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Abstract. We present a climatology of monthly and°10 latitudes above 32km and annual periodics predominantly
zonal mean profiles of sulfur dioxide (SPDvolume mix- at high latitudes. Further, the analysis indicates a correla-
ing ratios (vmr) derived from MIPAS/Envisat measurementstion with the solar cycle in the tropics and southern subtrop-
in the altitude range 15-45km from July 2002 until April ics above 30 km. Significant negative linear trends are found
2012. The vertical resolution varies from 3.5-4 km in the in the tropical lower stratosphere, probably due to reduced
lower stratosphere up to 6-10km at the upper end of thdropical volcanic activity and at southern mid-latitudes above
profiles, with estimated total errors of 5—20 pptv for single 35km. A positive trend is visible in the lower and middle
profiles of S@. Comparisons with the few available observa- stratosphere at polar to subtropical southern latitudes.

tions of SGQ up to high altitudes from ATMOS for a volcani-

cally perturbed situation from ACE-FTS and, at the lowest

altitudes, with stratospheric in situ observations reveal gen-

eral consistency of the datasets. The observations are the firdt Introduction

empirical confirmation of features of the stratospherico SO

distribution, which have only been shown by models up to Sulfur dioxide (SQ) is one of the key species determining
now: (1) the local maximum of Sgat around 25-30 km al- the aerosol content of the stratosphe&8BARG 2006. Main
titude, which is explained by the conversion of carbonyl sul- Sources of stratospheric $@re the conversion of carbonyl
fide (COS) as the precursor of the Junge layer; and (2) théulfide (COS) Crutzen 1976 Briihl et al, 2012 and the
downwelling of SQ-rich air to altitudes of 25-30 km at high direct transport of S@across the tropopause. This trans-
latitudes during winter and its subsequent depletion on avail{0rt can occur abruptly through major volcanic eruptions,
ability of sunlight. This has been proposed as the reason fofrough upwelling predominantly at the tropical tropopause
the sudden appearance of enhanced concentrations of cofl through the monsoon circulatioB¢urassa et 812012.
densation nuclei during Arctic and Antarctic spring. Further, However, there is still a lot of uncertainty regarding the major
the strong increase of $@ values of 80—100 pptv in the up- Sources of stratospheric $@uring volcanically quiescent
per stratosphere through photolysis af30, has been con- periods Deshler et a].2006 Hofmann et al.2009 Vernier
firmed. Lower stratospheric variability of S@ould mainly ~ €t al, 2011 Solomon et al.2011; Briihl et al, 2012.

be explained by volcanic activity, and no hints of a strong L0ss of SQ occurs mainly through oxidation by OH radi-
anthropogenic influence have been found. Regression analyzals into SO vapour, which condenses into liquid sulfate
sis revealed a QBO (quasi-biennial oscillation) signal of the@erosols. Subsequently, sedimentation of particles results in
SO, time series in the tropics at about 30-35km, an SAO& loss of sulfur from the stratosphere. Large-scale circula-

(semi-annual oscillation) signal at tropical and subtropicaltion leads to further upwelling of sulfur species in the trop-
ical stratosphere, where the photolysis ¢f3@, constitutes
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a probable further source of (Rinsland et a].1995 Vaida After an overview of the instrument (Se@), the retrieval

et al, 2003 Mills et al., 2005. During winter, downwelling  strategy and data characterisation will be described (Sgct.

of air in the polar vortices transports elevated amounts ofThen an overview of the dataset will be given in Sd¢tol-

SO, from the upper stratosphere down to altitudes of 30 kmlowed by an assessment of its quality through comparison
and below. Here, on availability of sunlight in spring, 5O with independent observations and analysis of the internal
is transformed through reaction with OH into8Oy, thus  variability (Sect.5). In Sect.6 the distribution of SQ will
leading to the formation of new particles. These processebe discussed with respect to the various processes described
have been proposed IBhao et al.(1995 and Mills et al. above, including a regression analysis to single out correla-
(1999 2009 as an explanation for the sudden formation of tions with external parameters, periodic cycles and trends.
enhanced layers of condensation nuclei (CN) in polar spring

(Rosen and Hofmannl983 Hofmann and Rosenl985
Hofmann 199Q Wilson et al, 1990. However, there has
fi)ler?gvao direct experimental evidence for this mechanism UMipas (Michelson Interferometer for Passive Atmospheric

: . Sounding) is one of the instruments on ESAs polar or-
There exists a large dataset of S0Observations from o . - .
: S biting Envisat satellite Kischer et al. 2008. Envisat was
spaceborne nadir-sounding instruments (8lgeys et al.

Iéilunched on 1 March 2002, and remained in operation until 8
have a good horizontal resolution, height-resolved profiles pril 2012, when contact was lost. With one major interrup-

cannot be obtained (although some information on plumetlon from April to December 2004, MIPAS measured quasi-

height has recently been derivagin Gent et al.2012 Car- continuously from July 2002 until April 2012. The MIPAS

boni et al, 2012 Hence, measurements of the vertical dis- FTIR (Fourier transform infrared) limb sounder recorded

tribution of SQ in the stratosphere are sparse. This is, for.the radiation emitted by the Earth's atmosphere in the mid-

example, reflected in one of the recommendations withinInfrared region with a spectral resolution of 0.025Cribe-
SPARC (2006 p. xii): “Observations of S@in the upper fore April 2004 (period 1, P1) and 0.0625 cifrom January

troposphere and lower stratosphere and 9864 and SG 2005 onwards (period 2, P2). MIPAS was periodically oper-

in the middle and upper stratosphere would be extremelyated in different limb scan patterns. For this work we have

valuable to improve our modelling and predictive capabil- used the most frequent ‘nominal’ viewing modes. During P1
. prove » 9 pre b these consisted of 17 tangent altitudes (6—68 km with 3km
ities of stratospheric aerosol.” Under volcanically perturbed .

o . : o . distances up to 42 km, followed by two steps of 5 km and two
situations enhanced mixing ratios of Sfacilitate their mea- steps of 8 km), which do not depend on the geographical po-
surement. For example, the $@loud from the eruption P ! P geograp P

of Mt Pinatubo in June 1991 was analysed on the basis 0§|t|on. During P2 the number of tangent views per limb scan

UARS-MLS observations bRead et al(1993, and ACE- was increased to 27. Here tangent altitudes depend on lati-

. . tude ranging from 5-70 km at the poles to 12—77 km over the
FTS measurements were used to investigate & sulfate Equator, with steps increasing with height from 1.5to 4.5 km
aerosol from the Sarychev eruption in June 20D6dringer q ! P 9 9 : ) '

The horizontal distance between two subsequent limb scans
etal, 2012). in nominal measurement mode was around 550 km during P1
Only three measured profiles of $@overing the altitude 9

range of the stratosphere have been published saRias{ and 420 km during P2, resulting in about 1000 and 1400 limb

land et al, 1999. In their work, on the basis of mean infrared scans providing full latitudinal coverage per day.

solar occultation spectra during three spaceborne flights of

the ATMOS instrument, one SOvertical profile per flight 3 Retrieval

was derived for the altitude range of about 30-50 km. The

data revealed high concentrations of S@the upper strato- Retrieval of SQ altitude profiles up to the middle strato-

sphere in the range 100—400 pptv, which was explained bysphere from MIPAS observations is difficult due to its small

photolysis of BSO,. However, two of those profiles were spectral signal relative to the spectral noise of MIPAS, es-

strongly perturbed by the Pinatubo eruption and one possiblypecially under volcanically non-perturbed conditions. There-

but to a much lesser extent, by El Chichén. Thus, there existfore, we have chosen to analyse monthly mean limb spec-

at most one observation of the background stratospheric SOtra binned within 10-wide latitude bands. This method has

distribution. already been employed for the detection of stratospheric

In the present work we have analysed infrared limb- BrONO; in Hopfner et al(20093.

emission measurements by MIPAS/Envisat to obtain a global In detail, first cloud clearing has been performed on the ba-

climatology of stratospheric SOdistributions from July  sis of the cloud-index (Cl) metho&pang et a).2004. This

2002 until April 2012. First attempts at the retrieval of SO is necessary to avoid retrieval errors due to cloud/aerosol sig-

from MIPAS have previously been performed Burgess nal in the spectra. The CI is the spectral radiance contrast

et al.(2005. between two wavenumbers. A smaller Cl indicates larger
probability that the spectrum is contaminated by aerosols or

2 Instrument
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clouds. We use a CI threshold of 4.5; that is, spectra withdifferences operatoif{khonov, 1963 Steck 2002, has been
Cl < 4.5 are discarded. Further, all spectra in this limb se-used in order not to bias the retrieval results. Thus, the choice
guence are discarded which were measured at lower tamf the constant a priori value for S®as no influence on the
gent altitudes than those with €14.5. Beside thick tropo-  resulting profiles. The regularisation parametedepends
spheric clouds, this approach excludes, for example, also cirenly on the species and not on the altitude. It was chosen
rus clouds, polar stratospheric clou@pfner et al. 20099 such to avoid instabilities showing up as oscillations in the
and optically thicker aerosol plumes from the subsequentetrieved atmospheric profiles.
analysis. Depending on atmospheric situation, particle com- Line-by-line calculations have been based on the HI-
position and altitude, the applied CI limit equals a particle TRAN 2008 compilation including updates until 2010
volume density of about 12 from~2. (Rothman et a).2009. The spectral intervals (microwin-
In the second step the limb scans that are averaged withidows) used for the retrieval are located in the same
each latitude- and time bin are selected. Here we have chowavenumber region~ 1366-1377 cm?) within the SQ
sen those locations with the lowest available tangent altituders band as those selected for the analysis of ACE-FTS
after cloud clearing under the condition that at least 300 limb(Doeringer et al. 2012 and of ATMOS data Rinsland
scans are averaged, which reduced the noise by a factor at al, 1995. In detail, we have chosen the four microwin-
at least 17. The noise reduction could be further improveddows 1366.575-1367.925crh 1369.95-1370.375 cmd,
by increasing the required number of samples; this, however]1371.2-1371.925 cnt and 1376.0-1376.375cm in the
would lead to loss of measurement points particularly at lowcase of the high-spectral resolution mode of MIPAS (P1), and
altitudes and during months with sparser observational cov4366.5625-1367.9375cm,  1369.9375-1370.375 cmh,
erage. A decrease of the required number of samples, of371.1875-1371.9375cth and 1376.0-1376.375cth
the other hand, would result in larger noise error contribu-for the measurements during P2. These have been selected
tions. For this analysis, MIPAS version 5 level-1b data haveto gain a good sensitivity for SOwhile avoiding the
been used. Together with the averaged MIPAS spectra, fostrongly interfering spectral signatures of other gases as
the retrieval mean, pressure—temperature profiles are calcunuch as possible. To further minimise these interferences
lated from ECMWF analysis data at the position of each sin-the following gases have been jointly retrieved with ;SO
gle limb scan. Further, mean tangent altitudes are obtaine#i,O (isotopologues: EfO, HDO, Hi80), CO, O3, CHa,
from the engineering MIPAS tangent altitude values. ErrorsHCN and HQ. Further, instrumental parameters that have
resulting from these averaging processes are included in thbeen included in the parameter vecioare a spectral shift
error estimation as described further below. correction per microwindow and an additive calibration off-
The retrieval scheme is a constrained global fit approachset per microwindow and tangent altitude. No regularisation
using all tangent altitudes of one limb scan with averagedhas been applied in the case of these instrumental quantities.

spectra simultaneously (expn Clarmann et al20033: Figurel presents an example of the spectral fit achieved in
all four microwindows for MIPAS measurements with higher
rg-1 - top th dl tral resolution (bottom th
Xij1=x;+ (Ki S, 'K, +R) x (1) (top three rows) and lower spectral resolution (bottom hree
rows). Spectral residuals between measurements and simula-
[KiTS;l(ymeas— y(x;)) —R(x; — xa)] , tion are shown for the case where no_Stas been retrieved

(second and fifth row) and under consideration ob $@ird
which is a variant of the formulation suggested®gdgers  and sixth row). It is obvious that in both cases, the fit residual
(2000. Here,x is the vector containing the atmospheric and is strongly improved by including Snto the fit parameter
instrumental parameters to be determined. The atmospherigector, and that the residuals without 5 (black lines in
profiles are gridded at 1 km altitude levels reaching from 0second and fifth row) are mostly produced by;S$pectral
to 100 km, in between which the volume mixing ratios (vmr) signatures (green lines in second and fifth row).
vary linearly with height.ymeasare the averaged measured  For characterisation of the vertical resolution of the re-
radiances of all tangent altitudes, aBgdis the measurement trieval the related averaging kernels have been determined
noise covariance matrixz; contains the spectral radiances, as
which are simulated with the radiative transfer model KO- 1
PRA (Stiller, 2000 using the results obtained in iteration A = (KTS;1K +R) KTs K. 2)
numberi. K; is the Jacobian matrix, i.e. the partial deriva-
tivesdy(x;)/dx; determined in parallel tp; at each iteration  The rows ofA represent the contributions of different al-
step.x4 contains the a priori profiles. For the target speciestitudes to the retrieved vmr profile of $SOwhereas the
SOy, altitude-independent initial guess and a priori profiles, columns are the responses of the system to a delta func-
xo and x5 equal 10 pptv, have been used, whereas for alltion at the associated altitude. Typical averaging kernels are
other trace gases climatological values have been chosen. shown in Fig.2 for period P1 (top) and P2 (bottom). The

For the regularisation matribR a first-order smooth- overall diagonal structures ok demonstrate that the re-
ing constraintR = yLTL, whereL is a first-order finite- trieval of S behaves well with better vertical resolution at
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Mean spectrum, period: 20021101-20021201, latitude range: 10- 20 deg N, height: 17.3 km
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Fig. 1. Spectral identification and fit quality of the S@etrieval. The columns show the four spectral windows used. The top three rows refer

to the first observational period (P1), while rows 4—6 belong to the second period with lower spectral resolution (P2). Rows 1 and 4 contain
the measured spectra. The black curves in the panels of row 2 and 5 show the residua after the spectral fit whsncooSdered, and the

black curves in row 3 and 6 are the residua in the case whegasSalded as a fitting parameter. The green curves in row 2 and 5 indicate

the spectral features of S®ased on simulations only.

lower compared to higher altitudes due to the better sensitiv{2009. The spectroscopy of interfering trace gas signatures
ity (higher pressure) and a denser tangent altitude samplingas been handled as an independent error source by assign-
there. Typical values for the vertical resolution as deriveding also here errors of line intensity (spe_int_itf) and half-
from the width of the columns oA and from the inverse of  width (spe_hw_itf) of 5% and 15 %, respectively. Major in-
the diagonal ofA in both measurement modes vary around strumental uncertainties are estimated as 1 % for gain calibra-
3.5-4km at 20km, 4-5km at 30 km and 6-10 km at 40 kmtion (gain), 3 % for the instrument line shape (ils) (in terms of
altitude. linear loss of modulation efficiency toward the maximum op-
An estimate of the altitude dependent errors is presented itical path difference of the interferometer) and 300 m for tan-
Fig. 3. Typical mean error profiles calculated for one month gent altitude pointing (htang). Spectral noise (noise) is based
(January 2003) of period P1 and one month (January 20119n the actual level 1b dataset as delivered together with the
of P2 are shown together with the single error contributionscalibrated spectra. For the uncertainty of ECMWF tempera-
which are combined into the total error by calculating the tures (Tecm), values of 2K below and 5K above 35km al-
root sum squared of the single terms. titude are assumed. A further error term that has to be taken
The following sources of uncertainty have been takeninto account for retrievals from averaged spectra is the effect
into account: spectroscopic errors of S0ne intensity  of retrieval non-linearity (nlin). This error contribution is es-
(spe_int_S0O2) and air-broadened half-width (spe_hw_SO2)timated on the basis of dedicated retrieval simulations as de-
For the line intensity an uncertainty of 5% has been as-scribed in detail irHopfner et al(20098 except that the val-
sumed, and for the half width one of 15 %. Both values areues used for the line-of-sight uncertainty of single observa-
on the conservative side of the errors stateRathman etal.  tions were 400 m for P1 and 300 m for the datasets during P2.

Atmos. Chem. Phys., 13, 10403:0423 2013 www.atmos-chem-phys.net/13/10405/2013/
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Fig. 3. Error estimation of the retrieval for one month during P1 and
one month during P2. Considered error sources are the uncertainty
of the foreign-broadened half-width and line intensity of interfering
species (spe_hw_itf, spe_int_itf), the knowledge of these parame-
ters for SQ (spe_hw_S02, spe_int_S0O2), the uncertainties of the
instrumental line shape and gain calibration (ils, gain), the errors in
the assumed tangent altitudes and temperatures (htang, Tecm), the
error due to the applied technique of retrievals from averaged spec-
tra (nlin) and the spectral noise of the instrument (noise). The total
These values have been determined from comparison of ererror has been determined by quadratic combination of the single
gineering tangent altitude values with those obtained by theerror components.
pointing retrievals during the standard IMK/IAA data analy-

sis (von Clarmann et 812003k 2009 Kiefer et al, 2007).

-0.1

15 20 25 30 35 40 45
Altitude [km]

Fig. 2. Example of averaging kernels for $Git mid-latitudes
within the first (top) and the second (bottom) MIPAS measuremen
period.

measurements were still sparse during the first years in the
new operational mode.
As a basis for subsequent discussions, the dataset has been

4 Dataset overview reduced by averaging to the mean profiles for four seasons

(see Fig7 and Fig.8, top two rows). These profiles represent
Figures4-6 present an overview of all MIPAS results of 30 background situations since volcanically strongly perturbed
as colour-coded cross sections versus time. As mentionegeriods, as detailed in the caption of Fij.were neglected
above, the lower altitude limit of the dataset is defined by theduring averaging. The related variability is described in the

condition on the minimum number of limb scans used to cal-pottom two rows of Fig8 by the altitude-dependent standard
culate mean spectra. This is determined by (a) the cloud covdeviation.

erage, (b) the scan pattern of MIPAS and (c) the lower limit

of 15km set to confine the retrievals mainly on the strato- _

spheric situation. The influence of clouds can best be seef Data quality

at the data gaps during the Antarctic winter season where .

the MIPAS observations are obscured by polar stratospheri€!€r¢ We assess the quality of the MIPAS ;Saataset by
clouds (e.g. top row in Figt). High clouds also restrict some cOmparison with independent measurements. Furthermore,
of the observations at low altitudes in tropical regions during{N€ estimation of random errors will be validated by com-
P1 until March 2004. Further data gaps covering the wholaParison to the variability derived from the dataset itself.
altitude region are present in 2005 and 2006, when MIPAS

www.atmos-chem-phys.net/13/10405/2013/ Atmos. Chem. Phys., 13, 1040823 2013
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Fig. 4. Time series of colour-coded $S®nonthly mean volume mixing ratio profiles for e atitude bins in the Southern Hemisphere. The
colour scale is restricted to 0—150 pptv: negative values and those larger than 150 pptv are given the colour corresponding to 0 and 150 pptv
respectively. Major volcanic eruptions are indicated within the latitude bin of their location (seeZjable

5.1 Comparison with ATMOS obtained for similar latitudes and months in F8y.The AT-
MOS profile of 1992 and, to a lesser extent, also that of 1993
The 0n|y measurements of $&hat have reached up to the are influenced by the eruption of Mt Pinatubo in June 1991
upper Stratosphere so far were pub"shedqnygand et al. (Rinsland et al1993 ThUS, the one that can best be com-
(1995. These three profiles are compared with MIPAS dataPared to the MIPAS dataset is the ATMOS mean profile of

Atmos. Chem. Phys., 13, 10403:0423 2013 www.atmos-chem-phys.net/13/10405/2013/
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Fig. 5. Same as Fig4 but for the Northern Hemisphere.

1985. One should keep in mind that this has also been obMOS 1985. Only at the lowest 2km MIPAS mean volume
served under enhanced stratospheric aerosol levels due to tingixing ratios of SQ are about 20 pptv larger than those of
eruption of El Chichén in March 1982, albeit to a lesser ATMOS. However, accounting for the variability, the MIPAS
extend than ATMOS 1992 and 1998KARG 200§ e.g. profiles are comparable to those of ATMOS at these altitudes.
Fig. 4.35). MIPAS agrees with both post-Pinatubo ATMOS measure-
Throughout the altitude range between 33 and 45 km, thenents up to altitudes of 32 and 35 km, respectively. Above
MIPAS mean profile is within the uncertainty range of AT- this, ATMOS shows strongly increasing concentrations up

www.atmos-chem-phys.net/13/10405/2013/ Atmos. Chem. Phys., 13, 1040823 2013
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Fig. 6. Global time series of colour-coded S@onthly mean distributions at various altitudes. The colour scale is restricted to 0-150 pptv:
negative values and those larger than 150 pptv are given the colour corresponding to 0 and 150 pptv, respectively. Major volcanic eruptions
are indicated by the latitude of their location (TaB)e

to values of 400 pptv compared to maximum MIPAS valuescan most probably be explained with the major part of sulfur
of 100 pptv. The fact that at lower altitudes around 30 km being in the form of HSO, at those altitudes.

the values of S@do not deviate from MIPAS as strongly

as above 35km, even for volcanically enhanced conditions,

Atmos. Chem. Phys., 13, 10403:0423 2013 www.atmos-chem-phys.net/13/10405/2013/
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Table 1.In situ observations of S£in the lower stratosphere.

10413

Ref. Date Location Altitude VMR
[km] pptv
Jaeschke et a{1976 Spring 1976 54N 14 52
Inn and Vedde(198]) Jun-Jul 1979 38,64,6N 15.2-20.4 36-51
Meixner (1984 1978-80 50N 10.7-15.2 Dec: 8-33
(W-Europe) Apr/May: 13-41(115)
Sep: 25-46
Mohler and Arnold(1992 Feb 1987 67N tropopause 100
(N-Europe) tropopause+2.5km 10
Thornton et al(1999 1991-1996 W-Pacific 12 60
Jurkat et al(2010 Oct 2008 Europe 11.5 20-55 (strat. background)
510 (Kasatochi)
DIF No Volc ‘ vmr [ppt] 5.2 Comparison with ACE-FTS
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Fig. 7. Mean background seasonal distributions of,S®eri-

A comparison with observations by ACE-FTS is possi-
ble for a volcanically enhanced situation directly after the
Sarychev eruption in June 2009. In Fig. 8 of their paper,
Doeringer et al(2012 present the measured zonal median
distribution of SQ between 12 and 20 km for the first half
of July 2009. A direct comparison of the ACE-FTS observa-
tions (version 3.0) with those of MIPAS is shown in Fid.

For the presentation of the ACE-FTS dataset we have (1)
calculated the mean, (2) selected the same latitude bands
and (3) performed a linear interpolation to the MIPAS al-
titude grid. The latitude range 301-4C° N cannot be used

for comparison since there are only two ACE-FTS profiles
available, which stem from 1 July and which apparently have
not been recorded in volcanically perturbed air masses. Be-
tween 40N and 70 N, both datasets show the enhanced
volcanic SQ plume with similarly decreasing extension in
altitude towards north. Regarding the absolute values, the re-
sults from the MIPAS retrievals of SCappear to be gener-
ally lower than those of ACE-FTS. In the altitude range 15—
19km the mean difference between the two instruments is
156 pptwt-68 pptv (54 %19 %). These differences might be
due to the locally and temporally sparse coverage of ACE-
FTS compared to MIPAS (see the lower panel of Fig. 9 in
Doeringer et al(2012 and number of limb scans used to
calculate mean profiles as indicated by orange numbers in
Fig. 10). The possibility that the differences are caused by
measurement errors of either instrument cannot be excluded.
For example, our error estimation for MIPAS retrievals in
Fig. 3 indicates relative errors of larger than 100% in the

ods of major volcanic influence that have been excluded herdowest stratosphere caused by the error term due to analysis
are as follows: October-December 2002, July 2003, Januaryfrom mean spectra. Dedicated simulations of this source of
June 2005, May-November 2006, October 2007, July-Decembeg oy for volcanically enhanced conditions showed MIPAS

2008, June-December 2009, November—
September 2011.

www.atmos-chem-phys.net/13/10405/2013/

December 2010, Julyragits that were 100-150 pptv lower than the real profile at

15-17 km altitude.
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Fig. 8. Mean background seasonal profiles of-S@p two rows) and standard deviation of the distribution (bottom two rows). The legend
indicating the seasons in the top row refers to the Northern Hemisphere; the legend in the second row is valid for the Southern Hemisphere.
The same periods of major volcanic influence as listed in caption offFigve been excluded.

5.3 Comparison with in situ observations 15km are higher (or at the upper end when taking into ac-
count the reported error of 50 % of the in situ data) compared
In situ measurements of S@t comparable altitudes to those {© the MIPAS average background vmr distribution (around

presented here for the mean MIPAS profiles are extremelyl3E 10pptv) at mid-latitudes (cf. Fig). At around 200 km,
sparse since they have mainly been obtained from aircrafféPorted S@ mixing ratios of 45 and 51 pptv50 %) at

up to the lowermost stratosphere. Talblshows a selection ©4 a@nd 67N are clearly much higher than MIPAS mean
of published in situ datasets in which explicitly stratospheric V&lues, which are around 6 pptv. Even under perturbed sit-

values have been indicated that can best be compared to th&tions like the eruption of Sarychev, MIPAS monthly mean
mean profiles as shown in Fi§. The only in situ dataset data at around 20 km altitude and similar latitudes are less

reaching into the altitude range presented here is the one ofi’n 20 pptv. Thus, either the aircraft data has been obtained
tained byinn and Vedde(1981) up to an altitude of 20.4 km within a locally perturbed situation not representative of the
in June/July 1979. The reported values of 36-50pptv at

Atmos. Chem. Phys., 13, 10403:0423 2013 www.atmos-chem-phys.net/13/10405/2013/
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Fig. 11. Global distribution ofAé; ;, as defined in Eq.3).

5.4 Internal variability

As described in Sec8 the instrument noise dominates the
error characteristics over a large part of the profile. We have
tried to validate this error term by comparing it to the tem-
poral month-to-month variability of the retrieved @ro-
files at distinct altitudes for the different latitude bins. This
method is similar to the one used for validation of the preci-
sion of MIPAS single-scan data producBiccolo and Dud-
hia, 2007). Figure11 shows for each latitudeand altitude

h the standard deviatior\é; ;, of the noise-error-¢( j.m)
weighted differencé; 5 ,, of the SQ volume mixing ratios
x1.n.m between directly subsequent monihsn time:

1 M1 o, 3
Abpp = (M——Z mX::l (81,m — 81.1) ) (3
with
8[,h,m _ Xl,h,m — XL h,m+1 (4)

2 2 ’
VELhm T € nme1

of ppt. The available number of profiles used to calculate the zonawhere M indicates the number of months arttie estimated

means are denoted in orange at the top left of each column.

error due to instrument spectral noise. In the ideal ease,
would equal 1. Values greater than 1 indicate either that the
natural variability of S@ from month to month is not neg-

mean background or the difference points to problems of eiqigiple (thus increasing the numerator of Ej.or the noise

ther the in situ data or the MIPAS analysis.

errors are underestimated (denominator ofggln Fig. 11,

Other observations reaching nearly the lower limit of the enhanced values afs; , in the northern and equatorial lower
altitude range of our MIPAS dataset are the first measuresiratosphere and at all altitudes in high-latitude regions are

ments of SQ by Jaeschke et a(1976 at 14 km and vari-
ous stratospheric data teixner (1984, both obtained in
northern mid-latitudes. Comparing the data in F8cat the

very likely due to the natural variability caused by volcanic
activity and the downwelling of Sgrich air into the po-
lar vortices during winter. Anthropogenic influence might be

lower end of the profiles with those observations shows thal fyrther source for the enhancements at northern latitudes.
MIPAS mean values are generally at the lower part of theEchuding those regions, i.e. for 58-50 N and altitudes
variability of the in situ data. However, when considering the > 30 km, the mean value oks; ;, = 1.5+ 0.1. Thus, it can

generally increasing MIPAS data at northern mid-latitudespe concluded that the estimated noise error may underesti-
with decreasing altitude, it seems reasonable that the typimate the instrumental random error by no more than 50 %.
cally higher in situ data at lower heights might be compatible. The gifference between estimated noise and month-to-month
Since the other stratospheric data listed in Taldee similar — yariapility may be explained by either natural variability or
to those already discussed, we conclude that in general thgy random parts of the total error estimation like variations
MIPAS values at the bottom end of their altitude range are ajj the gain calibration or the ECMWF temperature/pressure
the lower limit of in situ observations. dataset, which are not included in the pure spectral noise
error.

www.atmos-chem-phys.net/13/10405/2013/ Atmos. Chem. Phys., 13, 1040823 2013
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6 Results and discussion 70°S - 90°S
45 T
6.1 Mid-stratospheric maximum q0f Jélgg J
—_ Oct /
The main chemical production of $S@ the stratosphere ap- é B ng /
pears via conversion from COS leading to a local maximum 3 30 —
of SO in the mid-stratosphereCfutzen 1976 Bruhl et al, E 25—\ D /
2012. The MIPAS observations show this maximum to be < <~
very pronounced in the tropics, as visible in Figsand5, 20; ,>, -
at altitudes of around 27-30 km. The mean latitudinal and 15t <"
seasonal variation of this maximum can better be inspected 1 mrl[Oppt] 100
\"

in averaged stratospheric background profiles as presented in
Figs.7 and8. For calculation of these profiles major volcani- Fig 12, Temporal evolution of mean Antarctic S®mr profiles in
cally perturbed seasons (for details see caption offjigave  winter and spring.
been excluded. In the tropics, the mid-stratospheric maxi-
mum of the mean profiles is located at 28—30 km, decreasing
in altitude towards the poles down to 25km in the northernues of about 80—-100 pptv (Fig8.and7) at 45 km. At these
and 23 km in the southern summer months. In the tropics, thaltitudes, the S@concentrations do not show any large vari-
vmr value of the maximum varies at around 40-50 ppt. To-ability with latitude. This increase of S@rom the middle to
wards higher latitudes, summertime values decrease towardbe upper stratosphere is caused by photolysis,&® that
20 pptv at subtropics, 10 pptv at middle and 5 pptv at po-is released due to the evaporation of aerosdtsda et al,
lar latitudes. During other seasons the maximum is less dis2003 Mills et al., 2005. At altitudes of 45 kmBruhl et al.
cernible from the generally increasing values towards highe(2012 Fig. 6) show values of around 50 pptv of g(®nostly
altitudes. SO,), which are considerably smaller than our data. This
The tropical MIPAS values can be compared with model can be explained by neglecting in the model,Sihotoly-
results shown in Fig. 6 dBruhl et al.(2012. Here the alti-  sis bands in the visible and near IBr{ihl et al, 2013. The
tude of the maximum varies at around 28-31 km, dependingnodels inSPARC(2006 Fig. 6.11) show large differences at
on time between 1999 and 2002. In this time range the vmtthese altitudes: in the tropics three of the models underesti-
values vary at around 30-60 pptv, which is similar to the tem-mate the observed $Qralues above the mid-stratospheric
poral variability of our observations as shown in Figand  maximum, while the LASP model compares rather well.
5. However, at 45N this model overestimates the high-altitude
The local maximum in MIPAS mean profiles of $O0 MIPAS observations by a factor of 2, while other models are
(Fig. 8) can further be compared with the results of five still lower than the observations.
different models as shown iISPARC (2006 Fig. 6.11) In wintertime at high latitudes the MIPAS data show the
(http://www.sparc-climate.org/publications/sparc-reports/  descent of enhanced upper stratospherig &ihcentrations
sparc-report-nod/and Fig. 6.2 of its supplement to Chapter down to 20-25km altitude (see Fi@.and blue curves in
6. In these simulations the altitude of the tropical maximumFig. 8). On average, vmr values of 50-60 pptv are reached
is located between 29 and 32km. The maximum vmrat 30 km, and 20—40 pptv at 25km. This periodic effect is
values of 40-50 pptv for four models compare well with clearly visible in the top rows of Fig&l and5. The mean
MIPAS, while the ULAQ model is considerably lower with evolution over the Antarctic from July to December is shown
about 20 pptv. At 45 latitude in July the models indicate in detail in Fig.12, which can be compared with the simu-
lower maximum altitudes of 24-27 km, in agreement with lations shown irMills et al. (2005 Fig. 5). In those model
MIPAS. The model vmr varies here between 8 and 20 pptv,runs highest S@ values of about 100 pptv at 30km and
which is comparable to the MIPAS variation between 60 pptv at 25km altitude are reached in the Antarctic po-
mid-latitude and subtropical mean profile maximum valueslar vortex by the end of August. In the observations, high-

of 10-20 pptv. est SQ concentrations at these altitudes are observed in July
and August with mean values of up to 60 pptv at 30 km and
6.2 Enhanced upper stratospheric values and polar 40 pptv at 25 km altitude (see Figj2). In September and Oc-
downward transport tober the model shows a sudden decrease of @Qcentra-

tions through photolysis leading to the production of small
In the tropics, the production of SGrom COS fades out aerosol particles. This behaviour is well reflected in the MI-
shortly above 30 km due to the unavailability of COS, lead- PAS dataset (cf. Figl2) where a first decrease is visible
ing to a decrease of the S@nixing ratio Brihl et al, 2012). below 30 km altitude between August and September, fol-
Above about 33km our measurements show again an inlowed by a stronger decrease between September and Octo-
crease of S@volume mixing ratios reaching average val- ber below about 35 km.
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Table 2. Major volcanic eruptions in the time period of the MIPAS measurements. General data of volcanoes atgfybmww.volcano.si.

edu Injection heights and Somasses are based Neely et al (2013 Table S1) and references therein. References for additional eruptions:
Soufriere Hills on 12 July 2003Carn and Prat$2010; Soufriere Hills on 11 February 201Qole et al.(2010; Nabro massClarisse

et al.(2012; Nabro injection heightBourassa et al2012 and connected discussioRromm et al. 2013 Vernier et al, 2013 Bourassa

et al, 2013; Merapi, Surono et al(2012. In the case of Pacaya, the $@ass is taken from Aura/OMI measurements on 30 May 2010
(http://so2.gsfc.nasa.gpv

Name Location Eruption date S@nass  Injection height
[Tal [km]
Ruang 2.3N,125.4 E 25 Sep 2002 0.055 20
El Reventador 04S,77.?7 W 3 Nov 2002 0.096 17
Soufriere Hills 16.7N, 62.2 W 12 Jul 2003 0.12 15
Anatahan 164N, 145.P E 12 Apr2004  0.065 15
Manam 4.2S,145% E 27 Jan 2005 0.18 19
Sierra Negra 08S,91.2W 22 Oct 2005 0.36 15
Soufriére Hills 16.7N, 62.2 W 20 May 2006 0.2 20
Rabaul (Tavurvur) 43S, 152.2 E 7 Oct 2006 0.125 17
Tair, Jebel al 155N, 41.8 E 30 Sep 2007 0.08 16
Chaiten 42.8S,72.6 W 2 May 2008 0.01 19
Okmok 53.4N,168.PW 12 Jul 2008 0.122 16
Kasatochi 52.2N, 1755 W 7 Aug 2008 1.7 14-18
Sarychev 489N, 153.2 E 12 Jun 2009 1.4 17
Soufriere Hills 16.7N, 62.2 W 11 Feb 2010 0.05 15
Pacaya 142N, 90.6 W 28 May 2010 0.02
Merapi 7.5S,110.4E 26 Oct 2010 0.44 17
Nabro 13.4N,41.PE 12 Jun 2011 15 14-18

6.3 Lower stratospheric variability ing ratios between ACE-FTS and MIPAS after the eruption

of Sarychev Doeringer et al.2012), the total mass derived

In Fig. 6 we indicated the time and geographical latitude of from both instruments would also be comparable.
major volcanic eruptions by orange triangles together with For tropical eruptions, like those of Soufriere Hills, El
the initials of each volcano as specified in TaBlés a ba-  Reventador or Raboul, the $Onass in the lower strato-
sis for this list we have taken the one Comp”ed Mge|y Sphere is of the order of 5% or more of the total mass, Ilker
etal.(2013 and added further eruptions visible in the MIPAS due to the general upward transport in the tropical UTLS
dataset. For that purpose, the retrieval o5%0m single MI- ~ region. As already indicated in the plots of volume mixing
PAS observations (which is the topic of a separate study to bé&atio, the lower panel of Figl3 shows that altitudes above
published) has been used to unambiguously assign elevated km are mainly affected by the tropical eruptions before
amounts of S@to volcanic events. The clear correlation of the end of 2006. Roughly about 2% of the listed totabSO
volcanic eruptions with elevated values of S@the top four ~ Mass of tropical volcanoes seems to reach these high alti-
rows of Fig.6 shows that the major variability of SOn the tudes, while this is only about 0.1% in the case of large
altitude range below about 22 km is determined by volcanicMid-latitude eruptions. It should be kept in mind (1) that the
activity. MIPAS values of S@ mass in 2005 and 2006 are underes-
In the first half of the MIPAS measurement period, un- timated due to the sparser coverage compared to earlier and
il the end of 2006, equatorial volcanic eruptions dominatelater dates, as indicated by the red crosses inJagand (2)
the SQ mean distribution in the lower stratosphere near thethat due to the cloud threshold described in S&cstrongly
Equator (cf. Figs4 and5), while during the second part mid- aerosol contaminated limb views are excluded from the re-
and high northern latitudes are mostly affected. Figl@e trieval leading to a general underestimation of;SThe lat-
compares the temporal evolution of the global,S@ntent  ter effect, however, only affects few limb scans directly after
derived from MIPAS for the altitude regions 15—23 km and the eruption in the vicinity of the major plume such that the
20-23 km with the total injected mass as derived from nadir-monthly mean values are unlikely to be disturbed.
sounding instruments (cf. TabB). In the case of the larger ~ The SQ distributions within the tropical regions in Figs.
eruptions of Kasatochi, Sarychev and Nabro, the mean soand5 can be inspected for indications of upward transport of
content at 15-23km in the month directly after the erup- Sz from the periods of volcanically enhanced values in the
tion is about 1-2 % of the total injected mass. As shown inlower stratosphere up to the g@aximum at around 28 km.
Sect.5.2, due to the similar distribution of SOrolume mix- After the three major tropical events in the period until 2007

www.atmos-chem-phys.net/13/10405/2013/ Atmos. Chem. Phys., 13, 1040823 2013
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Fig. 13. Black diamonds: global monthly mean S@ass between various partial signals. In the following, Fi@i4 is discussed

15 and 23km (top) and 20-23km (bottom) from MIPAS. Black togetherwith Fig.15, where the.globaldi_stribtljtion ofthe am-
bars: SQ injection mass from Tablé (scaling factor as given in  Plitudes of the single regression functions is presented (see
the legend). Red: relative coverage of the latitude—height slice withcaption of Fig.15for a more detailed descrlptlon)

MIPAS observations. The quality of the fit is illustrated by thg? of the regres-
sion (see plot “CHI2” in Fig.15). In general the global fit
quality is relatively homogeneous. The main exceptions are

(end of 2002, beginning of 2005 and mid-2006) an upwellingthe regions of the polar upper stratosphere and the northern

of SO,-enhanced air is tentatively visible. However, due to lowermost stratosphere with higher values)dt. The lat-

the processing of SOduring the months directly after the ter is probably explained by volcanic activity the influence

eruptions, much smaller values of $@main for an up- of which was mainly concentrated at altitudes up to 20 km

ward transport. It is probable that sulfur is transported in thein the north (see Sec6.3). Further, influences by anthro-
form of aerosols, as has been shown, for examplgemier pogenic sources may also contribute to the higher values of
et al. (2011, Fig. 2). The time series of SGshow that en- 2 there. Enhanceg? at high latitudes above 30-35 km alti-

hanced values at its mid-stratospheric maximum near 28 kntude stem from strongly increased values oL to 120—

and above are present some months after the eruptions. Hovi:60 pptv during single winter months (see e.g. top row of

ever, as described in the following chapter there is a strongd-ig. 5), which cannot be represented adequately by the re-

correlation with the quasi-biennial oscillation (QBO) espe- gression model.

cially at those altitudes. The resulting maxima of;3(e su- The QBO signal can clearly be detected in the tropics at
perposed to possible enhancements due to the volcanic erupititudes of 28—-36 km introducing a variability in S@f
tions, and thus both effects are difficult to disentangle. around+ 20 pptv (cf. top right panel in Figl5 and example
“QBO” in Fig. 14). Here the major part of the QBO signal
6.4 Regression analysis stems from gbg(¢), the Singapore winds at 10 hPa, whereas

the winds at 50 hPa (gb¢)) are of minor importance. High
In this section, the temporal development of the;$@taset  values of SQ@ are correlated with the easterly phase of the
is analysed under the consideration of a constant term QBO. Such a QBO signal has also been observed in the case
a linear termb; several periodics; and external parametersof time series of stratospheric aerosol extinctidrepte and
with coefficientsc, d ande using a multivariate fit approach Hitchman 1992 Vernier et al, 2011).
as proposed byon Clarmann et a2010 and extended by Large amplitudes (up to about 30 pptv) of the annual
Stiller et al.(2012. A regression function vngr) is fitted to =~ modes are present especially at altitudes of 25-35km at po-
the time series of SPvalues at each 2 km altitude and°10 lar latitudes (cf. Figl5). These are explained by the down-

latitude bin: welling of SQ-rich air from higher altitudes during winter.
The N-S asymmetry with larger amplitudes at lower alti-
vmr(t) = a+ bt +c1qbo;(t) + d1qboy(z) tudes in the south are presumably due to the more persistent
27t 2t Antarctic polar vortex.
+ CZS'”— +d20°5Tl The mode of the semi-annual oscillation (SAO) with am-
' 277 ot (5)  plitudes of up to 10 pptv of SEis visible above 30 km al-
+c35|nT— ~|—dgcosT— titude at tropical and subtropical latitudes (Fip). This
05 05 mode can be identified in the example dataset for 20S30
+eF107(7). at 41-43 km altitude (see panel “Semi-annual” in Aig). by

Atmos. Chem. Phys., 13, 10403:0423 2013 www.atmos-chem-phys.net/13/10405/2013/


http://www.geo.fu-berlin.de/en/met/ag/strat/produkte/qbo/index.html
http://www.geo.fu-berlin.de/en/met/ag/strat/produkte/qbo/index.html
http://www.swpc.noaa.gov
http://www.swpc.noaa.gov

M. Hopfner et al.: Stratospheric SO, by MIPAS 10419

_ lat: 0- 10 h:33-35km lat:-60--50 h:25-27km CHI2
£ 507 i _ _
a 407 £ 5
= 204 4 ¥ > =
03 04 05 06 07 08 09 10 11 12 03 04 05 06 07 08 09 10 11 12 é’ E
Year Year 2: g
. QBO _ Linear
z 2 40 E -50 0 50 -50 0 50
& 2 204 PRI Latitude [deg] Latitude [deg]
x o 0,’-—.-“0 E
s s ANNUAL [pptv] SEMI-ANNUAL [pptv]
03 04 05 06 07 08 09 10 11 12 03 04 05 06 07 08 09 10 11 12 4 ] 15
Year Year T 3
lat:-90--80 h:29-31km lat:-60--50 h:41-43km = =
Z1 T T 120 < g
£ §E ¥ E 133?% W :
B < <
g % IV £ 3 dihvad
03 04 05 06 07 08 09 10 11 12 03 04 05 06 07 08 09 10 11 12 -50 0 50 0 0
Year Year Latitude [deg] Latitude [deg]
Annual Linear F10.7 [pptv] LINEAR SLOPE [pptv/dec]
2 g = 120 3 20 4 40
= [ (0 S— 3
= X}% = 804 B . z z »
£d : % 3 s
S > ] ° 0
03 04 05 06 07 08 09 10 11 12 03 04 05 06 07 08 09 10 11 12 2 =1
Year Year g § 20
_ lat:-30--20 h:41-43km _ lat: 0- 10 h:21-23km <0
2 120 % 1 2 1 T ] 0 0 50 -50 0 50
£ 100 2 60 { | Latitude [deg] Latitude [deg]
x 80 x 40 e 3
z 60 t { AR ¥ IV S 200 Yaem T Y
03 04 05 06 07 08 09 10 11 12 03 04 05 06 07 08 09 10 11 12 Fig. 15. Global overview of the fit RMS (top left), the amplitudes
Semi-annual Linear of various fit parameters and the linear trends (bottom right). For
Z % 2% “QBO” and “F10.7", the amplitude is defined as the semi-difference
2 "0 RARS = 60 . .. . . . .
£ 2 z i e ——— between maximum and minimum of the fitted time series of Singa-
g 03 04 05 06 0; 08 09 10 11 12 > 03 04 05 06 0\; 08 09 10 11 12 pore winds and soIaF10.7 flux, respectively. For F10.7" the sign
ear ear . . e . . .
- lat:10- 0 h-41.43km indicates a positive or negative correlation with the solar cycle.
Z 140 I
2 120
2 100 3
x 80
s B 1 Ll [F10.7)/c
03 04 05 06 07 08 09 10 11 12 5 B 5
Year —_ 4 — 4 4
E E 4
F10.7 < 3 = 3
z g s
g 204 E 2 25 2
§:§§ < 1 < 20 | 1
” 03 04 05 06 07 08 09 10 11 12 = 5 = ° » = S =
Year Latitude [deg] Latitude [deg]
) . ) ) . . . . . LINEAR SLOPE > 2¢ [pptv/dec] F10.7 > 26 [pptv]
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lower plot illustrates the separate weight of the dedicated parameter * Latiude deqt

listed in the title. Left, rows 1 and 2, linear combination of Singa- __ o . . .
pore winds at 10 and 50 hPa; left, rows 3 and 4, annual variation;F'g' 16. Top: significance in multiples of the estimated error of the
model error corrected linear slope (left) and thgy7 amplitude

left, rows 5 and 6, semi-annual variation; left, rows 7 and 8, solar ) A > ! Y
F107 flux; right column, linear trend and bias. (see caption of Figl5 for definition) (right). Bottom: remaining
g ' ' values with a significance 2o.

a second, smaller peak in the second half of each year. Sudtudes. Negative trends are mainly visible at higher altitudes
a seasonal asymmetry with stronger variation during the firsin the southern subtropics and mid-latitudes and at lower al-
cycle has been described as typical feature of the equatditudes in the tropics. Single examples for time series indicat-
rial SAO (Delisi and Dunkerton1988 Garcia et al. 1997). ing stronger positive and negative trends at different altitudes
Further, a latitudinal asymmetry of the SAO with stronger in the southern mid-latitudes are shown in Flg. Here at
intensity southwards of the Equator, as indicated in Efy.  25-27 km altitude, a positive trend is visible for the whole
has been observed previously in observations of temperaturdataset, and even when considering only data after, for ex-
and wind Belmont and Dartt1973 Ray et al, 1998. The  ample, 2007. At 41-43km the data show a general decrease
global distribution of the reconstructed linear slope is pre-until about 2009 and a levelling-off afterwards. As discussed
sented in Fig15 (bottom right). It shows generally a slight above, this correlates also with tligg 7 flux time series, and
positive trend at all altitudes in the northern and, with largerit might be that part of the solar variability is mapped into
values, below about 32 km in the southern extra-tropical lat-the linear slope (and vice versa). In fact, in Fi§.the upper
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atmospheric part with negative linear slope in the south istically resolved S@ covering (1) nearly the entire strato-
correlated with the area of strongdgty7 amplitude. To de-  sphere, (2) the whole globe and (3) a time period of about
termine more specifically the significance of the trend val-10yr. Retrieval diagnostics indicate total error bars of 5—
ues we have used the method of model-error correction a0 pptv, most of which is dominated by instrumental noise
described in detail irStiller et al. (2012 Sect. 7). In short, followed by non-linearity uncertainties due to the retrieval
the error covariance matrix of the data is inflated, and mearapproach at lower altitudes and assumptions on tempera-
error correlations are inferred from the fit residuals such agure at higher levels. Since the a priori profile of Skas
to achieve a unityy? of the fitted trend residuals. This in- been chosen to be altitude-independent, the shape (apart from
creased error accounts for deficiencies in the linear regressome smoothing due to the regularisation type) and the ab-
sion to describe the real atmospheric situation and any unsolute values of the retrieved profiles are entirely based on
derestimation of the measurement errors. The results of thi;mformation from the measurements.
analysis are presented in Fitb. The corrected values of the The lack of stratospheric Sbservations poses a prob-
slope are very similar to the ones determined originally un-lem for validation of our dataset. To get an estimate on the
der the assumption of measurement error only. The corredata quality, we have performed comparisons with the few
sponding significance of the slope in terms of its eeras available measurements. Above about 30 km there is good
shown in the middle left of Figl6, and in the bottom left consistency with observations from from ATMOS, which
part, the remaining data points for which the trend is largerprovides the only information for this height. To our knowl-
than & are presented. The latter clearly shows that the onlyedge, in the altitude range between 20 and 30 km there are no
larger contiguous area of significant positive trend is locatedobservations of the background sdistribution to compare
in the Southern Hemisphere reaching from 25 to 30 km inwith. At 14-20km we could compare with measurements
the subtropics down to the lower stratosphere in polar re-of ACE-FTS during the same volcanically enhanced period
gions. This area separates two regions of negative slope: onghowing generally smaller values by MIPAS of around 54 %.
above 35km at austral mid-latitudes, the other in the tropi-This might either be explained by the different temporal and
cal stratosphere below 25 km. Single time series of the lattespatial sampling pattern of the two instruments or by mea-
(cf. Fig. 14 right, bottom) strongly suggest that the negative surement errors. A detailed analysis of this issue is envisaged
slope is caused by larger tropical volcanic influence at the beon the basis of MIPAS single-scan retrievals. In situ observa-
ginning of the first and second MIPAS measurement perioddions are also sparse above 14 km and not globally available.
compared to the end of both periods. In general, the MIPAS mid-latitude global mean values at the
A connection with solar activity is indicated by a maxi- lower altitudes (about 10-20 pptv with a standard deviation

mum signal of about 20 pptv for the fit with thig g7 cm flux of about 10 pptv) are within, but at the lower limit of, the
at mostly tropical and subtropical latitudes above 30-35 kmstratospheric in situ data, with values of roughly 10-50 pptv.
altitude (cf. Fig.15). This correlation stems from a positive Apart from any possible bias of the MIPAS or the in situ
curvature of the 10yr dataset as visible in panglg” of datasets this might stem from differences in the observing al-
Fig. 14. It should be kept in mind, however, that there is titudes (in situ mostly below 15 km) or geographic location
a correlation between the long-wa¥eg 7 time series, a lin-  for higher altitudes (in situ mostly over northern continents).
ear trend and the independent bias values of the first and A further hint for the validity of our results is the gen-
second MIPAS measurement periods. For example, # SO eral consistency with the understanding of the behaviour of
vmr values of the first period had a systematic positive offsetSO, from model results. In this respect we could observe for
compared to the second period, thg) 7 index would partly  the first time the local maximum of St around 25-30 km
compensate for it. However, inspection of single time seriesresulting from conversion of CO®B(uhl et al, 2012. Fur-
(like in Fig. 14) reveals that increases after 2010 from a lower ther, the MIPAS data corroborate the strong increase of SO
constant level during the years 2007—2010 are present in thabove 30-35km, explained by photolysis 0§30 (Rins-
datasets of the second period, which is in correspondenckand et al, 1995 Vaida et al, 2003 Mills et al., 2005. The
with the solar cycle. As for the linear trend just described, observed increase is larger than the one modelld8irirnl
we have estimated the significance of the solar cycle signaét al. (2012, which can be explained by neglect of the vis-
as shown on the right-hand side of Fih. Here the major  ible and near-IR photolysis bands 0680, (Vaida et al,
contiguous area of significarffyg7 signal is located in the 2003 Brihl et al, 2013. The explanation for the fast in-
mid- to upper tropical stratosphere. crease of small aerosol particles at high latitudes in spring

as the conversion from Sn availability of sunlight iills

et al, 2009 can be followed in terms of an annually reoccur-
7 Conclusions ring depletion of S@, which has been observed for the first

time.
We have retrieved zonal 1@nean stratospheric distributions ~ The global, vertically resolved fields of $@n the lower
of SO, from MIPAS/Envisat monthly mean spectra for the stratosphere over 10yr confirm the importance of volcanic
period 2002-2012. These are the first observations of vereruptions for the distribution of sulfate in that region. No
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other source of S©comparable to that of volcanoes could Global Volcanism Program and by NASA's Global Sulfur Dioxide
be detected. This supports the conclusions of, for exampleMonitoring Home Page. Funding for the Atmospheric Chemistry
Neely et al (2013 andVernier et al(2011) on the minorim-  Experiment is provided by the Canadian Space Agency. Further
portance of an anthropogenic influence. Further, the curren’® would like to thank Ch. Brihl for helpful discussions. We
dataset will help to test model simulations on the distribution@cknowledge support by the Deutsche Forschungsgemeinschaft
and total mass entry of SOnto the stratosphere based on and Open Access Publishing Fund of the Karlsruhe Institute of
total SQ injection masses from nadir soundexegly et al, Technology.

2013 Br[:xhl ?t al, 2013. . . ) The service charges for this open access publication
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different altitude—latitude bins with global coverage revealedHe|mholtz Association.
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