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Abstract. Chlorine monoxide (CIO) is the key species for CIO enhancement of about 100 pptv was observed at 0.02 to
anthropogenic ozone losses in the middle atmosphere. WB.01 hPa (about 70-80 km) for 58—65° N from January—
observed CIO diurnal variations using the Superconductfebruary 2010. The performance of SMILES CIO observa-
ing Submillimeter-Wave Limb-Emission Sounder (SMILES) tions opens up new opportunities to investigate CIO up to the
on the International Space Station, which has a non-sunmesopause.

synchronous orbit. This includes the first global observa-
tions of the CIO diurnal variation from the stratosphere
up to the mesosphere. The observation of mesospheric

CIO was possible due to 10—20 times better signal-to-noisel  Introduction

(S/N) ratio of the spectra than those of past or ongoing

microwave/submillimeter-wave limb-emission sounders. WeChlorine monoxide (CIO) is a primary form of reactive chlo-
performed a quantitative error analysis for the strato- andine and a key intermediate for ozone losses. The parti-
mesospheric CIO from the Level-2 research (L2r) prod_tioning of the reactive and reservoir forms of the halogen
uct version 2.1.5 taking into account all possible contribu- SPecies modulates the destruction of ozone. Chemical ozone

tions of errors, i.e. errors due to spectrum noise, smoothlosses are mostly controlled by spatio-temporal distributions
ing, and uncertainties in radiative transfer model and in-Of active halogens. For example, CIO activation on surfaces
strument functions. The SMILES L2r v2.1.5 CIO data are Of polar stratospheric cloud due to low temperatures pro-
useful over the range from 0.01 and 100hPa with a to-duced the strong Arctic ozone depletion during the winter of
tal error estimate of 1030 pptv (about 10 %) with averag-2010/2011 ianney et al.2011). Microwave spectroscopic
ing 100 profiles. The SMILES CIO vertical resolution is 3— "eémote sensing from space is one of the best methods of ob-
5km and 5-8km for the stratosphere and mesosphere, rdaining global CIlO distributions in the Earth’s middle atmo-
spectively. The SMILES observations reproduced the diur-SPhere. There have been four satellite instruments so far that
nal variation of stratospheric ClO, with peak values at mid- €nable the CIO global distributions to be observed. The first
day, observed previously by the Microwave Limb Soundersatellite observation of CIO was accomplished by the Mi-
on the Upper Atmosphere Research Satellite (UARS/MLS).crowave Limb Sounder (MLS) on board the Upper Atmo-
Mesospheric CIO demonstrated an opposite diurnal behavsPhere Research Satellite (UARS), which was launched by

ior, with nighttime values being larger than daytime values. ANASA in 1991 (Vaters et al.1993; the UARS/MLS mea-
sured the CIO transition at 204.4 GHz. The Sub-Millimetre
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Fig. 1. Single-scan Band C spectra observed by SMILES at tangent heights of 23, 27, 33, 37, 42 and 46 km. The frequency is calibrated by
considering Doppler shift. The figure at left is a magnification of the CIO transitions at 649.445 and 649.451 GHz. The figure at right shows
the full frequency region for Band C. Date: 9 November 2009. LT (local time): 00:22. Latitude: §7Lngitude: 6.4 E.

Radiometer on board the Odin satellite (Odin/SMR) wasstratosphere. SMILES has three observation frequency
launched in February 2001 and has been observing Clands of Band A (624.32—625.52 GHz), Band B (625.12—
using the transition at 501.3 GHM(rtagh et al. 2002. 626.32 GHz) and Band C (649.12-650.32 GHz). The CIO
Aura/MLS was launched in 2004 and has been observingransitions observed by using SMILES in the ground rovi-
ClO using the transition at 649.4 GH@éters et al.2006. bronic state A-type doubling,J =35/2-33/2) are located
The Superconducting Submillimeter-Wave Limb-Emission at 649.445 and 649.451 GHz in Band C (Fig. Two of
Sounder (SMILES) also observed CIO using the same transithe three frequency bands were used simultaneously, as in
tion as Aura/MLS but with much more sensitive technology. simultaneous observations using Bands A and B, Bands B
SMILES made observations from the Japanese Experimerdand C, or Bands C and A, since SMILES had two spec-
Module (JEM) of the International Space Station (ISS) be-trometers. About 70 % of all observations were for Band C.
tween 12 October 2009 and 21 April 201KiKuchi et al, SMILES observed the Earth’s limb from the JEM/ISS at an
2010. altitude of 330—370km. The latitudes covered by SMILES
The SMILES observations were notable in that they observations were normally 38—65 N. About 1600 points
were (1) the first passive observations of the Earth’s atmowere observed daily by SMILES. The SMILES antenna limb
sphere with a sensitive 4-K submillimeter-wave receiver andscans were normally performed from 0 to 100 km.
(2) the most sensitive observations of short-lived atmospheric We quantitatively evaluated a total error in the CIO ob-
species with diurnal variations, which were achieved by theservations taking into account all known contributions of er-
non-sun-synchronous orbit of the ISS. rors, i.e. errors due to spectrum noise, smoothing, and uncer-
The SMILES instrument employs superconductor- tainties in radiative transfer model and instrument functions.
insulator-superconductor (SIS) mixers cooled at about 4 KAn error due to inaccuracy in spectrum calibration was also
and high-electron-mobility-transistor (HEMT) amplifiers at evaluated. Uncertainties of the error contributions were con-
20 and 100K. The receiver system achieves a low systenservatively determined based on the laboratory and in-orbit
noise temperature{ys) of about 350 K and a signal-to-noise measurements made by the SMILES mission team for the
(S/N) ratio of about 50 for stratospheric CIO at mid-latitudes Level-2 research (L2r) product version 2.1.5. SecRohe-
for a single-scan spectrunfsys achieved with receiver scribes all error sources considered in this study and meth-
systems using conventional Schottky diodes is about 3000-eds of calculating the errors in the SMILES CIO observa-
6000K in the 500-600 GHz region for passive satellite tions. In Sect3, we described results of the error analysis.
observations. The SMILES target species arg GIO, Sectiond described diurnal variations observed by SMILES.
H35CI, H37ClI, O3 isotopomers, BrO, HQ HOCI, CHkCN  Stratospheric CIO diurnal variations observed by SMILES
and HNQ in the stratosphere and the mesosphere, as welvere compared to those observed by UARS/MLS. Diurnal
as HO and ice clouds in the upper troposphere/lower
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variations of the mesospheric CIO up to 80 km were observed Line-by-line calculations were performed using a dedi-
by SMILES for the first time from space. cated spectroscopic database for SMILES observations. The
The retrieval algorithm of the L2r version 2.1.5 was op- lines included in the SMILES spectroscopic database were
timized for the middle stratosphere up to the mesosphereselected according to the line selection algorith8atf
We focused on CIO in the middle stratosphere and the meso201Q Baron et al.2011) from the lines listed in the JPL spec-
sphere at equator and mid-latitude regions. A polar enhancettoscopic catalogRickett et al.1998 and the HITRAN 2008
ClO at lower stratosphere was not discussed in this pacatalog Rothman et a).2009. There were about 1200 lines
per. Several issues for retrieval in the lower stratosphere ara the SMILES spectroscopic database. The line intensities
planned to be improved in the next version of L2r product. and the transition frequencies were adopted from the JPL
catalog with some replacements with recent laboratory mea-
surements@azzoli and Puzzarin2004 H. Ozeki, personal
communication, 2010; W. G. Read, personal communica-
We have performed an error analysis for volume mixing ratiotion’ 2011). The air-broadening coefficientgyr and nair,
were taken from the HITRAN 2008 catalog and the labo-

) e o C10 st S0l s Speci, e 7 atory messurmet(sin and Garmach200a Hoshi
P P et al, 2008 Sato et al. 201Q Drouin, 2007 Markov and

and also from inaccuracy in ;pegtrum synthesis using for'Krupnov, 1995 Mizoguchi et al, 2012 Perrin et al, 2005
ward model and spectrum calibration.

e.g. W. G. Read, personal communication, 2011). The CIO
spectroscopic parameters relevant to the SMILES obser-
vations are given in Tabld. The Van Vleck and Weis-
2.1.1 Calculation of radiative transfer skopf profile fan Vleck and Weisskopfl949 was used
as the line shape function at the lower altitudes where the

We used the Advanced Model for Atmospheric TerahertzDoppler broadening width was less than 1/40th of the col-
Radiation Analysis and Simulation (AMATERASUB&ron lisional broadening width, and the Voigt profil&chreier
et al, 2008 for clear-sky radiative transfer calculations and and Kohlert 200§ was used at the higher altitudes. Con-
instrument functions, which was also used for calculation oftinuum absorption coefficients of humid and dry air were
the L2r version 2.1.5Raron et al. 2011). The details on  based on atmospheric opacity measurements maéaiuo
the forward model calculations are describedyban etal. et al. (2001). The dry-air continuum model was multiplied
(2004. Radiance intensity at frequeneys calculated using by 1.2 to be more consistent with theoretical estimates (e.g.
a total absorption coefficiert,: Boissoles et al2003.

. We estimated errors in the CIO VMR retrievals due to un-
ky(s) = Z oP(s) Jv‘fq(T) — fo(vg, wg) + &™), (D) certainties in the line intensity,jr andnajr of the ClO lines.

P Vg The typical uncertainties given in Tablewere used in this
error analysis, i.e. 1, 3 and 10 % for the line intensiRickett
etal, 1998, yair andngjr (Oh and Cohenl994 W. G. Read,
personal communication, 2011), respectively. As a represen-
tative of effects of other molecular transitions, the effect of
yair Of the strong @ line at 650.732 GHz was evaluated.
The wing of this Q line contributes largely to baseline of
the Band C spectrum. We adopted thg of the G; line of
3.01 MHz Torr1 measured byprouin and Gamachg008.

The error in the CIO VMR due to 3 % uncertainty in thg
of the G; line was estimated. We also estimated the error for
) the CIO retrieval due to 20 % uncertainty in the dry-air con-
tinuum model.
where P is the pressurexyvr is the VMR andysers is the Temperature and pressure for the radiative transfer calcu-
self-broadening coefficient. The self-broadening effects forlation were taken from the Goddard Earth Observing System
CIO are much smaller than the air-broadening effects sincéMlodel, Version 5.2 (GEOS-5)Rjenecker et a].2008 and
xvMR IS much smaller than 1 (the VMR of CIO is of order the Mass Spectrometer and Incoherent Scatter (MSIS) clima-
10~9). Equation ) therefore reduces tpai(T) P. yair de-  tology (Hedin 199J) for the altitude region from the surface
pends on the temperatufewith a factorngj, written as to 70 km for the former and that from 70 to 110 km for the
latter. Uncertainties in the temperature profile have been con-
servatively estimated according to the comparison of the tem-
peratures measured from Aura/MLS and GEOSénhwartz
et al, 2008, i.e. 3, 10, 30 and 50K for the troposphere

2 Method of characterizing error

2.1 Uncertainties in synthesized and observed spectra

wheres is the line-of-sight,o” (s) is the number density of
the speciep, v, is the frequency of the transitian J‘f]q(T)

is the line intensity of the transition at the temperatur®,
fu(vg, wy) is the line shape function for the transitignw,

is the line width of the transitiop andkS°"(s) is the contin-
uum absorption coefficient. Line widtlr consists of colli-
sional broadening widthco;, and Doppler broadening width
Wdop- Weol IS described using air-broadening coefficigt
as

Weol = Vair(T) P (1 — xvmr) + Vsel(T) P xvmR,

T —Nair
Yair(T) = yair (To) <70> (To = 296K). €))
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Table 1. Spectroscopic parameters of the CIO lines observed by SMILES. The numbers in parentheses represent uncertainties. Intensity is
represented by a base-10 logarithm. The quantum numbers are represent&el B A andF for the total angular momentum, projection

of J on the molecular axis (z-axis), projection of the total electron spin momentum on the z-axis, projection of the total orbit momentum on
the z-axis and the real total angular momentum including the nuclear spin mMOmMertBIA Q=X + A, F=J +1).

Frequenc§ Intensity? R b

ngi Quantum numbers (upper stéte)  Quantum numbers (lower staie)

(GHz) (MHz nn®) (MHz Torr1) &) J Q@ ¥ AN F J Q=" AN F
649.44504 —1.9671 1%) 2.86 (3%) 0.77(10%) 35/2 3/2 1/2-1 19 33/2 3/2 1/2 +1 18
649.44504 —1.9920 « 1%) 2.86 (3%) 0.77 (10%) 35/2 3/2 1/2-1 18 33/2 32 12 +1 17
649.44504 —2.0170 & 1%) 2.86 (3%) 0.77 (10%) 35/2 3/2 1/2-1 17 332 32 12 +1 16
649.44504 —2.0420 & 1%) 2.86 (3%) 0.77(10%) 35/2 3/2 1/2-1 16 33/2 3/2 1/2 +1 15
649.45117 —1.9671 1%) 2.86 (3%) 0.77 (10%) 352 3/2 1/2 +1 19 33/2 32 121 18
649.45117 —1.9920 & 1%) 2.86 (3%) 0.77(10%) 35/2 3/2 1/2 +1 18 33/2 3/2 1/2-1 17
649.45117 —2.0170 1 %) 2.86 (3%) 0.77(10%) 35/2 3/2 1/2 +1 17 33/2 32 1/21 16
649.45117 —2.0420 & 1%) 2.86 (3%) 0.77(10%) 35/2 3/2 1/2 +1 16 332 312 121 15

@ The JPL catalog version Pickett et al. 1998. bW. G. Read, personal communication, 2011.
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Fig. 2. Schematic of the SMILES payload.

(below 11 km), the stratosphere (11-59 km), the mesosphermstruments are described Bykuchi et al. (2010; Masuko
(59-96 km) and the thermosphere (above 96 km). The unceret al.(2002 andOchiai et al.(20129.

tainties in the pressure profile were conservatively set as a As the optical path of SMILES is well designed to mini-
constant percentage of 10 % for all altitudes. mize standing waves (the spectral ripple is as small as 0.09 %
of input brightness temperatur®chiai et al, 20129, their
effects were negligible in this error analysis.

The aperture size of the offset Cassegrain antenna (ANT)
is 400 mmx 200 mm Manabe et a) 2012). Its vertical beam
size is 0.09, in terms of the full width at half maximum
(FWHM), and the field-of-view is around 3.2—4.0km at the
Here, we describe key instrument functions of SMILES suchtangent heights ranging from 10 to 60 km in the condition of
as the antenna beam pattern, the separation ratio of the sidére 1SS height ranging from 333 to 370 km. Radiafi¢l
band separator (SBS) and the filter response function oft frequency received by a boresight solid angle of ANT is
each channel in the spectrometer. FigRighows the signal  given by
flow in the SMILES system. Further details on the SMILES

2.1.2 Instrument functions

Uncertainty in instrumental parts of forward model

Atmos. Meas. Tech., 5, 2809825 2012 www.atmos-meas-tech.net/5/2809/2012/
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et al, 2012. UNIT 1 of the AOS was used for CIO observa-
IANT — / 1,(2) R\NT(Q) dQ, (4)  tions. The CIO transitions at 649.445 and 649.451 GHz are

typically located around AOS channel number 535; the re-
lated FWHM of the response function is about 1.06 MHz.
where 1,(%) is the radiance for the directiof, RNT is The uncertainty in FWHM was conservatively estimated to

the normalized antenna beam pattern &qds the boresight be 10 %.
solid angle, defined in the Level-1 processing as the angu'%ncertainty in calibration
range withint 4.2 from the boresight direction. The Level-

1 brightness temperature does not include the radiance comrpe evel-1b (L1b) version 007 data were used for process-
ing from outsides2o, which is estimated and subtracted from jng | 2r v2.1.5. Here, we provide a brief overview of the cal-
the total radiance in the Level-1 processing; more details ONpration procedure in L1b version 007. After this, we repre-
related uncertainties are provided below. SMILES periodi-sent radiancé with brightness temperatug.

cally scanned atmosphere with a stepping rate of 12Hz and The prightness temperature averaged ow&f with

an angular step of 0.00937§0.3—-0.4 km). The atmospheric 5 weight ofRANT is denoted aganT. Total brightness tem-

limb emissions during six steps in 0.5s were accumulatetheratureZyg received by ANT at the point of the main re-
to generate a spectrum at one tangent height. The forwarflector (MR) is expressed as
model in the L2r v2.1.5 synthesized the spectrum at one tan-
gent height using?”NT without adjustments for the antenna MR = mainZANT - 7Ispace’s (Zspacq
movements over six scan steps. The errors in CIO retrieval + nearthZB (Tearth + Mbody 7B (Tbody), ©)
due to the omission of the adjustments and uncertainty in the . . - . .
. . . here nmain is the main beam efficiency in the solid an-
beam size were calculated. The beam-size uncertainty use e reqion defined b and corre-
in this error analysis was 2 %, which was conservatively esti-> - ' -9 : ¥20. Nspace Nearth Ibody &
) spond to fractions of the antenna beam pattern integrated
mated from measurement errors in the pre-launch test of the : . .
antenna beam pattern. over the solid angles which are directed towar_d space, the
Tangent height was geometrically measured from the an-E arth and the SMILES structural body, respectivdlyace

tenna elevation angle and the ISS attitude. Bias in the meat?earth andTiody are the temperatures of space, the Earth and

sured tangent height was retrieved in the L2r retrieval anal-he SMILES structural body, respective(T) represents

. . the brightness temperature of a black body at the tempera-
ysis. Random uncertainty was due to measurement error

of the ISS attitude, and was estimated to be about 0'001§Jerre;£.n1;)h0e7mvﬁlg] cboenasne]r\?:tlif/lglnugggﬁﬂ:tgdgtzi ISnt::rt:ilnbt in
(Ochiai et al, 20128. It corresponds to 40 m in the tan- ' y y

. s i . TJmain as 2 %
gent height and 0.5% in the spectrum brightness tempera The fractional contributions of space, the Earth and the

ture, which is much smaller than the total random error dis-SNIILES structural body rfs and respec-
cussed later. Therefore the error due to the uncertainty in the J00Y Tispace Tearth aNG Nbody, FESP
ively) were geometrically calculated as

tangent height was not taken into account in this paper.

Upper sideband (USB) and lower sideband (LSB) werenspace= 0.084(1 — nmain) .
separated using SBS and fed to the SIS mixers for l_JSB anc}]earth — 0.060(1 — Nmain) »
LSB, respectively. The SBS configuration is described by
Manabe et al(2003. The radiance input to the USB mixer  bedy = 0-856(1 = nimain) ®)
(I5MX) is expressed using the radiances in the URR[)  for the Earth's limb observations, and

VIF
ANT ;
and the LSB (j'; ) received by ANT as nspace= 0.140(1 — nmain)

Qo

UMIX USB ;ANT USB) ;ANT Nearth = 0.004(1 — nmain) ,
[UMIX _ gUSB ANT | (1 — BY: ) AT (5) Tear mai
Nbody = 0.856(1 — nmain) » )
VIF = VUSB — VLO = VLO — VLSB, (6) o
for the cold-reference measurements (cosmic microwave
where 5B is the ratio of the contribution of N1 and  background). We assumed in the L1b version 007 processing

v o is the frequency of the local oscillator at 637.32 GHz. that 7g (Tspace Was substantially 0 KTearth was 255K, and

Ochiai et al.(2008 describe details oB. BUSB ranges  Thody Was the measured physical temperature of the antenna

between 0.98 and 0.99, but it is assumed to be one to reducgructure Tearthhad the largest variations f@kpace Tearthand

a calculation time in the retrieval processing of L2r v2.1.5. Thoqy. We investigated errors due to uncertainties infgin

We calculated the errors in CIO retrieval due to this assump-of 20 K (typical variations in the Earth’s actual atmosphere).

tion and the uncertainty in th@bl’FSB of +3dB. Joule mirror losses were taken into account in this error
Two acousto-optical spectrometers (AOSs), called UNIT 1analysis. Brightness temperatures due to losses of the main

and UNIT 2, were used for spectral detection. Responseeflector (MR), the sub-reflector (SR) and the tertiary reflec-

functions of the AOSs were measured in orbtiZobuchi tor (TR) were not calibrated, although a reference brightness

www.atmos-meas-tech.net/5/2809/2012/ Atmos. Meas. Tech., 5, 28825 2012
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temperature from the calibration hot load (CHL) was mea- The Level-1 processing produces brightness temperature
sured every 53 s by inserting the switching mirror (SWM) in spectrumygps, Which is the estimation dfanT usingV, for

the beam at switching point between the TR and the fourththe atmospheric limb observations, the cold (space) and hot
reflector. Brightness temperatu&y" of the beam at the (CHL) references. These cold and hot references were mea-
switching point for the atmospheric measurements is ex-sured every 53 LJchiai et al, 2008.

pressed as _ _
2.2 Inversion analysis

THR" = iR tsRUTRTMR + (1 — MR iesriTR) T8 (Tmirror) , (10) ) o
We employed the optimal estimation methoBRofigers

whereumr, usr and utr are the transmission coefficients 2000 for the L2r retrieval analysis of version 2.1.Bgron

of MR, SR and TR, respectively, arfhiror is the tempera- et al, 2011). The method leads to the maximum a posteriori
ture of the reflectors. These three reflectors were assumed #vlution, which minimizes the value gf:

be at the same temperatufgirror, because the mirrors were 5 1

made from highly thermally conducting material (aluminum X = [yobs — F(x, B)]" S, [yobs — F(x, b)]

alloy) (Manabe et a).2012. Scattering and spillover losses +@x—x2" St — xa), (13)

at these reflectors were counted in the efficiengysy and
not in umR, 1SR Or wtm. Brightness temperatu tht of the
beam for the hot-reference brightness temperature at TR is

whereF is the forward modely is the vector of the atmo-
spheric true state, artdis the vector of the parameters used
in 7. Sy is the covariance matrix for spectrum noisex 4 is
TThFQ’t = puswmi{ncHL 7 (TcHr) + (X — pcH) Zrx} the a priori state of andS; is the covariance matrix for the
+ (1 — uswm) 7 (Tmirror) » (11) natural variability ofx. We useS, andS; as tuning parame-

ters to obtain a stable retrieval.
whereusww is the transmission coefficient of SWMcnL

is one minus the reflection coefficient of CHIgny is the  Syli, jl = Ef&',j, €, = 0.5K, (14)
temperature of CHL antry is brightness temperature of in-
cident to CHL. The coefficientavr, sk, #TrR and pwswm
are 0.9955, 0.9958, 0.9956 and 0.9959, respectively. These [ 12[i] — z[j]l}

wheres; ; is the Kronecker delta.

values were estimated from laboratory reflection measureSqyli, j] = €alilealjlexp (15)
ments of materials that have identical surfaces as reflec-
tors. Uncertainties in these coefficients were estimated to be
0.1%. A power reflection coefficient of CHL was negligibly €ali] = €1xalil + €2, (€1, €2) = (0-57 2.0 x 10—10) (16)
small (less thar-60 dB), anducyL was assumed to be one. ] ) ) )
The receiver output, i.e. the quantized output from AOS’Whe_rez(_; |s_the corre_latlon Iength that <_:0nstra|ns the vertical
deviates from a linear relation to the input brightness tem-continuity in the retrieved profile, and is set to be & km.
perature because of gain nonlinearity of the receiver and the A Vertical VMR profile of CIO was retrieved using each

spectrometer components. Outpigtfrom AOS at the chan-  S¢an of the Band C spectrum with a reduced frequency
nel corresponding to the frequencys given by window of 649.4+ 0.2 GHz. The CIO a priori profile was

the same as that for Odin/SMR, which was based on
V, = G, (1 —aV —do Vv) Py + Vo, (12) the UARS/MLS climatology. The weighting functions (see

Eq. 22) were calculated at altitudes from 16 to 43 km with
whereG, is the total system gairi/ is the average o/, 3-km intervals, from 43 to 55 km with 4-km intervals and
over all spectrometer channelg is the offset of the AOS  from 55 to 95 km with 5-km intervals. We used the measure-
output, andp, is the total input power to the receivéf.was  ment spectra whose tangent heights range from 15 to 90 km.
assumed to be 12000 and 22 500 for the cold and hot referThe accompanying retrieval parameters were a second-order
ences, respectively, in this error analysis. The input pgwver polynomial baseline, an offset of the AOS frequency and a
is proportional to a sum dfanT and system noise tempera- line-of-sight elevation angle for each scan. Although the off-
ture Tsys 7Tsys includes system noise, the brightness comingset of the line-of-sight elevation angle was also retrieved us-
from directionp and the emissions from the lossy reflec- ing the 3 line in Bands A and BRaron et al. 2011, the
tors. Coefficientsr anda’ represent receiver gain nonlinear- offset used for the CIO retrieval was independently retrieved
ity (Ochiai et al, 20123. « was 1.884x 10~% and was mea- using the CIO lines and the baseline spectra in Band C. The
sured in the pre-launch test. We call “gain-compression pointing information came from the pressure broadening of
parameter”. We conservatively estimated uncertainty as  the line in combination with the assumed a priori knowledge
20 % including errors from the signals outside the spectrom-n the background atmosphere. The temperature and pressure
eter passbands. The teenV, did not have large effects on profiles were not retrieved in the Band C retrieval. The VMR
the CIO retrieval compared with the teranV and was ig-  of H,O was also set as a variable with an intention of im-
nored in this error analysis. proving the fit of the baseline.

Zc
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2.3 Method of error calculation 102 — : : : T 92.9

Total errorEtqtg is given by

478.3

Etotali] = \/Eﬁoist,ii] + Egmootf{i] + Epz)ararr{i] + Egalib[i]7 (17)

£ 01} : 61.9%

. . . v g
where E ise iS the error due to spectrum noisBgmooth iS 5 o
the smoothing erro paramis the error due to uncertainties g 10°} 14445

in the model parameters arft.qip is the error due to inac-

curacies in the spectrum calibration. We conservatively es-

timated the uncertainties for each error source described in

Sects.2.1and2.2 We took the root-sum-square values for ]

the estimation of the total systematic error, since we consid- 10> ~——536—286 860" 66 03 0.4 66 05 g i 162

ered as many (16) error sources as possible and most of th VMR [pptv] Averaging kernel

" \We assume that he r state was endcal o the  priof{: 3. Reerence profre; of IO VMR used  he error anly-
. . sis. The left figure shows,ef and the difference ing andxes. The

Statex'a, and synthesmed reference spgctrym using xa. right figure shows the measurement response (black solid line) and

Inversion calculation was performed usipgs. We used re- o averaging kernels.

trieved statexef (NOt x5) as a reference profile for this error

analysis as this removed the characteristics included in the

retrieval algorithm itself. whereSyoiseis the error covariance matrix for measurement
noise.

1

10" 429.9

xret = Z (yref, bo), (18)

Ssmooth = (A — U)Sa(A — )T,
whereZ is the inversion function andy is the vector of  Egmnootdi] = v/ Ssmootdi, i1, (24)
model parameters. The reference profile is shown in Fig.
with the difference inx, and xrer. This figure also shows Where Ssmooth is the error covariance matrix for errors de-
measurement respongeand averaging kernél. Details on  rived fromS; andU is the unit matrix. Note thaE'smoothhas
m are explained byBaron et al.(2002, and we simplified  both aspects for being included in random errBtabdom

them as and systematic errorHgystematid- The random aspect in
E smooth results from applying a finite vertical retrieval grid
mli] = Z AL, jlI, (19) to true statex. The systematic aspect arises by making
F to be identical tax; where the measurement respomnsés
9% low. We focused on the data of L2r version 2.1.5 that satisfy
A= ax DK, (20) m > 0.8 in this paper, wher& spgothWas more random than
9% —_— N _systematic. We categorizdtsmoothaS E randomin the follow-
D= = (K S, K +S; ) K”s, ™, (1)  ing study.
K = a_y (22) 2-3.2 Uncertainty in model parameters
ox

Errors due to the uncertainties in the spectroscopic parame-
ters, the instrument functions and the atmospheric profiles of
temperature and pressure are categorizediRteam E param

is calculated as

wherex was a solution of the retrieval. Weighting functikin
was analytically calculatediz, A and contribution function

D were consecutively given using (Urban et al. 2004).
Typical vertical resolutions of L2r version 2.1.5 were about
3-5 anc_i 5-8 km for altitude regions of 30-50 and 50-70 km,Eparam: T (yref, bo + Ab) — T (yret, bo), (25)
respectively.

where yef is the reference spectrum awg is a vector of

2.3.1 Retrieval error model parameters.

) ) o We took into account vertical correlations for the error cal-
Retrieval error consists of the error due to spectrum statistical |ations of the uncertainties in the atmospheric temperature
noise Enoiseand the smoothing errdsmootn and pressure profiles. We calculated the CIO errors due to the
temperature and pressure profiles employing singular value

- T
Snoise = DS, D", decomposition as follows. The model paramétghas cor-
Eoisdi] = v/ Snoisd i, i1, (23) related uncertaintypb. bg is represented with respect to the
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Table 2. Summary of the error sources for a single-scan observation.

Systematic (S)  Error Uncertainty in Error at Calculation
or Random (R) source error source 2.5hPa (pptv) method
R Spectrum noise er 14 Eq. 23
R Smoothing error €2 2.9 Eq. @4)
R Temperature profile footnote 9.2 Eq.(25)
R Pressure profile 10% 20 E@S)
S Line intensity 1% 6.3 Eq. 25)
S yair (Air-broadening coeﬁicien‘ﬂ) 3% 17 Eq. 25
S nair (Temperature dependence)xafr)4 10% 15 Eq. 25
S vair Of the O3 line at 650.732 GHz 3% 0.022 ERY)
S Dry-air continuum 20% 3.5 Eqg25)
S Antenna beam pattern footndte 3.8 Eqg. @5
S SBS characteristics footnéte 0.13 Eq. £5)
S AOS response function 10% in FWHM 0.24 ER5Y
S Gain-compression parameter 20% 6.2 Eqg. 81
S Main beam efficiencymain 2% 1.9 Eq. 81)
S Joule loss of mirrorg 0.1% 0.042 Eq.31)
S Temperature of the Earfyarin 20K 0.010 Eq. 81)

1 Given by Eq. (4). 2 Given by Eq. 16). 33Kinthe troposphere, 10K in the stratosphere, 30 K in the mesosphere and 50K in the
thermosphere? Of the CIO lines at 649.445 and 649.451 GA2 % uncertainty in FWHM oRANT and no adjustment of six steps in one
tangent heigh® AssuminggYSB=1 and+ 3dB in gYSB,

eigenfunctions of covariance mati® to obtain a represen- 2.3.3 Calibration inaccuracy

tation of bg with uncorrelated components, callbg using
orthogonal matrixd (BB =U). Errors due to the inaccuracies in the spectrum calibration
- - - Eqiip are calculated as

bo=Bbg, bo=B" by (26)

A covariance matrix ob (S;) is a diagonal matrix and com- Ecaip = DAy, (31)

posed of the eigenvalues §f. S; is expressed using, and  \herea y is the difference between the values using the cal-

B as ibration parameter from L1b processing and that with the
S; = BT S,B. (27)  added uncertainty.
The covariance matrix of the temperature uncertainties is ex-
pressed as 3 Results of error analysis

Co . (zli] — z[j])? Error analysis was carried out for all possible error sources
Sli, jl = erlilerl/] exp:— 272 ’ (28) listed in Table2. We separately discuss the results obtained

from the error analysis for the random errBkangom and
whereer[i] is the temperature uncertainty ath altitude  the systematic erroEsystematic Erandom Can be decreased
zli]. Zé is the correlation Iength and is set to be 6 km (the by a\/eraging several prof"es; on the other haﬁgystematic
same agc in Eq. 15). S; andB are computed fron$, us-  remains constantE andom consists ofEncise Esmooth and

ing numerical linear algebra packages. The CIO VMR error g, .ndue to the uncertainties in the temperature and pres-
eparamdue to the uncertainty at thieth altitude level is given  syre profiles E systematicCONSists OfE paramdue to the uncer-

by tainties in the spectroscopic parameters, the instrument func-
) — tions andE ¢4jip. Total error for averagingy profiles is given
ei)aramz yA <yrefa bo + \/ S}}[l, i] Bl) - I()’ref, bo), (29) by
whereB' is thei-th row vector ofB. All &5, Values are E2_. (1]
. 1
added by taking the root-sum-square. Eotal(N)[i] = \/ Egystematiéi] + % 7 (32)

o J 12
Eparanti] = ‘lzspara”{’] ) (30) where Eandgonf(1) is the random error for a single-scan
! observation.
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Fig. 4. Summary of the random errors for a single-scan observa-Fig. 5. Same as Figé except for the errors from the spectroscopic

tion. Red: Epgise Purple: Egmooth Green: error from temperature  parameters. Blue: +1 % uncertainty in line intensity, red: +3 % un-

profile; the uncertainties are 3, 10, 30 and 50K for the tropospherecertainty iny,j,, and green: +10 % uncertainty iy, of the CIO

(below 11km), the stratosphere (11-59 km), the mesosphere (59tansitions at 649.445 and 649.451 GHz. Purple: +3 % uncertainty

96 km) and the thermosphere (above 96 km). Cyan: error from presin ygj, for the Oz transition at 650.732 GHz. Cyan: +20% un-

sure profile (10 %). Blue: total random error. certainty in the dry-air continuum. Black: total error for the five
components.

3.1 Random error

3.2 Systematic error
Figure 4 shows the error budgets fdf angom i-€. Enocise

E smoothand E paramfor the temperature and pressure profiles. 3.2.1  Error due to uncertainty in spectroscopic
This paper presents both absolute VMR errors (left) and rela- parameters
tive errors (right) for all results in the error calculations. Rel-
ative errors were calculated as absolute VMR errors dividedrigure 5 shows the error budgets for the spectroscopic pa-
by xref. Enoiseand EsmoothWere less than 20 % at pressures rameters. The bold black line represents the total error cal-
between 0.6 and 20 hPa where the CIO VMR was enhanced:ulated as the root-sum-square values for the spectroscopic
The errors in the CIO retrieval due to the uncertainties inparameters we investigated. The total error is around 4 % at
the atmospheric temperature and pressure profiles were calbe pressures smaller than 0.05 hPa. The largest contribution
culated employing singular value decomposition (Bf).  comes from the uncertainty i for those from the spectro-
The errors due to the temperature profile were within 5%sScopic parameters. The error due to the 3 % uncertaintyin
at pressures between 0.2 and 20 hPa and increased at prés-about 5% for all pressures, and the maximum is 27 pptv
sures larger than 10 hPa, even though there were smaller uff8 %) at around 1 hPa. We can see that the sign of VMR dif-
certainties at these lower altitudes. The errors due to the prederence reverses at around 7 hPa. Whasis larger, intensity
sure profile were increased to more than 50 % at pressuredround the center of the line of the synthesized spectrum is
larger than 2 hPa and were almost constant at 10-20 % dewer while the intensities in the wings are higher. The CIO
pressures smaller than 2 hPa. The temperature and pressuv&R at larger pressures is retrieved from the wings of the
profiles are related to several other parameters sughjas ClO lines, whereas that at smaller pressures is derived from
andnajr, which increases the contribution of the uncertaintiesthe center of the line. Rate of contributions from the center
in the temperature and pressure profiles to the CIO retrieval Of the line versus those from the wings increases with alti-
The total random error was given by the root-sum-squareude. Therefore, a smaller VMR is retrieved at larger pres-
of the retrieval errors and the errors due to the temperaturéures and larger VMR is retrieved at smaller pressures, by
and pressure profiles. At pressures smaller than 0.1 hPa, thésing a larger value ofajr.
retrieval errors were dominant anBangom Was increased The error fromngr follows that from y,ir. The vertical
from 50 to 200 pptv ¥ 100 %). Erandom Was about 30— trends in the errors fronyir andnair are similar. Accord-
50 pptv at pressures larger than 0.1 hPa. The pressure prég to the definition of Eq.3J), increasingar increasevair
file made the largest contribution to the random error in thein the atmosphere whose temperature is lower than 296 K.
stratosphere. Such temperature conditions are satisfied at most altitudes
observed by SMILES. The uncertainty in the line intensity
almost straightforwardly propagates to the error in the CIO
VMR at pressures smaller than 50 hPa, but with an opposite
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Fig. 6. Same as Fig4 except for errors from the instrument func- Fig. 7. Same as Figd except for the uncertainty in the calibration
tions in the forward model. Blue: error from the antenna beamparameters. Blue: 20 % uncertainty in the gain-compression param-
pattern. Red: error from the SBS. Green: 10% uncertainty in theeter«. Red: 2% uncertainty in the main beam efficiengyain.
width of the AOS response function. Black: total error of three Green: total error due to 0.1 % uncertainties in the Joule logses
components. for mirrors (MR, SR, TR and SWM). Purple: 20K uncertainty in
the temperature of the Eartfyain Black: total error due to the
inaccuracies of the spectrum calibration. Cyan: error due to nonlin-
sign; i.e., +1% uncertainty in the line intensity results in earity being neglected between brightness temperafuaad AOS
about—1% relative error. The error from the dry-air con- outputV.
tinuum model increased to more than 10 % at the pressures

larger than 10 hPa. The continuum model affects the baselin% ¢ he ANT il b 3 and 1hPa. al
correction in the retrieval particularly at larger pressures. Thee error from the ANT oscillates between 3 an a, al-
ough the amplitude is small (about 6 pptv). The error from

spectral line shape of CIO broadens as pressure increase% SBS s th | fth q h
which makes it more difficult to distinguish the CIlO signals the Is the root-sum-square value of the errors due to the

ity g USB in@USB — 1
and the baseline. The error due to the uncertaintyyjnof * 3_dB uncertamty B and assuming =1linthel2r
the ozone line at 650.732 GHz is negligibly small. retrieval processing. The error from the SBS has the smallest

contribution of the three instruments.

3.2.2 Error due to uncertainty in instrument functions L I
Uncertainty in spectrum calibration

Uncertainty in instrument-related parts of forward

model Figure7 shows the error budgets due to the uncertainties in

the calibration parameters, i.e. the gain-compression param-

Figure 6 shows the error budgets for the instrument func- €t€re, the main beam efficienoymain, the Joule losses of the
tions in the forward model, i.e. the antenna beam patterns angi"ors 1 and the temperature of the Eaffbarn The total
the characteristics of SBS and the AOS response function<!Tor iS given by the root-sum-square of the errors due to the
The bold black line represents the total error calculated agincertainties in these calibration parameters, and it is about
the root-sum-square value of the errors from the three in-L % between 0.01 and 20 hPa. The error fi@is the largest
strument functions. The total error is less than 4% at the2nd is followed by that frommain. The error fromu is given
pressures between 0.1 and 10 hPa. A dominant factor is thBY the root-sum-square of the individually calculated errors
AOS response function at the pressures smaller than 0.3 hpi! the 0.1% uncertainties in the Joule losses of MR, SR, TR
The CIO retrieval at smaller pressures is more sensitive to th@nd SWM. The errors from andZearare negligible.
AOS response function since the spectral line width becomes e calculated the effect by taking into account nonlinear-
comparable to or smaller than the width of the AOS responsdt Petween the AOS output and the brightness temperature
function. 7T, which is indicated by the cyan line in Figlabeled “Non

The error from the ANT is the largest of the instrument Lin.”. Note that it is not included in the total error of the CIO
functions between 0.6 and 10 hPa. We individually calculated€trieval in this error analysis. It makes a contribution as large
the errors due to the 2 % uncertainty in the beam size and th@S aPProximately 5% relative error, which is about five times
lack of the adjustment of the antenna movements during thdhat of the total error from the uncertainties in the calibra-
data integration time for the measurement spectrum at ondon parameters. This clearly indicates that it is essential to
tangent height. The error from the ANT plotted in Fijis carefully consider the nonlinearity betwe&hand7 in the
the root-sum-square value of these two errors. It seems thaPectrum calibration.
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Fig. 8. Same as Fig4 except for the systematic error. The total Fig. 9. Same as Fig4 except for the total error. Total error in the
systematic error and the errors from the main error sources ar€lO retrieval for averaging a¥ profiles (v =1, 100 and 500). Red:
shown. Blue: 3% uncertainty ipyjr. Purple: 10 % uncertainty in  systematic error. Blue: random error when averagWgrofiles.
najr- Green: 10% uncertainty in the width of the AOS response Black: total error when averaginyg profiles.

function. Cyan: 20 % uncertainty . Red: total systematic error.

3.3 Total error
3.2.3 Summary of systematic error

_ _ _ Figure 9 showsE andom E systematicaNd Eotal fOr a single-
Figure8 showsEsystematicand its main components such as scan observation and averaging8f(= 100, 500) profiles.
the errors due to the uncertainties in m and Nair of the E andom is |arger thanEsystematicfor a Sing|e_scan observa-
CIO transition, the width of the AOS response function andtjon, and is dominant iEroral at all pressures. Averaging
a. Esystematicis smaller than 10 pptv at all pressures except100 profiles, Erandom (100) is less than 10 pptv (10%) at
for around 1 hPa, where the CIO VMR is increased. The Un-pressures larger than 0.2 h#ystematids dominant inErotay
certainties iny,jr andngjr are dominant in the region of pres- (100) in this pressure regiofandon{100) is still as large as
sure larger than 0.1hPa. The error from the AOS respons@o-20 pptv in the pressure region smaller than 0.2 hPa. When
function is the largest followed by that from;, at the pres-  5gg profiles are averagefandom(500) is less than 10 pptv
sures less than 0.1 hPa. The gain-compression pararmagter ((20 %) at all pressures.
has the largest of among the calibration parameters, but the \ye compared the errors in the ClIO VMR of the SMILES
error froma is smaller than the other errors in F&. L2r (v2.1.5) estimated in this work, those in UARS/MLS
There is a peak at about 2hPa (40km) in the VMR er-(y5) py Livesey et al(2003, Aura/MLS (v3-3) byLivesey
ror. This may be because of the assumed CIO VMR pro-gt a.(2011), and Odin/SMR (Chalmers v2.1) fyrban et al.
file, i.e. the a priori profilexrs, which has VMR maximum  (200§. The systematic errors, the random errorssjifor
at 40km. The errors due to the uncertaintieydpandnair,  a single-scan observation and the vertical resolutions at 0.5,
which are the large error sources Etystematic depend on 2 and 10 hPa are summarized in TaBléThe systematic er-
the retrieved VMR value. The value of, decreases rapidly rors of SMILES, UARS/MLS and Aura/MLS are of the same
at the pressures less than 2hPa (40 km), and the peak of th¢der 10-50 pptv. The random errors of SMILES are about a
relative error is located at about 1 hPa (45 km). tenth of those with the other instruments because of the low-
Overall, the error due tgir makes the largest contribu-  noise spectra observed using the SIS mixers. The vertical res-

tion to Esystematie The uncertainties in laboratory measure- olytions of SMILES are comparable to those of Aura/MLS
ments ofy,r are difficult to be reduced because of experi- gnd Odin/SMR.

mental systematic errors such as errors in measurements of

pressure, difficulties of maintaining stable temperature con-

ditions during measurementSgto et al.2010, and contam- 4 C|O diurnal variations

inations with undesirable speciegdi{ and Cohen1994), for

example. Moreover, no theoretical predictiomygf has yet 4.1 Evaluation of SMILES CIO diurnal variations
been completely established. We concluded that the uncer-

tainty in Yair Was one of the |argest error sources in the CIO Figure 10 shows the diurnal variations in SMILES zonal
retrieval. mean CIO for mid-latitude (40N-5C°N) and equatorial

(5°S-5 N) regions at the pressures of 10hPa (30km),
4.6 hPa (35km), 2.1hPa (41km), 1hPa (47 km), 0.46 hPa
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Table 3. Summary of the errors (&) for a single-scan observation of CIO products observed by SMILES, UARS/MLS, Aura/MLS and
Odin/SMR. Systematic error (SE), random error (RE) and vertical resolution (VR) for these instruments are listed.

SMILES L2r (v2.1.5} UARS/MLS (V5Y Aura/MLS (v3-3§ Odin/SMR (Chalmers v2.£)
Pressure SE RE VR SE RE VR SE RE VR SE RE VR
(Altitude) (pptv)  (pptv)  (km) (pptv)  (pptv)  (km) (pptv)  (pptv)  (km) (pptv) (pptv) (km)
0.5hPa (50km) 10 30 55 - - - - - - <100 <150 2.5-3
2hPa (40 km) 30 40 4 60 400 6 25 100 3.5-45 <100 <150 2.5-3
10 hPa (30 km) 10 30 4 30 400 4 20 100 3.5-45 <100 <150 2.5-3

1 This work.2 See Table 9 itivesey et al(2003. 3 See Table 3.5.1 ihivesey et al(2011). 4 See Table 1 itJrban et al(20086.
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Fig. 10.CIO diurnal variations observed by SMILES and UARS/MLS at pressures of 0.18, 0.46, 1, 2.1, 4.6 and 10 hPa for zonal mean. Red:
SMILES at 40 N-5C° N. Blue: SMILES at 53 S—5 N. Gray: UARS/MLS at 40 N-5C° N. The data are averaged within a local time bin of
1-hintervals. The vertical error bars represent $tandard deviations. The numbers of profiles averaged at each local time for the SMILES
observations at 40N-50° N and 8 S—5 N are indicated at the top of the left and right panels, respectively. The vertical grids for SMILES
were adjusted to the UARS/MLS grids with linear interpolation. The SMILES data are taken for the observation period from January to
February 2010, while UARS/MLS data are taken by averaging February data for the seven years from 1991 to 1997. The UARS/MLS data
are taken from Fig. 1 ilRicaud et al(2000. Arbitrary offsets are respectively added to the UARS/MLS data of 100, 200, 400, 200 and
100 pptv at 0.46, 1, 2.1, 4.6 and 10 hPa, since the UARS/MLS data have a negative bias.

(53km) and 0.18 hPa (60km). Two months of data from 2.1, 4.6 and 10 hPa to the UARS/MLS CIO observations. The
the SMILES observations were averaged from January-vertical error bars representslstandard deviations for both
February in 2010. Criteria for data selection were measureSMILES and UARS/MLS.

ment response 0.8 (Eq.19) andy? < 1 (Eq.13). The num- The nighttime CIO VMR values are near zero from 00:00—
bers of the SMILES profiles averaged for each 1h local06:00 (a.m.) in the middle stratosphere at 10 hPa (30 km) and
time bin were 43-299 and 6-339 for the mid-latitude re- 4.6 hPa (35km). The standard deviations in these time and
gion and the equatorial region, respectively. The UARS/MLS pressure region present an internal error in the SMILES CIO
observationsRicaud et al. 2000 were compared with the observations, and not natural variations. The standard devi-
SMILES observations in FidlO. The UARS/MLS CIO data  ations are about 20—30 pptv and consistent with the random
for February at the mid-latitude were averaged over severerror of 30 pptv estimated by the error analysis. This indi-
years (from 1991 to 1997). Arbitrary offsets were respec-cates that the error analysis results are realistic.

tively added as 100, 200, 400, 200 and 100 pptv at 0.46, 1,
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Fig. 11. Seasonal and latitudinal variations in the CIO diurnal variations as a function of SZA and pressure for October—November 2009,
January—February 2010 and March—April 2010 and latitudesN5®5° N, 20° N-50° N, 20° S—20 N and 40 S—2C S). The color contour

levels are separated by 25 pptv. The altitude is represented by the white dotted line. The numbers of averaged profiles in SZA bins of 10
are indicated at the top of each panel. Only retrieved VMR values that saﬁs&yl andm > 0.8 are used. The observation points in the

top row are represented by dots of different colors for each month. The numbers of scans in an SZA biaraf 4®atitude bin of 10are
represented by bars at the top and above and to the right. The total number of scans is given at the upper right.
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The amplitudes of the observed CIlO diurnal variations of CIO photolysis also occurs but the contribution of this path
100-300 pptv are significantly larger than the random erroris much smaller than that of ReactioRY) and can be ig-
of 30 pptv for 100 averaged profiles and the systematic erronored. There is a peak amount of O VMR near SZR=0
for SMILES of 10-30 pptv at all pressures. in the stratosphere (M. Khosravi, personal communication,
Moreover, the behaviors of the diurnal variations in the 2010). The CIO dent structures are produced if [O}|[® 1
ClO VMR for the stratosphere deduced from the SMILES is satisfied near SZA =0
and the UARS/MLS observations gave a good agreement The CIO in the mesosphere is enhanced during the night.
within their 1o standard deviations as plotted in Fitf, This feature has been predicted by several models and
although the artificial biases were added to the UARS/MLSprecisely observed for the first time by SMILES. An event

data. with a higher mesospheric CIO VMR is observed around
_ o 70 km in the near-polar region of 581-65 N at nighttime
4.2 Global CIO diurnal variations (SZA == 130°) as shown in Figll. The “CIO mesospheric

. o . enhancement” that is located close to the tertiagyntxi-

Globfil diurnal varlatlpns of CIO are shown in Fifyl as a mum (Marsh and Smith1995 seems to start from October—
function of solar zenith angle (SZA) over the SMILES ob- 5 ember 2009 and fades from March—April 2010. CIO is
servation period from 12 October 2009 to 21 April 2010 5nhanced through the ReactidR?] because of the Den-
in the stratosphere and the mesosphere for the zonal meags,,cement. The amplitude of the CIO enhancement is about
of 40°S-20'S, 20 S-20'N, 20° N-50°N and SO N-65'N. 150 nnphy. The profile was produced by averaging more than
Note that we define the SZA with arange-e180° 0 +180° 159 profiles in SzA bins of 10 This amplitude is three
in this paper. A negative SZA is used for the a.m. condition jmeq |arger than the estimated total error of 20-30 pptv at
and a pqsmvg one is for p.m.. There were no SMILES CIO 74_go km and therefore significant.
observations in December 2009, because only Bands A and B
were used in that month. The contour intervals in Hid.
are 25 pptv, which is the total error estimated for an averages Conclusions
of 100 profiles. In Fig.11, each SZA bin of 10 was cal-
culated by averaging more than 100 profiles except for theSMILES observed the stratospheric and mesospheric CIO
bins where there were fewer observations because of the opt latitudes between 3%-65 N. We quantitatively inves-
bit of the SMILES observation. The coverage of the SMILES tigated the errors in the CIO L2r product version 2.1.5 in-
observations was not homogeneous in terms of SZA and locluding the errors due to spectrum noise, smoothing, the un-
cation, as indicated by the top panels of Fig. certainties in the radiative transfer calculations and the in-

The CIO VMR in the stratosphere was enhanced duringstrument functions, and the inaccuracies in the spectrum cal-
the day and fell to near zero at night. This is consistent withibrations. The total error for a single-scan observation was
the diurnal variations in CIO VMR observed by UARS/MLS less than about 50pptv at the pressures between 0.1 and
(Fig. 10). The CIO VMR in the afternoon was larger than 60hPa. The total error was decreased to 10-30 pptv (about
that in the morning. The lower stratospheric CIO enhance-10%) at the pressures between 0.01 hPa (about 80 km) and
ment was strongest in the polar region and faded toward thd 00 hPa (about 16 km) with the averaging of 100-500 pro-
equatorial region. files. The largest effect on the systematic error was from the

It seems that the stratospheric (around 40km) CIO de-air-broadening coefficieniir, which contributed up to 8 %
creases as a dent near SZA=®@e can most clearly seeitin to the total systematic error of 10 % at the pressure of 2hPa
the panel for 40S—20 S from January—February. The dent (about 42km).
structures are also observed at latitudes and seasons of We have presented the SMILES global CIO diurnal vari-
40° S—20 S from March—April, 20 S—20 N from January— ations in the stratosphere and the mesosphere. The diur-
February and March—April, and 201-50° N from March—  nal variations of the stratospheric CIO showed good agree-
April. Since there are only a few data near SZA=#nd ments with those of UARS/MLS. The behavior of the di-
these are concentrated at specific narrow latitude rangedrnal variation in CIO was consistent with the known diur-
shown in the top of Figl1, further careful analyses are re- Nnal chemistry. The global diurnal variations of CIO from the
quired to understand what the causes of these apparent degiratopause well into the mesosphere, to altitudes of more
structures are. One possible interpretation of the dent structhan 70km, were obtained for the first time by using the
tures could be suggested via a coupling of CIO abundanc®MILES observations. Nighttime enhancement of CIO at
with the diurnal behavior of atomic O radicals angd.@he  0.02hPa (about 70 km) was detected at the high northern lat-

amount of stratospheric ClO is controlled by the following itudes from January—February 2010. The quantitative error
reactions during daytime: analysis provided here indicated that these CIO features were

atmospheric in nature.
ClIO+ O — Cl + Oy, (R1)

Cl + O3 — CIO + O,. (R2)
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