260 pptv which coincides well with the starting point of our
regression line with mixing ratios between 260 to 265 pptv at ~10km altitude. CFC-
11 measurements are also provided by the Halocarbons and other Atmospheric Trace
Species (HATS) group at NOAA/ESRL (Elkins et al., 2012a). They provide a combined
data set from various NOAA/ESRL measurement programs; the method for combining
the various NOAA/ESRL measurement programs into one data set is described by Hall
et al. (2011). These CFC-11 measurements for April 2011 are about 240 pptv which
agrees very well with our values between 229 and 242 ppt at 10 km altitude (Fig. 11,
right middle panel, left and right lower panel).
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The inferred trends from 2002—2011 for all latitude/altitude bins are summarized in
Fig. 12, along with estimated 1-sigma uncertainties and significance of the trends in
terms of multiples of sigma. The estimated uncertainties include the additional auto-
correlated error term discussed in Sect. 5.1 and are consistent with the fit residuals
in a sense that the reduced ,1/2 values are close to unity. In wide parts of the atmo-
sphere highly significant negative trends between —10 and —40pptv per decade are
found. These trends agree well with the tropospheric trends of about —25 pptv per
decade in the same period measured by the HATS group (Elkins et al., 2012a) and the
data reported by Butler et al. (1998) (—23 pptv per decade), of which the extension to
current dates can be found on http://www.esrl.noaa.gov/gmd/hats/graphs/graphs.html.
Differences between the MIPAS percentage trends and the age-corrected tropospheric
trends are shown in Fig. 13. Age of air has been taken from Stiller et al. (2012). We
would like to stress that we do not necessarily expect the stratospheric trends to repro-
duce the tropospheric ones with a time lag depending on the age of stratospheric air,
because stratospheric circulation is supposed to change, affecting the time lag and pos-
sibly the level of depletion of the air observed. For an atmosphere without changes in
stratospheric dynamics and delta-shaped age spectra, the differences shown in Fig. 13
are expected to be zero throughout. However we find positive and negative trend dif-
ferences of several ten percent. The positive trend values between 10°S—90° S in the
stratosphere between about 22km and 30 km altitude can be explained by air with
broad age spectra, containing particularly old air which has entered the stratosphere
prior to about 1993 when tropospheric CFC-11 concentrations reached their maxi-
mum. The mean age alone, which is about 5yr in this altitude/latitude-range (Stiller
et al., 2012) cannot explain the positive trend. In the upper northern hemispheric strato-
sphere, trends are more negative than expected from the tropospheric trends corrected
for the age of air. This is the region where Stiller et al. (2012) have found a pronounced
increase in the age of stratospheric air, which, however, cannot alone explain the larger
negative trends. Instead, changing circulation and/or mixing patterns which heavily af-
fect the shape of the age spectra may be able to explain both, the increase of age of
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air and the stronger negative CFC-11 trends. However, a fully consistent explanation is
not yet available.

5.3 Results for CFC-12

The findings on periodic and quasi-periodic variations of CFC-11 also apply to CFC-12
(Fig. 14). The annual variation and the QBO are well represented by the regression
model. In comparison to the CFC-12 mixing ratios of ~543 pptv as reported by Liang
et al. (2008) for the year 2002 our values at the starting point of the regression line
in 2002 are slightly lower with mixing ratios between 524 and 537 pptv. The HATS
group reports mixing ratios for a CFC-12 data set combined from various NOAA/ESRL
measurement programs of about 528 pptv for April 2011 (Elkins et al., 2012b), which
is slightly higher than the MIPAS data at the end of the regression line where mixing
ratios vary with latitude between 506 and 508 pptv (Fig. 14, right middle panel, left and
right lower panel).

A survey of the inferred trends is given in Fig. 15. The patterns of positive and
negative trends of CFC-12 are similar to those of CFC-11 but are better visible. In
the troposphere and in the lower stratosphere where relatively young air is observed
consistently (Stiller et al., 2012), the trends are negative throughout, with typical val-
ues around —20 pptv per decade, which again is in agreement with tropospheric trend
measurements by Elkins et al. (2012a) and the extension of the record by Butler et al.
(1998). Particularly large negative trends are observed in the middle northern hemi-
spheric stratosphere, with largest negative values at 20° N-30° N, 25 km altitude. Sim-
ilar to CFC-11, these negative trends are larger than the age corrected tropospheric
trends (Fig. 16), and occur again in the region where Stiller et al. (2012) found the
increase in mean age of air. Similar to CFC-11, we suggest that changing circulation
and/or mixing patterns affect the shape of age spectra and may lead to steepening
of the trends relative to the tropospheric ones. Above this region (above 20-30km al-
titude at latitudes from 90° N-20° N, respectively), slightly positive trends have been
found. With an age of approximately 6 yr, the starting point of the time series (2002)
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refers to tropospheric air in 1996, when CFC-12 still increased. For the positive trends
in the middle southern hemispheric stratosphere the same explanation as for CFC-11
applies. The effect is, however, more pronounced for CFC-12, because its tropospheric
maximum was reached later. Of course there are also other possible explanations for
differences between stratospheric and tropospheric CFC-trends, e.g. decadal varia-
tions of subsidence or mixing of CFC-depleted air from higher altitudes. All plausible
explanations, however, imply decadal changes in stratospheric dynamics.

6 Conclusions

Global altitude-resolved zonal mean distributions of stratospheric CFC-11 and CFC-12
were inferred from MIPAS measurements. Altitude- and latitude resolved time series
show the expected annual cycle (strongest at high latitudes) and QBO signal (strongest
in the tropics). As expected as response to the Montreal Protocol, at most altitudes and
latitudes negative trends are observed, which are on average consistent to the trends
of tropospheric CFC-11 and CFC-12 mixing ratios. However, the CFC trends in the
stratosphere vary with altitude and latitude, and in some regions even positive trends
are observed. Generally speaking, trends are mostly negative where age trends as
reported by Stiller et al. (2012) are positive and vice versa, but this picture is not fully
consistent. All plausible explanations for the observed CFC-trends involve some kind of
decadal change in stratospheric dynamics. Either substantial changes in the shape of
the age spectra or changes in vertical mixing patterns are needed to solve the apparent
contradiction. The use of these MIPAS CFC-measurements for a quantitative analysis
of stratospheric age-of-air spectra under consideration of their altitude and latitude
dependent lifetimes will be a major focus for our research in the next years.
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Table 1. Scan sequences for MIPAS FR and RR measurements (Dudhia, 2012). The RR-
Nominal mode heights are latitude dependent.

Measurement mode FR-Nominal RR-Nominal
Version acronym V30 V5R
Horizontal spacing 510km 410km
Optical path difference 20cm 8cm
Spectral resolution full: reduced:
apodized 0.05cm™"  0.121cm !
Sweeps/scans 17 27
Scan no. 1 68km 70km
Scan no. 2 60 km 66 km
Scan no. 3 52km 62 km
Scan no. 4 47 km 58 km
Scan no. 5 42km 54 km
Scan no. 6 39km 50 km
Scan no. 7 36 km 46 km
Scan no. 8 33km 43km
Scan no. 9 30km 40 km
Scan no. 10 27 km 37 km
Scan no. 11 24km 34 km
Scan no. 12 21km 31km
Scan no. 13 18km 29km
Scan no. 14 15km 27 km
Scan no. 15 12km 25km
Scan no. 16 9km 23km
Scan no. 17 6 km 21km
Scan no. 18 19.5km
Scan no. 19 18km
Scan no. 20 16.5km
Scan no. 21 15km
Scan no. 22 13.5km
Scan no. 23 12km
Scan no. 24 10.5km
Scan no. 25 9km
Scan no. 26 7.5km
Scan no. 27 6km
Average number of ~74 ~96

geolocations per orbit
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Table 2. Error budget of a V30O_CFC11_10 (FR nominal mode) retrieval from spectra recorded
at 63°S, 164° E on 21 May 2003 at 22:51 UTC, for selected altitudes. The errors are given in
units of pptv (%). The total error is the sum of measurement noise and parameter error. The
parameter error is the sum of uncertainties in interfering species and instrumental properties,

which interact as random error sources (PAN, NHj, ..., OCS).

V30 Total Measurement Parameter PAN NH;  Line Of Gain Temperature ocCs
CFC-11 Error Noise Error Sight

Height

30km 1.9 (28.4) 1.8 (26.9) 0.4 (6.7) 0.3(4.2) 0.1(1.8) 0.3(4.6) <0.1(<0.1) <0.1(0.5) 0.1(0.9)
25km 6.4 (17.4) 6.1 (16.6) 1.9 (5.2) 0.6(1.7) 0.6(1.6) 1.6(4.4) 0.2 (0.5) 0.2 (0.6) 0.3(0.9)
20km 8.0 (12.7) 5.9 (9.4) 5.5 (8.8) 14(22) 0.6(09) 5.2(8.3) 0.7 (1.1) 0.4 (0.7) 0.5(0.8)
15km 9.3 (4.9) 2.8 (1.5) 8.8 (4.7) 5.0(2.6) 1.8(1.0) 6.8(3.6) 1.4(0.7) 1.0 (0.5) 0.9(0.5)
10km  45.0 (15.7) 40(1.4) 440(15.3) 44.0(15.3) 1.9(0.7) 42(1.5) 0.1 (<0.1) 0.4 (0.1) 1.3(0.5)
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Table 3. Error budget of a V5R_.CFC11_220 (RR nominal mode) retrieval from spectra recorded
at 37°N, 29° W on 19 September 2009 at 00:11 UTC for selected altitudes. The errors are given

in units of pptv (%). Details as for Table 2.

V5R Total Measurement Parameter PAN NH,3 Line Of Gain  Temperature oCs
CFC-11 Error Noise Error Sight

Height

30km 1.9(35.2) 1.7(31.5) 0.7(126) 06(109) 0.1(1.4) 0.3(5.9) 0.1(1.6) <0.1(0.3) <0.1(0.4)
25km 6.1(14.8) 5.5(13.3) 26(6.3) 1.1(27) <0.1(0.1) 23(5.6) 0.1(0.2) 0.1(0.2) 0.1(0.3)
20km 9.8 (6.7) 5.5(3.7) 82(56) 1.1(07) 0.2(0.2 80(54) 1.4(1.0) 0.3(0.2) 0.2(0.1)
15km 11.0 (4.4) 4.8 (1.9) 9.3(37) 09(04) 06(0.3) 87(35 31(1.2 0.5(0.2) 0.3(0.1)
10km 19.0 (7.7) 45(1.8) 18.0(7.3) 86(35 23(09) 15.0(6.1) 5.8(24) 1.0 (0.4) 0.8(0.3)
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Table 5. Information displacement for CFC-11 retrievals. Negative distances are displacement
towards beyond the tangent point, positive distances are displacement towards the satellite.

Mode Nominal Nominal

Spectr. Resol. full  reduced

25km 561km  249km

20km 112km 82 km

15km —-74Kkm 105km

10km —-146 km 4km
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Table 6. Error budget of a V3O_CFC12_10 (FR nominal mode) retrieval from spectra recorded 2 S. Kellmann et al.
at 63°S, 164° E on 21 May 2003 at 22:51 UTC for selected altitudes. The errors are given in ~ ~
units of pptv (%). Details as for Table 2. éo
2
V30 Total Measurement Parameter Line Of Gain Temp. Temp. NH;
CFC-12 Error Noise Error Sight Inhomog. —
@]
35km  21.0(87.6) 21.0(87.6) 16(67) 07(29 1.2(5.0) 5(1.9) 0.6(27) <0.1(0.1) =
30km  20.0(58.6)  20.0(58.6) 3.1(9.1) 3.0(8.8) 0.3(0.9) 2(0.6) 0.1(0.4) 0.1(0.2) § ! !
25km  20.0 (13.2) 18.0(11.9) 86(5.7) 84(5.5) 1.0(0.6) <o1( 0.1) 1.1(0.7) <0.1(<0.1)
20km 20.0 (7.4) 15.0(5.5) 13.0(4.8) 13.0(4.8) 3.4(1.3) 6(0.2) 2.1(0.8) 0.2 (0.1) 3 ! !
15km 18.0 (3.8) 9.4(20) 15.0(3.1) 15.0(3.1) 3.5(0.7) 4(0.1) 2.7(0.6) 0.8 (0.2) =
10km 18.0 (2.5) 12.0(1.7) 13.0(1.8) 8.0(1.1) 4.5(0.6) 6(0.4) 1.5(0.2) 8.8 (1.2) -
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Table 7. Error budget of a VSR_.CFC12_220 (RR nominal mode) retrieval from spectra recorded 2 S. Kellmann et al.
at37° N, 29° W on 19 September 2009 at 00:11 UTC, for selected altitudes. The errors are given ~ ~
in units of pptv (%). Details as for Table 2. éo
2
V5R Total Measurement Parameter Line Of Gain Temp. Shift NH,
CFC-12 Error Noise Error Sight —
@]
35km  28.0(32.1) 27.0(31.0) 6.7(77) 63(72) 2.1(24) 05(06) 0.4(0.4) 0.1(0.1) =
30km  24.0(229) 220(21.0) 88(84) 84(80) 25(24) 06(0.6) 03(0.3) 0.1(0.1) § ! !
25km 22.0 (9.0) 21.0(86) 51(21) 42(17) 29(1.2) 07(0.3) 02(0.1) <0.1(<0.1)
20km 22.0 (5.3) 16.0(3.9) 15.0(3.6) 14.0(3.4) 5.1(1.2) 1.2(0.3) 0.1(<0.1) <0.1(<0.1) 3. ! !
15km 22.0 (4.1) 15.0(2.8) 16.0(3.0) 13.0(24) 9.3(1.7) 1.7(0.3) 0.1(<0.1)  0.2(<0.1) =
10km  64.0 (12.0) 13.0 (2.4) 63.0(11.9) 57.0(10.7) 27.0(5.1) 6.3(1.2) 0.1(<0.1) 1.3(0.2) -
s [
- N N
:
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Table 8. Horizontal information smearing (full width at half maximum of the horizontal compo- ) S. Kellmann et al.
nent of the 2-D averaging kernel) for CFC-12. S
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Table 9. Information displacement for CFC-12 retrievals.

Mode Nominal Nominal
Spectr. Resol. full  reduced
35km 187km  —19km
30km 153 km 13km
25km —61km 40km
20km —-87 km 83 km
15km —-177 km 147 km
10km -373km  -61km
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Fig. 1. Rows of averaging kernels of CFC-11 measurements for FR nominal mode (top) and =
RR nominal mode (bottom). Diamonds represent the nominal altitudes (i.e. the diagonal value '30 _I
of the averaging kernel matrix). Only every third kernel is shown. 1]
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Fig. 2. Typical measured (black) and calculated (red) spectra of CFC-11 and the fit residual in
14km in the 831 and 853cm™" spectral region for the FR (top) and the RR (bottom) nominal

measurement modes.
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Fig. 3. Rows of averaging kernels of CFC-12 measurements for FR nominal mode (top) and
RR (bottom) nominal measurement modes. Diamonds represent the nominal altitudes (i.e. the
diagonal value of the averaging kernel matrix). Only every third kernel is shown.
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Residual

Fig. 4. Typical measured (black) and calculated (in red) spectra of CFC-12 and the fit residual
in 11 km in the 915.0-925.0cm™" spectral region for the FR (top) and the RR (bottom) spectral
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Fig. 5. CFC-11 monthly zonal mean distribution between 200 hPa and 10 hPa in September

2002, December 2003, March 2008, and June 2010
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Fig. 6. Time series of CFC-11 as a function of latitude between July 2002 and April 2011 in
15hPa, 20 hPa and 50 hPa. Note there is no MIPAS data available between April and December
2004. The white spots in the southern polar region indicate data gaps due to the existence of
not detected polar stratospheric clouds, because no retrievals are possible below cloud top
altitude.
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Fig. 8. CFC-12 monthly zonal mean distribution between 200hPa and 1 hPa in September
2002, December 2003, March 2008, and June 2010
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Fig. 9. Time series of CFC-12 as a function of latitude between July 2002 and April 2011 at
15hPa, 20 hPa and 50 hPa. Details as for Fig. 6.
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Fig. 11. Temporal evolution of CFC-11 for northern mid-latitudes (50° N to 60° N) at 20 km (top left panel), inner
tropics (0° S to 10° S) at 20km (top right panel), southern mid-latitudes (50° S to 60° S) at 15km altitude (middle left
panel), northern polar latitudes (80° N to 90° N) at 10 km altitude (middle right panel), southern subtropics (20° S to
30° S) at 10 km altitude (lower right panel), and northern mid-latitudes (30° N to 40° N) at 10 km (lower right panel), The
blue diamonds are the MIPAS data points; the bold solid orange curve is the fit through the data. The linear part of
the regression represented by the straight orange line. The dotted orange curve and straight line are the respective
bias-corrected fit and its linear component, respectively. In the lower part of each panel, the residuals between MIPAS
CFC-11 monthly zonal means and the trend-corrected regression function are shown. The trend of CFC-11 in pptv per
decade, its uncertainty, and the bias between the data subsets V30_CFC11.10 and V5R_CFC11_220 are printed in
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the age of air over the years 2002 to 2011 as a function of altitude and latitude in % per decade
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Fig. 14. Temporal evolution of CFC-12 for southern mid-latitudes (50° S to 60° S) at 25 km (top
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for Fig. 11.
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