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Abstract. We present vertical profiles of hydrogen chloride L2 product agree to within 10% (0.3 ppbv) with the MLS
(HCI) and chlorine monoxide (ClO) as observed by the Su-HCI data between 450 and 575K levels in PT and with the
perconducting Submillimeter-Wave Limb-Emission Sounder ACE-FTS HCI data between 425 and 575K. The SMILES
(SMILES) on the International Space Station (ISS) inside theJAXA L2 product is 10 to 20 % (0.2-0.5 ppbv) lower than
Antarctic vortex on 19—-24 November 2009. The SMILES that from MLS between 400 and 700K and from ACE-FTS
HCI value reveals 2.8-3.1 ppbv between 450K and 500 Kbetween 500 and 700 K. For CIO in daytime, the difference
levels in potential temperature (PT). The high value of HCl between SMILES (JAXA and NICT) and MLS is less than
is highlighted since it is suggested that HCI is a main com-+0.05 ppbv (100 %) between 500 K and 650 K with the CIO
ponent of the total inorganic chlorine (gl defined as Gl~ values less than 0.2 ppbv. CIOM®alues as measured by
HCI + CIO + chlorine nitrate (CIONg), inside the Antarc- ACE-FTS also reveal 0.2 ppbv at 475-500K level, resulting
tic vortex in spring, owing to low ozone values. To con- in the HCI/CJ, ratios of 0.91-0.95. The HCI/ ¢Fatios de-
firm the quality of two SMILES level 2 (L2) data prod- rived from each retrieval agree to within5 to 8 % with re-
ucts provided by the Japan Aerospace Exploration Agencygard to their averages. The high HCI values and HC}/ClI
(JAXA) and Japan’s National Institute of Information and ratios observed by the three instruments in the lower strato-
Communications Technology (NICT), vis-a-vis the partition- spheric Antarctic vortex are consistent with previous obser-
ing of Cly, comparisons are made using other satellite datavations in late Austral spring.

from the Aura Microwave Limb Sounder (MLS) and At-

mospheric Chemistry Experiment Fourier Transform Spec-

trometer (ACE-FTS). HCI values from the SMILES NICT
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1 Introduction (2009 also showed an evolution of the Obartitioning in
the 2004/2005 Arctic winter from the Atmospheric Chem-
Hydrogen chloride (HCI) and chlorine monoxide (CIO) play istry Experiment-Fourier Transform Spectrometer (ACE-
an important role in the mechanism of ozone destructionFTS) measurements. However, the HCl value or HC} /&4
in the stratosphere. The total inorganic chloriney§Gh tio in the Arctic was lower than those in the Antarctic (e.g.,
the stratosphere is defined as the sum of the volume mixSantee et al.2008h Manney et al. 2011 Wegner et al.
ing ratios of ClI, 2x Cly, CIO, HOCI, 2xCIOOCI, OCIO, 2012, even with severe ozone loss in the 2010/2011 Arc-
chlorine nitrate (CION@), and HCI. Observing the time tic winter (e.g.,Manney et al.2011). An exception was the
evolution of these species in both the Arctic and Antarc-1996/1997 Arctic winter when the breakup of the vortex oc-
tic vortices (lower stratosphere) is essential since HCI anccurred in May; an HCI/ Gl ratio of 0.8-0.9 was observed by
CIONO; act as reservoirs for the chlorine radicals (ClOx HALOE (Douglass and Kawa 999 Konopka et al.2003.
= Cl + CIO + 2xCIOOCI) that destroy ozone catalytically Very low ozone values in the Antarctic play a central role in
(e.9.,WMO, 2007. It is also useful to evaluate model stud- the difference in Gl partitioning between the Arctic and the
ies of the time series of ¢lspecies (e.g.Santee et al.  Antarctic (e.g.Douglass et al.1999, except in the unusual
2008h. The reservoirs, HCI and CIONQare decomposed Antarctic winter 2002, when some deactivation into CIONO
to yield Ch through heterogeneous reactions occurring in/onoccurred (e.g.GGrool} et al.2005 Hopfner et al. 2004).
sulfate aerosols and polar stratospheric clouds (PSCs) in In the Antarctic, no comprehensive aircraft campaign has
winter. Consequently, CIOx is elevated through photoly- been done since the 1994 missidu¢k et al, 1997 Jaeglé
sis/photochemical reactions in winter/spring, then it is deac-et al, 1997, so satellite measurements are crucial to study
tivated into the reservoirs. the partitioning of CJ in the Antarctic. Although a high
Increased amounts of HCI in the springtime Antarctic HCI/ Cly ratio is usually seen in the upper stratosphere, it has
when ClOx is deactivated were observed by ground-base@lso been seen in the lower stratosphere in the combined data
Fourier Transform Infrared Spectroscopy (FTIR) instrumentsfrom the Aura Microwave Limb Sounder (MLS) and ACE-
starting in 1987 (e.gMurcray et al, 1989 Liu et al,, 1992 FTS data YWMO, 2007 Santee et al.2008 or just in the
Kreher et al.1996. Using satellite instruments on board the MLS data Santee et al2011 de Laat and van Weegl2011)
Upper Atmosphere Research Satellite (UARS) in the 1990ssince 2004. This is due to the combination of diabatic descent
several studies showed the time evolution of CIO and HCI inof air inside the vortex, low ozone values, and isolation of the
the spring Antarctic vortices (e.dppouglass et a]1995 San-  lower stratospheric vortex.
tee et al. 1996 Chipperfield et a].1996 Grool3 et al.1997 The International Space Station (ISS) borne instrument,
Mickley et al, 1997. On 3-12 November 1994, measure- the Superconducting Submillimeter-Wave Limb-Emission
ments from the Atmospheric Trace MOlecule SpectroscopySounder (SMILES), started operations in October 2009.
(ATMOS) on the Space Shuttle were conductBihsland  SMILES observed latitudes between66° N and ~ 38° S.
et al. (1996 andMichelsen et al(1999 suggested that the On 19-24 November 2009, there were, however, measure-
high HCI/Cl, ratio (~0.9) was maintained in the Antarc- ments including the Antarctic38° N to ~66° S) due to
tic vortex. Also, in November 1996, it was reported that the ISS observation geometry (see Sect. 2.1). The breakup
the high HCI and low CIONQ@ were observed by HALo- of the Antarctic vortex in the lower stratosphere occurred in
gen Occultation Experiment (HALOE) and Improved Limb December 2009NOAA, 2009, so that some measurements
Atmospheric Spectrometer (ILAS) satellite instruments, re-were taken inside the vortex where high HCIl values are ex-
spectively Hayashida and Sugit®2007). All of these re-  pected. In this paper, we focus on these SMILES measure-
sults confirm a theoretical study IBrather and Jaff€1990 ments, and analyze the vertical profiles of HCI and CIO in-
who showed a mechanism for increased HCI values afteside the Antarctic vortex to confirm those data quality vis-a-
the “ozone hole” period in the Antarctic. This can be un- vis the partitioning of GJ, through comparisons with satellite
derstood as low values of ozone shifting the partitioning of data for the same time period from the MLS and ACE-FTS
CIOx into Cl, so that the reaction Cl + GHhat forms HCI  instruments. Comparisons performed when the HCI value is
proceeds faster than the reaction CIO +NOM that forms  high (~ 3 ppbv) in the lower stratosphere will provide valu-
CIONGO,, thus reaching a steady state with a high HCI/Cl able information on the HCl| measurements.
ratio (see Sect. 4.3). In addition, there was indirect evidence Data from satellite measurements used here are described
of increased values of HCI in the Antarctic in October 1993 in Sect. 2. The methodology of the study is mentioned in
from aircraft measurements of the isotopic composition ofSect. 3. Vertical profiles of HCI, CIO, and HCI/LCratio
CO (Mdiller et al, 1996 Brenninkmeijer et a).1996. are shown in Sect. 4 and discussion of thg @artitioning,
Simultaneous in situ aircraft measurements of ClO, HCl,including the diurnal changes in CIO and CIOMNGs also
and CIONQ have been available since 19980ofine et al. given in Sect. 4. The conclusions of the study are summa-
2000. An aircraft mission was performed in the 1999/2000 rized in Sect. 5.
Arctic winter; the time evolution of the ¢lspecies has
been investigated (e.gilmouth et al, 2006. Dufour et al.
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2 Satellite measurements lations. The vertical inversion of the volume mixing ratio
profiles are based on the optimal estimation method (e.g.,
2.1 SMILES Rodgers 2000. However, several differences in the two al-

gorithms made different data productsaéai et al. 2013
SMILES is a passive sensor to measure the limb of Earth’sSagawa et al.2013. Thus, it is of importance to compare
atmosphere in the frequency bands around 625 GHz andioth of the L2 products to investigate matters relating to the
650 GHz. The instrument was attached to the Japanesalgorithms. Here, we briefly present the differences that af-
Experiment Module (JEM) on board ISS. The emissionfect mostly the lower stratosphere data quality.
lines of G, HCI, ClO, HO,, HOCI, BrO, and other One of the major differences is the spectral bandwidth
molecules can be found in the low-noise spectra obtainedised in the retrieval analysis. The SMILES-JAXA L2 algo-
with a 4 K mechanical cooler and superconductor-insulator-rithm uses a full bandwidth~ 1.2 GHz) of each detection
superconductor (SIS) mixers. The SMILES observationsband to simultaneously retrieve all the observed species in
started on 12 October 2009 and ceased on 21 April 2010 duthat band. On the other hand, SMILES-NICT processing em-
to the failure of a critical component in the submillimeter lo- ploys the sequential retrieval approach using a narrow band-
cal oscillator. Results from SMILES have demonstrated itswidth around the targeted speci®afon et al. 2011). For
high potential for observing atmospheric minor constituentsexample, after @ and temperature profiles were retrieved,
in the middle atmosphere, as showrKitkuchi et al.(2010. HCl is retrieved from the spectra extractectzZ800 MHz of

Because the ISS is in a non-sun-synchronous circular orthe HCl line center. CIO is retrieved from the spectra in Band
bit with an inclination angle of 51%to the Equator, the C using a spectral bandwidth of 400 MHz centered on the
SMILES measurements at each tangent point occur at var€lO line. For the species of interest in this paper (HCI and
ious local solar times (LST). For several specific periods, in-ClO), the information in the lower stratosphere can be re-
cluding 19-24 November 2009, the ISS rotated°1&@und  trieved also from the far wings of their lines. Therefore, the
its yaw axis, and thus the observation latitude range wasisage of a limited spectral bandwidth results in a decrease
shifted to southern high latitudes up to°& A more de-  of the sensitivity and degradation of the vertical resolution at
tailed description of the observation latitudes and periods idower altitudes $agawa et al.2013. Whereas, for the full
found in Fig. 1 ofKasai et al(2013. There were also south- bandwidth approach, it is difficult to deal with nonlinearity
ern high latitude measurements on 10-19 February and 8—1@f the detector in the far wings. Both of the approaches, thus,
April 2010. have some disadvantages.

Since SMILES has three specified detection bands — Different assumptions on a priori state also introduce
624.32-625.52 GHz (Band A), 625.12-626.32 GHz (Bandsystematic biases on retrieved profiles, particularly when
B), and 649.12-650.32 GHz (Band C) — with two acousto-the measurement sensitivity is low. The a priori profile of
optical spectrometers, observations of Bands A, B, and C ar&6MILES-JAXA is based on mean profiles for month, lati-
made on a time-sharing basis, such as Bands A+B, A+Cfude, (daytime and nighttime separately for CIO), using the
or B+C. In the period that we analyze, Bands B+C mea-MLS version 2.2 data. The MLS CIO data have been bias-
surements were performed. Thé™gl rotational transition  corrected as suggested Bantee et al(20083. SMILES-

(J =1-0) is located at 625.9 GHz in Band B. The CIO tran- NICT used a single common a priori profile for HCI or CIO
sitions in the ground ro-vibronic statd & 35/2-33/2) are  for all observations. However, as stated in Sect. 4.1, the im-
located at 649.445 GHz and 649.451 GHz in Band C. Verti-pact of the difference on the retrieved HCI values is insignif-
cal resolution is 3.5-4.1 km and vertical range of the mea-icant because of the high sensitivity of the measurements
surements is from- 12 km to 96 km. studied here.

The SMILES level 2 (L2) data processing systeMak@a- For the modeling of continuum absorptions of® and
hashi et al.201Q Baron et al. 2011) retrieve vertical pro- dry air, SMILES-JAXA uses the MPM-93 modeLiébe
files of the atmospheric minor constituents from the cali- et al, 1993 with a scaling factor of 1.34. SMILES-NICT
brated radiance observations (Level 1b data, hereafter reuses a model on the basisérdo et al(2001). The dry air
ferred to as L1b). In this paper, we used two SMILES L2 continuum absorption coefficient was increased by a factor
data products, which are separately processed with differendf 20 % from the original formula, and retrieves® as the
retrieval algorithms: the version 2.1 (hereafter referred to axontinuum Kasai et al. 2013. The above differences em-
v2.1) of JAXA L2 products Mitsuda et al.2011) (hereafter  ployed in each retrieval processing could be the cause of
SMILES-JAXA) and the v2.1.5 of NICT L2 product&4- differences in the results of retrieved volume mixing ratio
sai et al, 2013 Sagawa et al.2013 (hereafter SMILES- profiles. There are other lower stratospheric differences in
NICT). Both of the data sets were publicly released on 5the SMILES-JAXA and SMILES-NICT processing: the ap-
March 2012 fttp://smiles.tksc.jaxa.jpfor SMILES-JAXA proach for measurement tangent height correction, a priori
andhttp://smiles.nict.go.jpfor SMILES-NICT). state of temperature and pressure, and so on. More detailed

Both of the retrieval algorithms used same L1b data anddescriptions of these differences are found elsewhtasdi
similar instrument functions in the forward model calcu- et al, 2013 Sagawa et al2013. There are also differences
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in spectroscopic parameters used in each forward modelTable 1.Spectroscopic parameters for HCl and CIO in the SMILES
however, the impact of the differences on the retrieved datdorward models (see Sect. 2.1).
products seems to be small in the lower stratosphere, as

shown inSagawa et al2013 for CIO and Yokoyama et al. vo (MHz)  yair (MHz/hPa)  ng;r

(2013) for HCI. A list of the parameters, namely the line fre- H35C)

guencyvy, the air broadening coefficiep;, and its temper-

ature dependencsyr, is shown in Tablé. JAXA  625901.658% 258 072
We present error analysis and validation results for both 625918.6973

HCI and CIO achieved thus far. For previous versions of 625932.008%

SMILES-JAXA, precision is 10 % at 15 km and 1 % at 30 km NICT  625901.6627 254 0.77

625918.7028

for HCI (Kikuchi et al, 201Q Shiotani et al.2010. For CIO, 6259319979

precision is estimated to be 10 pptv between 19 and 28 km

(Suzuki et al.2012. This is evaluated from the standard de- Clo

viation of the nighttime CIO measurements. The mean night- JAXA  649445.2568 211 0.8F
time data also provide a good measure for a bias estimation 649451.078

of the JAXA CIO data products, which has already shown a NICT  649445.048 218 o074
validity for the BrO data producStachnik et a].2013. This 649451.178

bias will be considered for CIO later (Sect. 4.2). The cause of — : - _ —
this bias is unknown, but it seems to be due to an unexpected (Z'f)gg"”de;j'(ffigﬁzi IabRoe;Ctloi; z't(jg;’"’s ﬂggﬁzg'a??goﬁ;fgﬁ'
guadratic spectral baseline of the L1b data, which should be  and Coher(1994.

flattened by calibration, and a small residual between L1b

and the forward model calculation, which could also arise

from the quadratic continuum emission featusezuki et al,
2012. The full-bandwidth approach used in the JAXA pr
cessing system tends to be susceptible to these baselin

related effects. Validation studies for SMILES-JAXA are, to 1€ S0 discarded. For SMILES-NICT, profiles with “chi-
date, in preparation. square” value larger than 0.8 are discarded. For the NICT re-

For HCI from SMILES-NICT (v2.1.5), the precision is es- trieval, chi-square i.s the symmation of the squared and vari-
timated to be~ 1-2 % at the 10 hPa level and it increases &1Ce weighted residuals in the _measurement space and the
to 8% at 80hPa. The validation of SMILES-NICT Hci Null space after they are normalized by the number of mea-
was performed by comparing with MLS version 3.3 data surements and retneval_parameters. Typical ch|—squar.e val-
and ACE-FTS version 3.0 data (Yokoyama et al., 2013);4€S € smaller than unity because of the overestimation of

the absolute difference between SMILES-NICT and MLS the.measurement nms_Be(ron etal, 20.1])' Thus, no QOOd
amounts to 0.2 ppbv at 80 hPa and +0.1 ppbv at 10 hPa. Threet_rlevals_ have been discarded by this data selection. Data
absolute difference between SMILES-NICT and ACE-FTS p_omts with measurement response smaller than 0.8 are also
ranges from zero to +0.1 ppbv at 80-10 hPa levels. For Clod|scarded.
from SMILES-NICT (v2.1.5), the precision is estimated to
be 100 pptv and 30 pptv between 100hPa and 10BR&( 2.2 MLS
et al, 2019. Sagawa et al(2013 have also estimated the
bias uncertainty of 5-10 pptv below 20 hPa level and made &ince August 2004, the MLS instrument on the National
validation study: the absolute differences between SMILES-Aeronautics and Space Administration (NASA) Earth Ob-
NICT and MLS version 3.3 data or Odin Sub-Millimeter Ra- serving System (EOS) Aura satellitgVéters et al. 2009
diometer (SMR) Chalmers Version 2.1 dakurtagh et al. has operated between 82 and 82S. MLS measures
2002 is within +0.1 ppbv at 80—10 hPa levels. millimeter- and submillimeter-wavelength thermal emission
We analyzed SMILES data obtained on 19-24 Novem-from the limb of Earth’s atmosphere. We used HCI and CIO
ber, when the measurements were conducted betwedw 38 data products retrieved with the version 3.3 data processing
and 66 S. During those days, the polar vortex was some-algorithm Livesey et al.2006, which are publicly available
what shifted toward South America, so that the edge offrom http://mls.jpl.nasa.gov/The quality of the HCI data is
the vortex reached to around S8 in the lower strato- as follows (ivesey et al. 2011): vertical resolution in the
sphere de Laat et al.2010. Therefore, we extracted the lower stratosphere is-3 km and precision is 0.3-0.2 ppbv
SMILES data between 5@ and 66S. The profiles of at 100-10hPa. The quality of the CIO data is as follows
SMILES (both JAXA and NICT) were discarded when (Livesey et al.2011): vertical resolution is 3.0-4.5km, pre-
flagged with “field-of-view interference” and “altitude error” cision is+0.3 ppbv at 147 hPa antd0.1 ppbv at 100-22 hPa,
according to a release notetip://smiles.tksc.jaxa.jp/l2data/ and bias estimates are fror0.1 to zero ppbv at 50-7@® in
index_e.htm). For SMILES-JAXA, profiles with “conver- November. In this study, we used data taken at 50-S66n

o- gence” value greater than 10 are discarded. Further, data
Qpints with precision larger than a half of a priori error
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19-24 November 2009. Data screening is also done accordsons between different satellite instruments. They include

ing to Livesey et al(2017). PT, potential vorticity (PV), equivalent latitude (EqL), hori-
zontal winds, and tropopause locations. The EqL is the lat-
2.3 ACE-FTS itude that would enclose the same area between it and the

] ) _ pole as a given PV contouB(tchart and Remsberd986.
ACE-FTS, the primary instrument on the SCISAT-1 satellite, |, this study, we used DMPs derived from the NASA Global
is a high-resolution infrared Fourier transform spectrome—Mode"ng and Assimilation Office (GMAO) Goddard Earth
ter that measures solar occultation spectra.between 2.2_ ar@bserving System (GEOS) data set (version 5), hereafter re-
13.3um Bernath et al.2005. The ob_servat|on§ began in ferred to as GEOS-3Reinecker et a).2008. Using DMPs
February 2004. It has also operated in the period of 19-24 \jiew measurements with respect to their air mass charac-
November at latitudes between 65Fand 69.3S. Thisisa  eristics is valuable in a study of chemistry and dynamics in-
somewhat more southerly latitude than SMILES and MLS gjge/outside the vortex. To compare SMILES measurements
measurements used in this study. Vertical resolution is 3-yith those from MLS and ACE-FTS. we also obtained DMPs
4km. We used HCI and CIONDdata products retrieved oy the SMILES measurements for the study period.

with the version 3.0 data processing algoritfBogne et al. We used PT for a vertical coordinate, since we focus on the
20093 (http://www.ace.uwaterloo.ca/The error analysis of  ghservations in the lower stratosphere, whesgt@k a much

the HCI data has not yet been evaluated, but the measurgsger chemical lifetime compared to the transport timescale
ment variability that provides an upper limit on retrieval pre- 4t this time and location. In this study, we constructed av-
cision is estimated to be on the order of 5% at 20-55kmgrageq “vortex profiles” using data points at each vertical

(Mahleu et al, 2008. The fitting error of the CION@data  |aye| that are poleward of the vortex edge center shown in
is below 109% at 20-30 km and increases to 40% at 14kMpe each DMP file. For instance, the vortex edge center is
(Wolff et al., 2008. _Dufour et al.(_200© have provided an  |ycated at~—65° EqL (negative values are assigned in the
error budget for a smgle_occultatl_on: the total errors for HCl g5 thern Hemisphere) at the 490K PT level. The resulting
and CIONQ are, respectively, estimated to be 4-7 % and 10—q| values around 490K inside the Antarctic vortex are, on
19 % between 16.5km and 28.5km. average~71° EqL, —76° EqL, and—75° EqL for SMILES,
MLS, and ACE-FTS observations, respectively. The volume
mixing ratio of tracer species mapped with respect to the PT
and EqL is nearly constant with EqL over a certain PT range
within the vortex (e.g., Fig. 5 ofingenfelser and Grose

2.4 MIPAS

The Michelson Interferometer for Passive Atmospheric
Sounding (MIPAS) on board ESA's Envisat is a mid-infrared

e - 2002.
emission spectrometeFiécher et al.2008. The observa-
tions were performed from July 2002 to April 2012. We For the SMILES and ACE-FTS data, PT values from the

used the Institute for Meteorology and Climate ResearchD'VIPS are assigned at each altitude grid point,_whereas for
(IMK)/Instituto de Astrofisica de Andalucia (IAA) CIOND the MLS daFa, PT values from the DMPS are assigned at each
data product, version V5RCLONO2 220 {von Clarmann pressure gpd pomt. The averaggd profllgs are calculatgd from
et al, 2009 2013. The vertical resolution at the tangent al- data coptalned within a 25 K wide PT bin. In.genelra}l, Inter-

titude of 20 km is~ 3km, and the precision between 15 and comparison among satellite measurements is a difficult task

25 km is~ 8 % (von Clarmann et a12009. This data set is because of the different vertical and horizontal resolutions

used for an interpretation of the diurnal cycle of Gpecies, considered_ (e.gCecc_herini et a 2003 Ridolfi _et al, 2009,
as described in Sect. 4.3, Thus, any interpolation of data onto specific PT levels has

not applied in this study. In addition, the uncertainty in the

meteorological data should also be concerned in such a com-
3  Method parison study. However, it was suggested that the GEOS-5

temperatures have about 1 K low biasuhbert et al.2012),
In order to show the quality of the SMILES data for study- which has a small impact on the calculation of PT. The point-
ing Cl, partitioning inside the Antarctic vortex, we have ing uncertainty in the tangent altitude was estimated to be
made comparisons with the other satellite data sets describeg40 m, 150 m, and 150 m for SMILES, MLS, and ACE-FTS,
above. The 2009 Antarctic vortex at 450 K potential temper-respectively Kikuchi et al, 201Q Cofield and Stek2006
ature (PT) level exhibited a typical seasonal pattern: it devel-Harrison and Bernatt?013. These uncertainties are inher-
oped in mid-May, maximized around September, and therent in the constructed average profiles. The individual pro-
diminished in the late November/December peritiDAA, files from SMILES HCI/CIO, MLS HCI/CIO, and ACE-

2009. FTS HCI/ CIONG used for the averages are foundiungita
To extract observed data only inside the Antarctic vortex, et al.(2012).
we used derived meteorological products (DMRdpiney Figure 1 shows measurement latitudes as a function

et al, 2007). For both the MLS and ACE-FTS measurement of LST used in this study (data taken inside the vortex). As
locations and times, DMPs are produced to facilitate comparmentioned in Sect. 2.1, the SMILES measurements occur at
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. L Fig. 2. Vertical profiles, as a function of potential temperature (PT),

0 3 6 9 12 15 18 of HCI volume mixing ratios as measured by SMILES and MLS
Local solar time (hour) on 19-24 November 2009 inside the vortex (within the edge cen-

ter). The left panel shows average profiles of HCI in each 25K

Fig. 1. Measuremept latitude as a function of local solar time pr pin (each vertical bar corresponds to 25K) for the SMILES-
for SMILES (open circles), MLS (crosses), and ACE-FTS (open JAXA (blue), SMILES-NICT (green), and MLS (red) data prod-

squares). Solar zenith angle (SZA) is color-coded betweradd 15 sSquares and horizontal bars show average-ahd stan-

85°. Above 85, the symbols are coded in black. Data only inside 45,4 geviations, respectively. Dashed lines show reported preci-

the Antarctic vortex (within the edge center) between 19 and 244i,hq The plack crosses show the absolute difference between the

November 2009 are used. two SMILES products. The blue and green crosses show the abso-
lute difference between the MLS and SMILES-JAXA or SMILES-

various LST. Therefore, it is crucial to consider the diurnal NICT, reSpeCt'V.ely' Approx!mate altitudes CorreSpgndmg to PT are
shown on the right-hand side of the panel. The right panel shows

cycle of ClO and CION@in compar!sons be_tween SM”‘ES' the relative difference with regard to the absolute difference divided
MLS, and ACE-FTS. In the following section, we consider py its mean value of SMILES-JAXA and SMILES-NICT, MLS and
SMILES and MLS CIO data only for solar zenith angles smiLES-JAXA, or MLS and SMILES-NICT products. The num-
(SZAs) less than 85 representing daytime measurements. bers of data used in the averages are also listed outside of the right
The daytime measurements from SMILES occurred at LSTsanel: SMILES-JAXA (blue), SMILES-NICT (green), and MLS
between 03:00 and 09:00LST, whereas the daytime meafred).

surements from MLS occurred at LSTs of 14:00-15:00 LST.

These LST differences are carefully treated in the follow-

ing discussion. Data with SZAs larger tharP@ge coded in - .qsges). Precision was calculated as an average derived from
black for each symbol. For ACE-FTS measurements, all Ofihe measurement precision reported for the respective data
the occultations occurred at a SZA of°9om the satellitt  fjles and is shown as the dashed line: it is quite small com-
sunset for this time and location. pared to the retrieved value. The right panel shows the rela-
tive difference expressed as the absolute difference divided

4 Results and discussion by the mean of SMILES-JAXA and SMILES-NICT data
(black circles). The data values used in each bin are shown
4.1 HCI on the right-hand side of the right panel. Since the PT in-

terval is narrower than the retrieval grids, these numbers are
Figure2 shows the vortex profiles of SMILES and MLS HCI nonuniform in the vertical range.
volume mixing ratios taken on 19-24 November 2009 at lat- The peak value of SMILES HCI reveals 2.8 and 3.1 ppbv
itudes between 50 and 68 S as a function of PT. PTs of at 450-475K bin (JAXA) and 475-500K bin (NICT), re-
400, 500, 600, and 700 K approximately correspond to alti-spectively. The relative difference between SMILES-JAXA
tudes of 15, 19, 23, and 26 km, respectively. Data are averand SMILES-NICT amounts to 7-21 % between 425-450 K
aged within the PT bin between 400-425K and 675—-700 K.and 550-575 K bins (the absolute difference up to 0.5 ppbv),
At first, we focus on the results from SMILES. The aver- and—10 to 2 % between 575-600 K and 650-675K bins, re-
age and one sigma standard deviation are shown for botlulting in a better agreement than in the lower PT levels. The
SMILES-JAXA and SMILES-NICT data in the left panel cause of these differences of up to 20 % found in the lower
(blue and green squares, respectively). The absolute diffefevels is unclear, but it is related to the different approaches
ences between the SMILES-JAXA and SMILES-NICT av- used in the forward models and retrieval schemes described
erages in each bin are also shown in the same panel (bladk Sect. 2.1. Besides the difference in the spectral bandwidth

Atmos. Meas. Tech., 6, 3098413 2013 www.atmos-meas-tech.net/6/3099/2013/



T. Sugita et al.: HCl and CIO in the 2009 Antarctic as measured by SMILES/MLS/ACE-FTS 3105

used in the retrieval analysis, another possible cause could 7sop T rrr T T T T
be the different a priori profiles used for each algorithm. We g 2 ses 1 FSasENe
have tested JAXA's processing system using a more realis- F O gaceFsey b
tic a priori (constructed from the MLS version 2.2 HCI data -~ brecison oy Ja [
inside the Antarctic vortex). However, the result was almost »  Preomon(ace) 1 |
the same because the measurement sensitivity is sufficientlyz ¢

high that the retrieval is insensitive to the a priori. Another

contributing factor may be the difference in dealing with the F

modeling of continuum absorptions (see Sect. 2.1). A further g soof /

investigation to quantify the difference is ongoing along with
updates of both retrieval algorithms. Eo o

To compare these SMILES HCl data products with those — ,,F % * = 40
from other satellite instruments, the Aura MLS and ACE-
FTS HCI data are analyzed. Figu2ealso shows the vortex
profiles of MLS HCI (red squares). The maximum mixing ra- Fig. 3. Same as Fig2, but for SMILES and ACE-FTS. The abso-
tio of MLS is seen at 475-500 K bin with a value of 3.4 ppbv. lute and relative differences between SMILES-JAXA and SMILES-
The shape of the profile is similar to that of SMILES-NICT. NICT are omitted.

Better agreement is found between SMILES-NICT and MLS

(green crosses) than from SMILES-JAXA and MLS (blue

crosses). The relative difference between SMILES-NICT and575 K. Above 575 K, SMILES-NICT HCl is, however, lower
MLS ranges from-5 to 13 % between 425-450 K and 575— than that from both MLS and ACE-FTS.

600K bins, but it increases to 19% at 650-675K bin. For The HCI values from MLS and ACE-FTS agree to within
SMILES-JAXA and MLS, the relative difference amounts 10 % above 550 K (not shown). In general, both SMILES re-
to 7-23 % between 400-425K and 675-700 K bins, exceptrievals are a maximum of 23 % smaller than MLS and ACE-
for 33 % at 425-450 K bin. In the period of November 2009, FTS at these levels.

band 13 (primary to detect¥CI) of the MLS instrument

was not used and HCI was retrieved using band 14; it hagt.2 CIO

been suggested that retrievals of HCI from band 14 have a

high bias at high HCl values (abowe3 ppbv) Livesey et al. Figure 4 shows the vortex profiles of the daytime CIO vol-
2011). The positive difference found in both of the compar- ume mixing ratios as measured by SMILES and MLS on
isons between SMILES and MLS at 450-500 K might reflect 19—24 November 2009 at latitudes betweefA S@nd 66 S

an artifact of the MLS band 14 measurement to some extentas a function of PT. Generally, both the SMILES-JAXA

Figure3 shows the vortex profiles of SMILES and ACE- and SMILES-NICT profiles show increasing values up to
FTS HCI taken on 19-24 November 2009 as a function 0f0.1-0.2 ppbv at 625-700 K with increasing altitudes. Below
PT. The SMILES data are identical to those shown in Big. 600K level, the CIO values were less than 0.1 ppbv. For the
Since the ACE-FTS measurements are made using solar oSMILES-JAXA CIO product, the bias should be corrected,
cultation, observations are limited to a certain latitude in aas mentioned in Sect. 2.1. For this latitude and period con-
certain period (see Sect. 3 and Flg. The number of obser- sidered here, the bias is estimated to-&3 pptv at 16 km
vations (occultation events) inside the vortex for ACE-FTS and negligibly small above 19 km. Thus, this value (33 pptv)
is 26. Since we used the 1km altitude grid data, some prois added before taking the average at 16 km (400-450K
files have two data points in a bin. Thus, the number of datdevel). The absolute difference between SMILES-JAXA and
used in the 400—425K bin is 29 at the maximum. The max-SMILES-NICT CIO is+0.05 ppbv between 450-475K and
imum mixing ratio of ACE-FTS is seen at 500-525K bin 600-625K bins, although the difference between the two
with a value of 2.9 ppbv that is similar to the results from products amounts te0.07 ppbv at 625-675 K and 0.07 ppbv
SMILES and MLS, with a slightly higher PT level than those at 425K. The CIO values themselves are as small as 0.1—
of SMILES and MLS. 0.2 ppbv, making large relative differences.

The relative difference between SMILES-JAXA and ACE- In Fig. 4, the MLS CIO is also averaged only from mea-
FTS (blue circles) ranges from5% to 19 %. The relative surements taken with SZAs less tharf §see Fig.1). Sim-
difference between SMILES-NICT and ACE-FTS (green cir- ilar to the results from SMILES, the daytime MLS CIO val-
cles) ranges from-9 % to —1 % between 425-450K and ues increased te 0.35 ppbv at 675-700 K bin. The reported
500-575K bins, but it increases to 16-22 % between 575-precisions and one sigma standard deviations of the data are
600 K and 650-675K bins. In summary, a general feature issmaller in SMILES than in MLS, reflecting the difference
that SMILES-JAXA HCI is somewhat lower than both MLS in system noise temperatures between the two instruments
and ACE-FTS, whereas SMILES-NICT HCI shows better (Kikuchi et al, 2010. It should be noted that some nega-
agreement with both MLS and ACE-FTS between 425 K andtive values in the MLS data are found below the 500 K level.
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in the lower stratosphere, but is seen in the upper stratosphere
(Cly =~ HCI) (e.g.,WMO, 2011). This high HCI occurs as a

result of low G values (“ozone hole”) in October, as follows
(e.g.,Mickley et al, 1997). The two competing reactions of
the NO radical,
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Fig. 4. Same as Fig2, but for CIO volume mixing ratios as mea- are Ehe ke_y_ o un_derstandlng th.|s behavior. Under “qzone
sured by SMILES and MLS. For clarity, absolute differences are 10l€” conditions with low @ and high CIO values, Reaction
shown in the middle panel. Measurements with solar zenith angle§R1) becomes faster than Reactid®dj, allowing increased
less than 85 (daytime) are used. Arrows in the right panel show Vvalues of Cl. The low @values directly slow the reaction:
larger relative differences owing to the averages close to zero.

Cl+ 03— CIO+ 0. (R3)

We have bias-corrected with 0.09-0.15 ppbv (added) beIOV\{-I;T)f;’ taﬁiupg;ﬁ?ﬁgt}gﬁo?/\tirljgcrle(;(i:(;ili)rrsr from September to Oc-

500K (100 hPa and 68 hPa levels), depending on latitudes
(5-degrees bin) for each CIO data before taking the averagegs + CHs — HCl+ CHs
as suggested blivesey et al.(2011). The absolute differ-

ence between SMILES and MLS CIO is almash.05ppbv a5 shown in, e.gSantee et al(20088. HCI production is
between 400K and 650K, although the values themselveg s sensitive to the amount o§OA recent theoretical study
are again below 0.15 ppbv, making large relative differencesgyggests that this conversion is quite rapid in the Antarc-

ClO values in the SZA range between"8d 95 are zero  (GrooR et al.2011).

to 0.05 ppbv between 400K and 700K levels. For measure- Hc is destroyed through reactions with the OH radical
ments with SZAs larger than 95CIO reveal values around  ang on the surface of sulfate aerosols, but both are so slow
zero. that the chemical lifetime of HCl is long compared to the

As shown in Fig.1, the MLS observations were taken transport time in November (i.e., high HCI values should be

were taken at 03:00-09:00LST. Thus, a large difference Figure 5 (left panel) shows vertical profiles of CIO,
(0.14ppbv) between SMILES-JAXA and MLS at 675- CIONO,, and HCI inside the vortex on 19-24 November
700K bin (~ 26 km) could be partly associated with diurnal 2009, summarizing Fige, 3, and4. The bars show the one
changes in CIO. At this altitude, time, and location, the diur- sigma standard deviation of data for each average. For the
nal cycle of ClO is thought to take place via the photolysis of ACE-FTS CIONG data, the same occultation measurements
CIONO; (Santee et al2008). Indeed, if we take an aver-  gre ysed in the average as were used for the HCI data. It is
age only using the SMILES-JAXA CIO data with SZAs lesS of importance to examine lspecies other than HCI and
than 53 in the 675-700 K bin (the number of data is 5 out of |0, Because of Reaction®R{) through R4), the forma-

57), the CIO value of 0.21 ppbv (SZAs less thaf)faries  tion of CIONO, by CIO + NO, + M should also be sup-

to 0.30ppbv. As a result, the absolute difference betweeryressed significantly inside the vortex where the HCI value
SMILES-JAXA and MLS in the 675-700K bin becomes s high at 450-500K level (e.gPrather and Jaffe990). In-

from 0.14 ppbv to 0.05 ppbv, revealing better agreement (”0Heed, the ACE-FTS CION©values are less than 0.3 ppbv
shown). Therefore, the SZA or LST difference found in com- pejow 475-500K bin, as shown in Fi§. Above the 500—

parison to CIO within the daytime should be carefully treated 575 K |evel, CIONG increases with altitude to 1.1-1.2 ppbv
at this altitude. A further discussion of the diurnal changes ingt 650-700 K.

ClO and CIONQ is provided in the next subsection. The ratio of HCI to C} is shown in the right panel of Fi§.

We take composite ¢values as computed by the equations
below:

(R4)

4.3 Cl, partitioning

Since C in the stratosphere in 2009 was3.3-3.5 ppbv
(WMO, 2011), it is clear that HCI dominates ¢In this alti-
tude range and time period. Such a feature is usually not seen +CIONO>(ACE — FTS)

Cly(SMILES) = HCI(SMILES) + CIO(SMILES) Q)
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ol TS saatralataiasrnniataL A (b (NO2) measured by ACE-FTS revealed a value of 2.7 ppbv
] L owmesoma ] on average in the 675-700K bin, CIO observed in daytime
\ EEEISL:SNICT ] could be converted to CIONQduring sunset. As mentioned
] in Sect. 4.2, the nighttime value of CIO was also almost zero.
] \ ] Therefore, the diurnal cycle of CIO from zero (nighttime) to
1t \ ] 0.35ppbv (14LST) in the 675-700K bin (26 km) is likely
] %] mainly caused by the photolysis of CIONO

o

a

S
T

=y

3

3
T

a

a

3
T

el

/= HCI (SMILES-JAXA)
-= HCI (SMILES-NICT)
& HCI (MLS)

= HCI (ACE-FTS)

- CIO (SMILES-JAXA)
= CIO (SMILES-NICT)
[ - CIO (MLS)

450 =< CIONO, (ACE-FTS)

NS

Potential temperature (K)
a
8

%] In addition, we further analyzed CIONQlata taken by
L 1 MIPAS, as given in Sect. 2.4. The data were extracted for
] ] latitudes between 605 and 68S and longitudes between
L P = e Fa—r 60° W and 120 W, which correspond to the vortex interior
Mping ratio (ppbv) Helclyratio during the period of 19—24 November 2009. Since the MI-
Fig. 5. Vertical profiles of CIO (measured by SMILES and P_AS measuremen.ts occurreq at both day _(09:48 LST) and
MLS), CIONO, (measured by ACE-FTS), and HCI (measured by Night (22:30 LST) times, the diurnal change in CIONCan
SMILES, MLS, and ACE-FTS) on 19-24 November 2009 inside be seen. For instance, the average and its one sigma stan-
the Antarctic vortex (within the edge center) as a function of poten-dard deviation was 0.2t 0.07 ppbv (averaged over 11 data
tial temperature, PT (left panel). Horizontal bars shado stan- points) for the daytime and 1.130.14 ppbv (averaged over
dard deviations of the averages. Approximate altitudes correspondiQ data points) for the nighttime in the 675—-700K PT bin.
ing to PT are shown on the right-hand side of the panel. HGI/Cl The difference of 0.22 ppbv is comparable to the value of
rfitios computed for gach of the three instruments are shown in the&s\jILES ClO (0.21 ppbv) in the same PT bin, supporting the
right panel. For a derivation of Gl see Sect. 4.3. conclusion that the diurnal cycle of ClO is caused by the pho-
tolysis of CIONGQ.

Generally, the HCI/G] ratios are in good agreement
among the three sensors for all PT levels between 400K

Cly(MLS) = HCI(MLS) + CIO(MLS) 2 and 700 K. Taking the average of the four HCI{ @rofiles
shown in Fig.5, the difference (X — average) with regard
+CIONO2(ACE - FT9 to the average ranges from5 % in the 650-675K bin for

SMILES-NICT to 8% in the 625—-675K bins for ACE-FTS,
where X is one of SMILES-JAXA, SMILES-NICT, MLS,
Cly(ACE - FTS) = HCI(ACE - FT9 (3)  and ACE-FTS. As mentioned above, the, @alue calcu-
lated from Eqgs. (1) and (2) may have a positive bias up to
+CIONO(ACE - FTS). ~ 0.2 ppbv, amounting te- 6 % for a C}, value of 3.2 ppbv.

For CIO, values during daytime (SZAs less thaif)dsre  The HCI/Cl, ratio is 0.91-0.95 in the peak HCI PT levels
used (Fig4). CIONG; values for the LSTs of SMILES and (450-500 K) from the three sensors. This strongly suggests
MLS observations would be needed for a precise calculathat even in the late November period HCI dominateg Cl
tion of Cly. Since the CION@ values measured by ACE- inside the Antarctic vortex in the lower stratosphere. The re-
FTS at sunrise are higher than they would be during day-sult is consistent with the previous observations in November
time, adding the ACE-FTS CIONfvalue to the sum of CIO  from the different sensor&R{nsland et al.1996 Michelsen
and HCI values for SMILES or MLS results in an overesti- et al, 1999 Hayashida and Sugita007) and the Aura MLS
mate of C} values. Conversely, for ACE-FTS, we just take alone (le Laat and van Weel@011). The lower values of
the sum of the HCI and CION£values, because CIO val- CIO in those PT levels also confirm that it was deactivated
ues at sunrise (SZA of 9D are expected to be small (less to reform HCI through the ReactionRY) to (R4). The data
than 0.05 ppbv, as was mentioned in Sect. 4.2). However, thiguality of SMILES HCI in the lower stratosphere is sufficient
results in a slight underestimate of the ACE-FTS @l to capture this high HCI/ Glratio phenomenon.
ues, especially above 600 K. Considering these two opposite
directions, the HCI/ Gl ratio difference between ACE-FTS
and others above 600K in the right panel of Figcan be 5 Conclusions
partly explained. In addition, the vertical shape of the com-
posite C| values is consistent with deduced,@hlues from  SMILES measured several chemical species in the middle
N2O measurements made by MLS and ACE-FTS (see Ap-atmosphere between October 2009 and April 2010. It was
pendix A). on board the ISS/JEM platform and successfully measured

Although the contribution of HOCI to GlIshould be dis-  the low-noise emission spectra. We focus on HCI and CIO
cussed, the data quality of this version of HOCI has not beermeasured inside the late spring Antarctic vortex on 19-24
thoroughly evaluated. Thus, we do not address the diurnal cyNovember 2009. The data are sorted by EgL fields with the
cle of HOCI here. More importantly, since nitrogen dioxide aid of DMPs, and data inside the vortex are averaged. To
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confirm the quality of SMILES-JAXA and SMILES-NICT 700 F T T T T T T T T T (k) e e

data products from the view point of partitioning of Ctom- L Cly (SMILES-NICT)

parisons are made with Aura MLS and ACE-FTS satellite | owms 1, [—cyiacers) ]
data taken in the same time period. I SACEFTS 1k e MLsNO)
The SMILES HCI reveals 2.8-3.1 ppbv between 450K [ — Cly* (ACE-N;0)

@
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T
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T

and 500 K, along with a result that the NICT product is, at the
maximum, 0.5 ppbv larger than the JAXA product between
425K and 575K. The SMILES-NICT HCI agrees within
10 % with the MLS HCI between 450 and 575 K and with the
ACE-FTS HCI between 425 and 575 K. Above 575 K, the
SMILES-NICT HCI values are, however, 11-19 % smaller
than those from MLS and 16-22 % smaller than those from i »
ACE-FTS. The SMILES-JAXA HCIl is 10 to 20% smaller aso- ) » 1 F
than that from MLS between 400 and 700K and ACE-FTS I 1 F
between 500 and 700 K. . . L
For CIO in daytime (SZAs less than §5SMILES-JAXA 0 50 100 150 20 20 25 30

- ithi N,O mixing ratio (ppbv) Mixing ratio (ppbv)
and SMILES-NICT agree to withint0.05 ppbv between 3
450K and 625 K, although the difference between the two . ]
products amounts te0.07 ppbv at 625-675 K and 0.07 ppbv Fig. Al. Vertical profiles of NO measured by MLS (red) and ACE-
at 425 K. The difference between MLS and SMILES-JAXA FTS (purple) on 19-24 November 2009 inside the Antarctic vortex

(within the edge center) as a function of potential temperature, PT
Z:lilf\sﬂsllc_)is\/-v’::]cgl(v)v?/salljsg r:ga;gggbgpgimeen S00K (left panel). The average ankilo standard deviation in each 25K

S L PT bin are shown. Approximate altitudes corresponding to PT are
Considering the low CION® values also inside the shown on the right-hand side of the panel. Compositev@lues
Antarctic vortex as measured by ACE-FTS, HCI was the calculated from SMILES, MLS, and ACE-FTS (see Sect. 4.3) and
main component of Glbelow the 500K level in Novem-  the Cl* values deduced from thef® values from MLS and ACE-
ber 2009. All three sensors show high valued)(9) of the  FTS (see Appendix A) are shown in the right panel. Bars show cor-
HCI/CIy ratios, in agreement with the past observations in-responding GI* values estimated from the standard deviations of
side the spring Antarctic vortex. These results can be usefulN20 data.
for assessing the performance of recent chemistry—climate
models (CCM) in CCM validation activities (e.g., Fig. 6.32
of SPARC CCMVa) 2010. The results from SMILES-JAXA  estimated to be 8-9 % and 13-25 %, respectively, for 46.4—
(v2.1) and SMILES-NICT (v2.1.5) suggest the validity of 100 hPa levelslivesey et al. 2011). Fitting errors for the
both HCI and CIO data in the lower stratosphere, where HCIACE-FTS version 2.2 DO data are estimated to be 4 % for
values were as high as 3 ppbv during the period studied heréa—35 km Strong et al.2008.

The Cl* values calculated from the expression are then
decreased to the year 2009 as was don&Vetzel et al.
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Appendix A (2012, since the expression is valid for the years 2000—
2003. It should be noted that recent satellite measurements
Comparison between C} and Cly* of SFs from the Michelson Interferometer for Passive Atmo-

spheric Sounding (MIPAS) on board Envisat suggested an
The composite Glvalues are compared with a surrogate for inter-hemispheric difference in “apparent age” of air inside
Cly, which is referred to as ¢1. FigureAl shows vertical  the Arctic and Antarctic vorticesSiller et al, 2008 2012.
profiles of NO measured by Aura MLS and ACE-FTS (left For NoO data less than 20-30 ppbv (abové00 K), they
panel). The right panel of Figh1 shows the Glvalues from  could be influenced by intrusions of mesospheric air into the
SMILES, MLS, and ACE-FTS (see Sect. 4.3) and thg*Cl Antarctic vortex. The real age of air in the Antarctic vortex
values. The G values are deduced from the@ data from  might be different from that in the Arctic, making the,Cl
MLS and ACE-FTS and a polynomial expression betweenvalues estimated uncertain. Thus, thg*Glalues presented
Cly* and NO (Wetzel et al.2010. This expression is based here are solely reference values.
on in situ balloon observations of2J® and several organic Absolute differences between MLS and ACE-FTSON
chlorine speciesHngel et al.2006, and is calculated for the data amount to 30 ppbv. It could be partly due to a differ-
Arctic stratosphere for mean age of air less than 6 yézms ( ent degree of descent of air. Such differences reflect tjie Cl
gel et al, 2002. The retrieval method and validation results values; those from MLS are larger than those from ACE-FTS
for MLS and ACE-FTS NO measurements are described in below 500K levels. The Gland C}* values from ACE-FTS
Lambert et al(2007) and Strong et al(2008, respectively.  (purple and gray lines) agree well below 500K levels. The
Precision and accuracy of the MLS version 38 N\data are  result presented here provides some sort of uncertainty range
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for the Cl, level in the Antarctic stratosphere in this time pe- Brenninkmeijer, C. A. M., Miiller, R., Crutzen, P. J., Lowe, D. C.,

riod.
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