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Abstract. Ozone is known to have large oxygen isotopic en-1 Introduction

richments of about 10% in the middle stratosphere; how-

ever, there have been no reports of ozone isotopic enrichOzone plays an important role in the Earth’s atmosphere, and
ments above the middle stratosphere. We derived an enrictas a pronounced oxygen isotopic enrichment and anomaly.
ments8000 in the stratosphere and the lower mesospherdsotopic enrichment is defined as

from observations of the Superconducting Submillimeter-

m
Wave Limb-Emission Sounder (SMILES) onboard the Inter- §"0 = <ibs — 1) x 100(%) , 1)
national Space Station (ISS) using a retrieval algorithm opti- " Rstd
mized for the isotopic ratio. The retrieval algorithm includes » , _ ["Ol @)
(i) an a priori covariance matrix constrained by oxygen iso- T [160]°

topic ratios in 0zone, (ii) an optimization of spectral windows . .

for ozone isotopomers and isotopologues, and (iii) common\lv)?erer:”i IS ta rinarsii of fh ia\r?é o::jyr%en r(}enherﬂl\; ?rrl?MgT;
tangent height information for all windows. TB&00O0 by ° yged S0 OtE ¢ a}[ odo ‘;’j EMO\?Va 228"’? 17(;?8(() - )
averaging the SMILES measurements at the latitude rangeoI used as the standakly ( -~ : ‘ N

20to 40 N from February to March in 2010 with solar zenith m:ols/p 2h7e2i(2 %)/250(:1(2 ;]ffézltz gaﬁggt I(Sa?tgs;(;;g?s?tuorp?icmraatﬁ)s
I 13% 2k ith th i f .
angle< 80° was 13 % (at 32 km) with the systematic error o other trace constituents such as £and NO (Lyons

about 5%. SMILES and past measurements were in goo ,
agreement, witts18000 increasing with altitude between 009. Magersbgrge(l%]) reportgd the first measurement
of ozone isotopic enrichment using a balloon-based mass

30 and 40km. The vertical profile 318000 obtained in . rer that showed ter than 40% enrichment
this study showed an increase and a decrease with altitude jppectrometerthat snowed greater than = enrichment in
the stratosphere and mesosphere, respectivelys @00 stratospheric 18 heavy 0zon®Qs), which is larger than

' expected values. Although the measurement performed by

peak, 18 %, is found at the stratopause. THOOO has a ) .
positive correlation with temperature in the range of 220_Mauersberge¢198]) is mentioned to be reanalyzeldquers-

255K, indicating that temperature can be a dominant fact0|berger et a.2007), the first measuremer_1t n 1981 d.'d _trlgger
to control the vertical profile 0§28000 in the stratosphere subsequent measurements of oxygen isotopic ratio in strato-

and mesosphere. This is the first report of the observatior?pherlc 0zOne. .
of §128000 over a wide altitude range extending from the Measurements using a mass spectrometer have the ad-

N vantage of high accuracy (0.01-0.1%), but it is hard to
stratosphere to the mesosphere (28-57 km). distinguish molecules that have the same mass with dif-

ferent isotopomers such 88000 (asymmetric-18 ozone)
and G¥00 (symmetric-18 ozone). Using spectroscopic
techniques, asymmetric and symmetric isotopomers are
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942 T. O. Sato et al.: Vertical profile of§28000 up to the lower mesosphere

separately observettion et al.(1996 observed oxygeniso- SMILES has three observation frequency bands in the
topic enrichments cff000 and G800 in the middle strato-  submillimeter-wave region (band A: 624.32-625.52 GHz;
sphere using space-based solar occultation spectra by the Avand B: 625.12—-626.32 GHz; band C: 649.12-650.32 GHz).
mospheric Trace Molecule Spectroscopy (ATMOS) experi-Two of the three bands are simultaneously observed by
ment. Their globally averaged enrichments between 24 andneans of two acousto-optical spectrometers (AOSS),
41 km were 15+ 6 % and 1Gk 7 % for 18000 and 3800, named AOS 1 and AOS 2, with a bandwidth of 1.2 GHz.
respectively. This inhomogeneous isotopic enrichment beThe transitions of @ (O means'®0 hereafter),18000,
tween8000 and G800 was supported by the measure- 0800, 17000 and G700 are located in the SMILES
ments using a balloon- and aircraft-based Fourier transfornbands, although the intensity of the transition of200
infrared (FTIR) spectrometer bjohnson et al(2000 and is quite small (see Figl). SMILES provides low-noise
Haverd et al(2005. The measured vertical profiles of iso- spectra, enabling observations of weak emissions at high
topic enrichments intf000 and G800 showed an in- altitudes with good signal-to-noise (S/N) ratios. For a
crease with altitude in the middle stratosphere (20—40km)single spectrum, the S/N ratio of thH€OOO transition
Krankowsky et al(2007) precisely measure#®O in bulk  at 649.137 GHz in band C is about 40 and 3 in the strato-
ozone ?903) using a sample collection technique, and con- sphere and mesosphere, respectively. Vertical profilessof O
firmed an increasing of ozone isotopic enrichment with alti- concentrations were observed up to the upper mesosphere
tude from 7 to 12 % at 21 and 34 km, respectively. They alsousing SMILES observation dat&#sai et al.2013. Prior
showed a latitudinal variation of'80 that was more pro- to the launch of SMILES,Kasai et al(2006 estimated
nounced near the Equator than in the middle latitude regionsthe expected precision and accuracy of SMILES ozone
although the observations had been performed in differenisotopic enrichment observations. They reported a precision
years. of a few percent over a 20daily zonal mean profile and
Measured ozone isotopic enrichment is explained by iso-an accuracy of about 15 % for the enrichments&00,
topic fractionation due to the three-body formation reaction’’000 and G’00. There have been many improvements

(about 10 % of enrichment): in the SMILES measurements such as a spectral nonlinear
gain calibration, retrieval algorithm and model parameters
O0+02+M— O3+M, (R1)  since the launch. SMILES has the ability to observe ozone

wheres180 increases with temperature (e lorton et al, |sot0p|_c enrichments in the mlddle_ stratosphgre and hlgher.
In this study, we develop a retrieval algorithm optimized

199Q Hathorn and Marcysl993 Gao and Marcys2003. for ozone isotopic enrichments using SMILES observation

This temperature dependence S relat|yely consistent with th.%ata (described in Sed). In Sect.3, the error ins’8000
behavior in the observed ozone isotopic enrichment. There is

another contribution from the photolysis of ozone (about 3 %derlved f“".m t_he developed retrleval algorithm is estimated
of enrichment) by a quantitative error analysis. We also compare the aver-

ages'®O0O0 values in a latitude range of 20 t0°40 from

O3+hv— 040y, (R2)  February to March in 2010 during the daytime (solar zenith
angle (SZA)< 80°) with past measurements. THEOOO in

especially above 30 knliang et al.(2006 separately cal- the altitude region from the upper stratosphere to the lower

culated vertical profiles of ozone isotopic enrichments duemesosphere is discussed in SectWe report, for the first

to the formation process and photolysis using the 1-D Caltime, vertical profiles ofs¥000 encompassing both the

tech/JPL KINETICS model. The'800O0 values estimated stratosphere and the mesosphere.

by this model were in good agreement with the measure-

ments in the lower to middle stratosphere (20-35km) but

were underestimated at higher altitudes (35—40 km). The dis

crepancy between the measurements and the model is prin:

. : .We developed the optimized retrieval algorithm for ozone
cipally because of a lack of measurements of ozone isotopic

enrichment above 40 km (in the upper stratosphere and thlSOtOpIC ratio by SMILES (TOROROS). This algorithm is

mesosphere). Hence, more observations of ozone isoto icased on the SMILES NICT level 2 retrieval algorithm ver-
S0SP ‘ S ; : PlSion 2.1.5 (called “V215” in this paper). The SMILES re-
enrichment at the higher altitudes is needed.

i - . trieval algorithm is based on the least-squares method with an
The Superconducting Submillimeter-Wave = Limb- a priori constraint (e.gRodgers2000. The forward model
Emission Sounder (SMILES) is an instrument that observes P -grrodgers .

. A o . consists of a clear-sky radiative transfer model and numerical
atmospheric submillimeter-wave emission using supercon-

ducting technology for radiation-receiving systeriiktichi instrument models of SMILES. A detailed description for the
et al, 2010. SMILES was launched and docked on the version 2.X.X series of the SMILES NICT level 2 process-

Japanese Experiment Module (JEM) of the International ">’ including V215, can be found iaron et al(2011).
Space Station (ISS) in September 2009. The operation
period was between 12 October 2009 and 21 April 2010.

2 Development of retrieval algorithm

Atmos. Meas. Tech., 7, 941958 2014 www.atmos-meas-tech.net/7/941/2014/



T. O. Sato et al.: Vertical profile of 18000 up to the lower mesosphere

250 Band A

Band B

Band C

Latitude : 20°N—40° N 0y

Date : 17 Octobar 2009 (day)
200

Tangent Height: 35 km

Brightness Temperature [K]

bl 0, b2 | titude: 20°N—10°N

Date: 15 November 2009 (day)

B
S
S

Tangent Height: 35 km

1

Brightness Temperature [K]

694‘5 624.7 624.9 625.1

Frequency [GHz]

625.3 625.5

G&.DS

25

cl

201

Brightness Temperature [K]

Latitude : 20°N—40°N
Date : 15 November 2009 (day)

Tangent Height: 35 km

625.25 625.45 625.65

625.85
Frequency [GHz]

626.05 626.25

G‘PQ‘DS

©649.25

649.45

649.65 649.85
Frequency [GHz]

650.05 650.25

943

Fig. 1. SMILES observation spectra (level-1b version 008) of band A (left), band B (center) and band C (right). Fifty spectra were ac-
cumulated under the following conditions. Tangent height::355 km. Latitude: 20-40N. Time: daytime on 17 October (band A) and
15 November (bands B and C) in 2009. Green, red and blue shadings represent the b1, b2 and c1 frequency windows, respectively (se

Tablel).

Table 1. Spectral windows of TOROROS.

Window/band Frequency range Target Altitude range
bl/band B 625.042-625.642 GHz 30 20-80km
b2 /band B 625.522-625.642 GHz 18OOO, Q5* 30-60 km
cl/bandC  649.000-649.350 GHz18000,17000 25-60 km
b0 /band B 625.042-625.642 GHz Temperature 20-60km

2.1 Level-1b spectrum and tangent height correction data of the observation from bands B and C for this study,

S0 as not to cause any undesirable errors due to instrumental

We employed the level-1b (L1b) data version 008 releasedlifferences in the band configuration.
in 2012. This version updated a nonlinear gain calibration of We set three spectral windows to retrieve the VMR af O
spectrum brightness temperatuf@chiai et al, 20123. As and8000 in bands B and C, and one spectral window for
emphasized bitasai et al(2013, the nonlinearity issue was the temperature (see Fif.and Tablel). Setting windows
one of the biggest causes of error in the retrieval of the O with a small frequency range has the advantage of reducing
VMR in the V215 retrieval processing. Tangent height infor- contaminations from transitions of molecules different from
mation was also improved using auxiliary data acquired bythe target. In the case of spectral lines of @d8000 in
the SMILES star tracker sensor and the Monitor of All-sky band B, the spectral intensity ofs@ much larger than that
X-ray Image (MAXI) instrumentQchiai et al, 2012b. of 8000, and thé8000 line is located at the wing slope

A tangent height offset was estimated by comparing theof the G line. If their VMRs are simultaneously retrieved, a
brightness temperatures observed by SMILES with those calretrieval solution is converged to one that is optimized fgr O
culated by the forward model, described in S&c8, in the rather than8000. Hence we set retrieval windows individ-
frequency range of 649.56 to 649.69 GHz. Intensities of theually for Oz and000 (window b1 and b2, respectively).
atmospheric molecular transitions in this frequency range ar& he retrieval processes of the four windows were indepen-
quite small: therefore, effects from atmospheric moleculardent of each other to prevent any error propagation from win-
radiations and their variations are minimized. The method ofdow to window.
this bias estimation was not changed from V215 (see Sect. 3 Window bl in band B was set to retrieves MR us-
of Baron et al, 2011, for further details). The tangent height ing the transition at 625.371 GHz. The frequency range was
bias offset was estimated to be about 2—-3 km. between 625.042 and 625.642 GHz. Other parameters si-
multaneously retrieved were the VMRs of other molecules
(*8000, ozone in the vibrational state’QH,0, HNOz and
HOCI), the frequency shift and a first-order polynomial rep-
As mentioned in Sect. 1, only two of the three bands can beesenting a spectral baseline. The pressure and temperature
simultaneously observed. The AOSs assigned to bands B angtofile was fixed to be the a priori (described in Sé&ct).

C are fixed; in other words the observations of bands B andrhe intervals of the retrieval altitude grid were 4 and 5km at
C are always performed by AOS 2 and AOS 1, respectively.

Band A is observed by either AOS 1 or AOS 2. We used only

2.2  Window configuration

www.atmos-meas-tech.net/7/941/2014/ Atmos. Meas. Tech., 7, BH8-2014



944 T. O. Sato et al.: Vertical profile of§28000 up to the lower mesosphere

altitudes below and above 30 km, respectively. This altitudewas estimated to be about 5 % in full width at half maximum
grid was commonly applied for all the windows. (FWHM), which is half of the previous version (10 %).

Two windows were set in bands B and C #6000. Win-
dow b2 in band B retrieve$000 VMR using the transition 2.4 Inversion calculation
at 625.564 GHz that is located at the wing of thg lDe at ] ) ]

625.371 GHz. @ VMR was simultaneously retrieved to fit " the TOROROS algorithm, a solution of the retrieval state
a spectral baseline. Window c1 in band C retrie?3300 vectqrx is determined by minimizing the following cost
VMR using the lines at 649.137 and 649.152 G000 function x?:

VMR is also retrieved with the transition at 649.275 GHz in
window cl. These transitions are isolated from other IinesX2 =(y=F @b Sy L= F(x,b)

with large intensities. Frequency shifts and second-order +@x—xa) S Hx —x0). 3)
polynomial baselines were also retrieved.

In window b0, the temperature was retrieved from the O Sy and S, are covariance matrices for measurement spec-
line at 625.371 GHz. The frequency range and the retrievedrlum noise and an a priori stated), respectively.S, is
parameters were the same as window b1. The temperatui@ diagonal matrix with element®.5K)2. xa of O3 VMR
profile retrieved in window b0 is used for a discussion of Was taken from the Goddard Earth Observing System Model
temperature dependencesdfO00. version 5.2 (GEOS-5)Rienecker et al.2008 at altitudes

There are GO0 transitions at 624.505 and 624.825 GHz below 60km, and the VMR value at 60 km was extended
in band A, but unfortunately their intensities are too weakt0 120km. A priori VMR profiles of the other ozone iso-
to retrieve 3800 VMR for the purpose of a discussion of topomers and isotopologues were calculated based on knowl-
isotopic ratio. Moreover, the transitions of GEN, which ~ edge from past measurements of oxygen isotopic ratios in
are located quite close to thé®DO transitions, cause large 0zone. Thé8000 a priori VMR was calculated based on the
contaminations. In this paper a retrieval of00 VMR is O3z apriori VMR to follow 10 %88000 against the SMOW

not discussed. standard for all altitudes. Thel®DO a priori VMR was 5 %
8000 following a statistical rule. The a priori VMRs of

23 Forward model 7000 and 3’00 were calculated using the relationship of
mass-dependent fractionatioft (O = 0.515s120).

We employed the V215 forward modeF} with the follow- The pressure and temperature a priori profiles were taken

ing improvements. Spectroscopic parameters are one of thBom GEOS-5 and the Mass Spectrometer and Incoherent
largest error sources in the retrieval o§ MR for V215  Scatter (MSIS) climatologyHedin 1993, as implemented
(Kasai et al.2013, and those of ozone isotopomers and iso- in V215. The former profile was for the altitude region from
topo|ogues were updated based on the JPL Cat@@gﬁtt the surface to 70 km and the latter was from 70 to 120 km.
et al, 1998, the HITRAN 2008 databasdrpthman et aJ.  They were smoothly interpolated assuming a hydrostatic
2009 and latest laboratory experiments (e.Brouin and  equilibrium.

Gamachg2008. Table2 summarizes the spectroscopic pa-  The retrieval parameter was projected from the linear scale
rameters of ozone isotopomers and isotopologues used in tHe the log scalex — z):

windows b1, b2 and c1.

Instrument functions have been improved from those inZ = N (). 4)
V215 with respect to an antenna beam patt&x\f), a side-
band separator (SBS) and an AOS response funcliagry
was implemented with a two-step modification. FiBfnT
was integrated in the vertical direction considering SMILES’ dy dydrx
field of view. The atmosphere is assumed to be horizontallyK: = oA d Kyx, (5)

o ; . X : z z
stratified and an integration was performed in the vertical
direction. Second, considering a movement of the antennas well as a variation in the a priori VMR ),
over 0.5s, which is the data integration time for one limb

The weighting functiorK . in the linear scale was also pro-
jected onto the log scale,

emission spectrum, the instantaneous antenna response pgg-z In (1+ f_X) (6)
tern Rant was modified to represent the actual SMILES Xa
limb scan mechanism. A rejection rate of an image bande, [i] = e1x4[i] + €2. 7

(Bimage) Was implemented considering the SBS characteris-

tics. We employed the AOS response function improved by The conversion of Eq.6) is recommended instead of
Mizobuchi et al.(2012. The AOS response function was ob- €, = €, /x5 because it avoids quite large valueseinif x,
tained by fitting with three Gaussian functions. An accuracyincludes a small VMR value (for example on the order of
of the fitting is better than that in the L1b data version 007.ppt). ¢; ande, for Oz were set to 0.25 and.Gx 1075, re-

The error in the AOS response function used in TOROROSspectively. These values were conservatively estimated from

Atmos. Meas. Tech., 7, 941958 2014 www.atmos-meas-tech.net/7/941/2014/
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Table 2. Spectroscopic parameters of transitions gf €000 andl’O00 observed in the spectral windows of TOROROS. The values of
intensity andy,jr are assumed at 300 K. Intensity is represented by a base-10 logadfB@O has hyperfine structure splittings because of

the nuclear spin ot’O. Only the transition that has the largest line intensity in the series of the hyperfine structure splittings is shown. The
updated values from V215 are in bold face.

Species  Window Frequency Intensity Yair nair Quantum numbers
-1

[GHz] [MHz -nm?]  [MHzTorr™Y] [ Nkok, = Nkokg

O3 bl 625.3712420  —3.8748& 3.06° 0.8F 1539 - 16511
0O3*(v2)  bl/b2 6256119575 —6.214¢ 272 0.8 3829 - 3%32
18000  bl/b2  625.5636585 —3.453% 2.8 0.7¢ 23419 - 23320
18000 cl 649.1371678  —3.491% 2.82 0.7 26423 — 26324
18000 cl 649.1386518  —4.2063 2.67 0.8F 4lpz9 — 4140
18000 cl 649.1515998  —4.2237P 2.89 0.7¢ 22716 - 2317
18000 cl 649.152408%  —4.223P 2.87% 068 22715 - 2318
7000 cl 649.2752349  —4.0646 3.03 077 14470 — 14311

a personal communication, H. OzeRiPersonal communication, MLS team (2013 omplex Robert-Bonamy (CRB) calculation performed
by Drouin and Gamachg008. d The JPL catalogRickett et al. 1998. © The HITRAN 2008 databas®othman et a).2009.

variations in @ VMR (e.g.,Kasai et al.2013. The variation In the retrieval of window c112000 VMR is retrieved
in 18000 in the log scale'fe.) was given by with 17000. The cross terms between the two were imple-
mented in the same way as the retrieval of window b1l and
. 2 2 iation i1’ 3.
18¢ [i]= \/(1661[1]) + (Rez[l]) ' ®) b2, but a variation iB-‘O00 was assumed to be 0.3

The retrieval state vectorz was normalized with

I . . . . =In ande, in the retrieval iteration process:
The variation of the isotopic ratibe, was taken from vari- za( (xa)) €2 P

ations in818000, andRe, was set to 0.2 for all altitudes. Z—2a
The variations of @and8000 were multiplied by 2 above "= ¢
55 km, taking into account an accuracy of the GEOS-5 data.
We implemented cross terms$ between the ozone iso- ~ The normalized covariance matrig) was given by
topomers and isotopologues (such as add 18000) fol-

(11)

lowing the retrieval of HDQHO ratios from the Tropo- o _ E (18e.) (%8¢, )E (12)
spheric Emission Spectrometer (TES) observatidorfien (18€Z)‘1(16€Z)E E ’

et al, 2009. The retrieval with the cross terms is expected \k[i]— hIj]]

to prevent estimated isotopic ratio from being an unrealisticE[i, j] = exp[——} . (13)
value and reduce its variations due to measurement errors. he

In the cases of retrieval of VMRs of £and 2000 in
windows b1l and b2, the covariance matrix for the variations
in their a priori profiles was given by

The solution that minimize2 was determined by a
Gauss—Newton iterative procedure modified by implement-
ing the Levenberg—Marquardt schenMafquardt 1963:

16165 16165 .
= (16‘%165Z 18’1852) ' ©  pya=n 4+ (K] 5K, +§1+TU)

. . KI's:t(y—F -S4y, ): 14
16165, and1818s. are the covariance matrices fog ¢z) X( 2>y (P -F@E) =S, "’) (14)
and18000 (&) in the log scale, respectively. Here we as-

sumed that @ VMRs were uncorrelated with oxygen iso-
topic ratios (see Appendikl for further details).

herer indicates the number of iterations a#g, is the
weighting function at-th statey,:

_dy dyodz _

K, = = "= . 15
(10) 7 an 0z Iy 26z (15)

hli]—h[j
mmSZ[Lj] _m ez[i]mez[j]exp[J [i] []]|:| ’

h

¢ The Levenberg—Marquardt paramefewas increased or
wherem is either 16 or 18 and and j in square brackets decreased during the retrieval iteration by being multiplied
indicate the index of a matrix or a vectdr.is the vector of by 2 or /2 and 5 or %5 for band B (windows b0, b1 and b2)
the altitude. The correlation lengilk was set to 6 km. and band C (window c1), respectively.is the unit matrix.

www.atmos-meas-tech.net/7/941/2014/ Atmos. Meas. Tech., 7, BH8-2014
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Table 3. Sources of systematic error and their uncertainties considered in the error analysis. Spectral windows used for the VMR retrieval

are shown in parentheses.

T. O. Sato et al.: Vertical profile of§28000 up to the lower mesosphere

Error Uncertainty Calculation
Sources Q1) 18000 (12) 18000 (c1) Equation
Vair™ 3% 6% 6% Eq.17)
nair 10% 20% 20% Eq.17)
Line intensity?* 1% 2% 2% Eq.17)
Antenna beam pattern 2% in FWHM &fanT Eq. 17)
SBS characteristics +3dB in fimage Eq. 17)
AOS response function 5% in FWHM EAQ?)
Other source None From'QOineID None Eq. 17)

a Of each observed transitioh Uncertainties in the spectroscopic parameters ofO#éne at 625.371 GHz.

Table 4. Same as Tabl8 but for random error.

Error Uncertainty Calculation
Sources Q(b1) 18000 (b2) 18000 (c1) Equation
Spectrum noise 0.5K Eql9)
Smoothing error Same setting as the retrieval processing for each window  20Eq. (
Temperature profile 3K (TR), 10K (ST), 30K (ME), and 50 K (TH) Eq. 17)
Pressure profile 3% Eql?)

* TR: troposphere (0-17 km). ST: stratosphere (17-45 km). ME: mesosphere (45-94 km). TH: thermosphere (94-120 km).

3 Performance of SMILES §18000 observation

We evaluated th&18000 retrieved by TOROROS by means
of (1) an error analysis and (2) a comparison study.

3.1 Error analysis

We estimated errors ist8000 (A§18000) using

2
. Amx] ,

3518000
o™ x

AS000= (16)

m_16,18|:

where™x and A™x denote the VMR value and the error
of O3 (m = 16) or 2000 (n = 18), respectively. The er-
rors A16x and A18x were separately calculated for each er-

The systematic error includes errors from the model pa-
rameters fxparam SUcCh as spectroscopic parameters and
instrument functionsAxparamWas given by a perturbation
method:

Axparam=Z (yref, bo + Ab) — xref
Xret =2 (yref, o), yref = F (Xtrue, bo) -

(17)

7 is the function of the inversion calculatiobg and Ab
are the model parameter vector and its uncertainties, respec-
tively. In the error analysis, the VMR profiles of the clima-
tology based on the UARS/MLS observation were assumed
as the true states ue) for both Q; and®000. Any unde-
sirable effects inherent in the retrieval algorithm itself were
omitted by usingxef instead ofxiye in EQ. (L7). The val-
ues of Ab were estimated as follows. Uncertainties in the

ror source by error analysis with the same methodology dexjr-broadening parameteys) and its temperature depen-

scribed inSato et al.(2012. The error sources considered
in this study are summarized in Tabl@sand4 for system-

dency @) for the G line were estimated to be 3% and
10 %, respectively, which were typical of errors in past esti-

atic and random errors, respectively. The total systematic anéhations, and that in the line intensity was 1 Péckett et al,
random errors were calculated using the root-sum square O_f_gga_ For the 8000 transition, its spectroscopic param-
all errors caused by the considered error sources. The erTQdters’ uncertainties were conservatively estimated as being
in the tangent height was not included in this error analysisyyice the size of those for thefdine, considering difficulties
because its systematic error is corrected by the tangent heighy the estimation of the spectroscopic parameters of the iso-

bias correction described in Se2tl, andOchiai et al (2013

topomers and isotopologues. Uncertaintyixnt andBimage

estimated that the precision was about 46 m, which was subpas 2 % in FWHM andt3 dB, respectively, which are same

stantially smaller than the interval of altitude grid (about 4—
5km) in TOROROS.

Atmos. Meas. Tech., 7, 941958 2014

as the error analysis for the V215 CIO Bwto et al(2012).
Uncertainty in the AOS response function was set to 5%
(Mizobuchi et al, 2012).
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Fig. 2. Reference VMR profiles for the error analysis and the relative errorsyah @indow b1 (top) 18000 in window b2 (middle) and

18000 in window c1 (bottom) retrieved by TOROROS. Colutahshows the reference profilges (red) and the difference betweep.¢

and the true profilectrye assumed in the error analysis (blue) in the left panel. The measurement response is represented by the black line,
and the averaging kernel for each altitude is displayed in the middle panel. The full width at half maximum (FWHM) of the rows of the
averaging kernel matrix is shown in the right panel. Columnshows relative errors for the systematic and random errors in the left and

right panels, respectively. The random error is for a single-scan observation. The error sources and the estimated uncertainties are listed i
Tables3 and4.

In this error analysis, the total random error includes anwherei in a square bracket indicates an index of a matrix or
error due to spectrum statistical nois®x(,oise), @ SMooth-  a vector.Syeise IS the covariance matrix for spectrum noise.
ing error (Axsmooth and errors due to uncertainties in the D is the contribution function matrix and is given by
atmospheric temperature and pressure profis,eise Was

: R -1
calculated using D= z_; = (Kls;le + S;l) KIS (19)
Axnoisdi] = v/ Snoisd i i1 , (18)
Shoise= DSyDT ,
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whereX is a retrieval solution ok. AxsmoothWas calculated
using

Axsmooti] = v/ Ssmootti, 7]

Ssmooth= (A —U)S, (A —U)T .

(20)

Here,SsmoothiS the covariance matrix for errors derived from
S, given by Eq. L0) andA is the averaging kernel matrix.

= — =DK.
X

(21)

The errors due to uncertainties in the atmospheric tempera-

ture and pressure profiles were calculated via E@). taking

into account a vertical correlation between different altitudes

(see Egs. 25-30 iBato et al.2012.
Figure2 shows the reference VMR profiles£r) and the
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averaging kernels in the left column. The results of the errorFig. 3. Errors in the enrichmers#'8000 obtained by TOROROS.

analysis for the VMRs of @in window b1 and®000 in
windows b2 and cl1 are shown in the right column. The di
ferences betweeryes andxye for all molecules were almost
zero, implying that the errors inherent in the algorithm itself
were negligibly small. The same retrieval grid was employed
for all retrieval windows in order to obtain the isotopic ra-
tio without recourse to any vertical interpolation in TORO-
ROS, while V215 adjusted the retrieval grid to optimize each
molecule (see FigAl). The error analysis for the V215 prod-
uct is described in Appendi&2. The measurement response
m is given by

mlil =Y _|Ali. jlI,
J

f-

(22)

and indicates a sensitivity of the observation to the retrieve
result (see Eq. 19 iBato et al.2012 and references therein);
that is, values ofrn near unity indicate that most information
in the retrieval results is provided by observations, while low
values ofm indicate that the retrieval results are largely in-
fluenced by the a priori state and forced to be identical to th
a priori values. Then values of b1l @ were almost equal to
unity for all altitudes between 20 and 80 km. 8000 in
the windows b2 and c1, the values were larger than 0.9 at
altitudes between 28 and 62 km. The FWHM of rows2of
for the b1 @ VMR was about 5km at altitudes from 20 to
80 km, and those fo?O00s were increased from 5 to 10 km
at altitude levels of 28-57 km.

The total systematic error of the blz@as about 2-3 %
from 25 to 65km. Large contributions were fropg;;, the
line intensity and the AOS response function. Below 55 km,
yair and the line intensity were the dominant causes of th
error. The AOS became more important above 50 km. Com
pared with the errors of the V215;@see FigAl), the errors
of the G; VMR in TOROROS were considerably decreased,
which was not the case for the retrievalsl®®0O. This im-
provement is derived from the retrievals o @nd 2000

e

e

Systematic and random errors are shown in the left and right panels,
respectively. Random errors are represented by solid and dashed
lines for a single-scan observation and the average of 100 profiles,
respectively. Total errors 68000 from thel8000s in windows

b2 and c1 are represented by red and blue lines. The purple, light-
blue and green lines show the errors#000 caused by the error
sources in the retrievals 000 (window b2) 18000 (window

cl) and Q (window b1), respectively.

the tangent height was fixed and the error propagatign;pf
was minimized. If the tangent height was retrieved, it was
largely dependent opir, and this contribution was increased
as in V215. The improvement of the AOS response function
was also important for reducing the error. The total random

Jrror for a single-scan observation was 2—-4 % between 25

and 55 km. Errors from the atmospheric pressure profile were
the largest below 45 km and those from the temperature pro-
file were the largest above 50 kitvx poise@anNd Ax smoothWere

less than 1 % between 25 and 50 km because of high S/N ra-
tios of the @ transition.

The total systematic error in tHEO0O0 VMR retrieved in
window b2 varied from 5 to 15 %. It took a minimum value

at altitudes between 40 and 50 km, and increased below and
above this altitude region. The largest contribution was made
by the uncertainty iryair. Similar to Gs, errors from the AOS
response function were decreased compared to V215 (see
Fig. Al). The total random error was larger than 5% and
increased to 20 % above 40 km. Errors due to the spectrum
noise and smoothing error were more dominant than the er-
rors from the atmospheric temperature and pressure profiles,
which is the opposite of the random error of.@he smooth-

ing error seems to be oscillated, which is due to the use of
cross terms irg,. Both systematic and random errors in the
c118000 were almost the same as the'BROO, except for
errors fromyg; around 32 km and from temperature profiles
above 45 km.

using the same tangent height. In the TOROROS algorithm,

Atmos. Meas. Tech., 7, 941958 2014
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Fig. 4. Comparison between VMRs of{Ja) andlSOOO(b) retrieved by TOROROS (blue) and V215 (red). Latitude: 20-M0OMonth:

February—March (2010). Solar zenith angle80° (daytime). Only data with “good quality” (see text) are used for this comparison. The

systematic errors estimated by the error analysis are represented by the shaded area. I(egolnenteft panel shows the median value

of TOROROS and V215. The right panel does their difference and systematic error in TOROROS by solid and dashed lines, respectively.

Column(b) shows the same as colurta) but for 18000 VMRSs in bands B and C. The dotted line represents data for which the deviation

is large or the number of profiles is small. The dashed lines are for the systematic errors in band C.

We estimated the errors of the isotopic enrichment by 65 —————— e
means of Eq.16) using the errors of ®in window bl and B/B (TOROROS) ' B/B (V215) B/B:-C/B (TOROROS)
18000 in windows b2 and c1. The systematic and random 80T ¢/8 (TorROROS) C/B (v215) | B/B-C/B (V215)
errors of§18000 were calculated in the same manner, and o : ’ 3
the results are shown in Fig§. The systematic errors for the
b2 and c8000s showed similar values of 6 % at 45 km and
increased to more than 10 % at altitudes higher than 60 km.
However, the errors 18000 from the b218000 were
larger than those from the 000 of 4-6 % at altitudes
between 25 and 40 km. This is because of the large error due
to the uncertainty irvair of the 28000 transition in window 35¢
b2. Errors from*8000 were dominant, rather thargGor
both §18000s calculated using windows b2 and c1, The er-
ror contributgd from @was about 2-4% and was decreased 255535405 SiE it is
compared with that of V215 (see Fi§2). The random er- Enrichment 6 000 (%] 55000 difference [%)
ror from the c118000 was smaller than that from the b2
18000 for a single-scan observation. It took the minimum Fig. 5. Comparison 0f518000 between TOROROS and V215
values of 5 % between 30 and 40 km, where the VMRs©f O in bands B and C. The ranges of latitude, month and SZA were
and18000 were the maximums, and was increased to morghe same as the comparison in FigOnly data with “good qual-
than 15 % below and above this altitude region. Similar toity” were used in this study. The red and blue lines represent the
the systematic error, the contribution of errors frff@00 6000 calculated by thé®000 of band B (window b2) and
was larger than that from £1n general, random errors are Pand C (window 681)’ respectively. The©Of band B (window b1) is
suppressed by averaging the number of profiles. Given thes%om;non tcc)i bOIHf \?Slgs'TInhe Er%er:jand purple lines aﬁéooo _
characteristics, the random error was decreased to less thacr)lrt € product o - The shaded areas represent the systematic

. . . errors estimated by the error analyses (see BigadA2). The dif-
2% at altitudes from 25 to 50 km by averaging 100 prOfIIes"ferences between bands B and C are shown in the right panel by the

which was the case for both windows b2 and c1. blue and purple lines for TOROROS and V215, respectively. The
In conclusion regarding the error analysis, the largest erotted line represents data for which the deviation is large or the

ror source 8000 was they,ir of the BO0O0 transition.  number of profiles is small. The dashed lines show the systematic

Indeed, this error source contributed more than 90 % to theerrors ins18000 from band G8000.

total systematic error. It is worth noting that the accuracy

of spectroscopic parameters, especiady, is essential for

Altitude [km]
IS u w
w o w

H
o
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Fig. 6. Comparison 0618000 derived from the SMILES observation by TOROROS with the past measurements. The blue line represents
the TOROROS 18000 obtained from the b1 4and the c18000. The data selection is the same as the other comparisons in this paper
(Figs. 4-5). The estimated systematic error for each case is represented by the respective shaded area. See the capfidar airFig.
explanation of the dotted line. The red circle denotes the observations using a mass spectikrargtewgky et al.2007). The error bar
represents the &-standard deviation. These data are multiplied by a factor of 1238(2/10.2) to translate frod180 (bulk) tos18000.

The factor is estimated from the observationJphnson et al(2000, whose measurement results are shown as solid green squares for
the estimated precisions. The light-blue triangle represents the observatidasestl et al(2005. The error bar represents the estimated
precision. The ATMOS observatiotripn et al, 1996 is represented by purple marker with shaded area of thestendard deviation. The

black dashed line is the 1-D model simulationsd#000 byLiang et al.(2006. Further information on the past measurements is shown

in Table5. Note that the error bars and the shaded areas are used to distinguish between errors in one measurement and in averaged valu
of several measurements, respectively. The vertical temperature profile retrieved from the SMILES observation is shown (window b0) in the
right panel. Shaded area represents the estimated systematic error in the temperature.

reducing errors in remote-sensing measurements with a high In this study we selected data that are regarded as “good
S/N ratio spectrum&ato et al.2012 Sagawa et gl2013 quality” by x2 and measurement responseAbout 20 % of
Kasai et al.2013. We recommend that a laboratory study be the data with largey 2 values were removed, and only the re-
undertaken to determingy; of 18000 transitions at an ac- trieved data at altitude levels that satisfy &9n < 1.2 were
curacy on at least the same order of that of ther@nsition used. The L1b data with field-of-view interferences were also
(3%), although both laboratory experiments and theoreticatemoved. The numbers 6£2000 profiles calculated from
predictions have large difficulties that must be overcome. the b1 Q and the c£2000 with “good quality” were 1145—
1377 in an altitude range between 28 and 57 km.
3.2 Comparison The left panel of Fig4 shows the comparison of thesO
VMRs retrieved by TOROROS (window b1l) and by V215
We compared the VMRs of £and 18000 derived from  (window B-w1; see Tablé\1) between 28 and 57 km. The
SMILES observation by TOROROS and V215. This compar-median statistic was used instead of the mean statistic for
ison was performed using a profile-by-profile comparison.average state. The B-w13®/MR was linearly interpolated
We selected the VMR profiles derived from the same scaron the retrieval grid of the bl £ The bl QG VMR was
by TOROROS and V215 under the following conditions: 20— larger than the B-w1l ®VMR by at most 0.6 ppmv at alti-
40° N, February—March (2010) and SZA8(°. The daytime  tudes above 32 km. This is plausible, sikaesai et al(2013
condition was chosen since most of the past measurementhowed that the B-wl §VMR had a negative bias in this
compared with TOROROS later (see F&y.have been dur- altitude region {0.5 to—1.0 ppmv) due to a problem of tan-
ing daytime. The comparison results for nighttime are showngent height determination caused by uncertainty in the non-
in AppendixA3. linearity gain calibration of spectrum brightness temperature.
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f f : : f V215, at altitude levels between 32 and 57 km. A decrease

B [ - S B R S of 618000 was observed in both TOROROS and V215 be-

Month: Feb—Mar (2010) | ] tween 47 and 52 km, which is discussed in Séct.

A 1660 ' ' The TOROROS$®000 was compared with previous

SR e ] 818000 measurements in Fig. The §8000 from the

bl Oz and the c1'®000 is shown by the blue line. The

TOROROS$'8000 increased from 13 to 18 % as the al-

‘ titude increased from 32 to 42km. This is in good agree-

jz t: ment with other measurements within the systematic errors

fkm 1 of TOROROSS00O0 in this altitude range. The gradient

2 km of the TOROROS*000 was about-0.5 % knt2, which

3T km was also consistent with the ATMOS observatibiof et al,

Z:: | 1996. Temperature retrieved by TOROROS, in window b0,

e s . i i — ,  Isalsoshownin Fig5, and the TOROROS*®000 seems to
Temperature [K] be correlated with the temperature. The correlation between

818000 and temperature is discussed in Séct.

40+
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Fig. 7. Correlation betweedl000 and temperature derived from

the SMILES observatiod18000 is calculated using theb@nd 3.3  Summary of the error of the SMILES §18000

c118000. The temperature was retrieved in window b0 of TORO-

ROS. Latitude: 20N-4C0°N. Month: February—March (2010). So- The systematic and random errors in 848000 derived by

lar zenith angle> 100” (nighttime). Only data with “good quality” ~ TOROROS are summarized in TalfieThe total systematic

.(see text) were .u.sed. The number qf the average for each altitudgrrqr estimated by the error analysis was about 5-15% at

is shown (the minimum and the maximum values)_. The mean valu ltitudes between 32 and 57 km (see F.The dominant

for each altitude is _plotted as a square mgrker with an error bar °Lource of error was the uncertaintyyi; of the18000 tran-

1-0 standard deviation. The median value is plotted as a star marker.... .
sition for both windows b2 and c1. The total random error
was less than 2% by averaging 100 profiles in this altitude
region. The comparison studies showed that the TOROROS
818000 was in good agreement with the past measurements

The comparison fofO00 VMR is shown in the right  within the estimated systematic error in the altitude range be-
side of Fig.4. The B-w4 and C-w5 windows of V215 cor- tween 30 and 40 km (see Fig).

respond to the b2 and c1 of TOROROS, respectively. The

18000 VMRs derived by TOROROS and V215 are in good

agreement within the systematic errors for both bands B andi  Discussion

C. Only b28000 showed larger VMR than the others at

28 km (represented by dotted line). The differenc&aO0 Here we discuss in detail th#8000 decrease derived by

VMR between bands B and C in the TOROROS algorithm TOROROS with increasing altitude above 45km. As re-

was less than 1 ppbv at altitudes between 32 and 57 km. Thported byMorton et al.(1990 andKrankowsky et al(2007),

use of common tangent height values in the processing obxygen isotopic fractionation in the ozone formation (Reac-

those two bands largely contributed to the reduction of thetion R1) has a significant temperature dependence. Figure

bias between bands B and C. In V215, the tangent heighshows the correlation betweéf000, calculated from bl
values were optimized for each band processing, which reOz and c1'000, as well as temperature from b0 derived
sulted in the significantfO0O0 difference between bands B by TOROROS. In order to minimize photolysis effects, only
and C. nighttime data (SZA- 100°) were plotted. The mean and
Figure 5 shows the comparison of¥8000 between medians®000 values agreed within 1% except at 57 km,

TOROROS and V215. The'®000s of TOROROS were and they can be regarded as representative values between

10-20 % between 32 and 57 km and were smaller than thos28 and 52 km. There is a clear positive correlation between

of V215. This is because of larger values of the bi O 58000 and temperature, strongly suggesting that the ozone

VMR (in TOROROS) than those of the B-w13@in V215), isotopic enrichment increases with temperature. This behav-

as shown in Fig4. The b28000 VMR at 28km made ior is qualitatively consistent with experiments reported by

818000 larger than 30 %. We recommend that data at thisMorton et al.(1990 andKrankowsky et al(2007), although

altitude not be used. At 57 km, a dispersios8000 was  their experiments were for the bude®Os. The gradient of

quite large and we recommend the use of#f®©00 value  the TOROROS$8000 against temperature was roughly
only for a qualitative discussion, not for a quantitative one. estimated to be about 0.25%K The chaperon mecha-

The discrepancies of TORORGE0O00 between bands B nism (i.e., ArO+ Op — Ar + Oz and ArG + O — Ar +

and C were less than 3%, which was smaller than those 003) should also be considered as an alternative to explain
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Table 5. Summary of information from SMILES and past measurements used in the comparison showrbin Fig.

Instrument Latitudé Month/yeaf Altitude Reference
SMILES (from ISS) 20-49N Feb—Mar 2010 32-57km  This paper
Mass spectrometry of 43N 3 0ct 1998, 11 Oct 1999, 4 Oct 2000 21-36 knKrankowsky et al(2007)
collected ozone by balloon 11 May 2001, 25 Apr 2002
JPL MKIV FTIR spectrometer 32N 9 Mar 1993, 14 Feb 1994, 27 Feb 1996 18-41 krilaverd et al(2005
(balloon-based)
FIRS-2 FT spectrometer 30-38, 26 Sep 1989, 4 Jun 1990, 29 May 1992, 20-40 krohnson et al2000
(balloon-based) 68N (in 1997) 29 Sep 1992, 23 Mar 1993, 22 May 1994

30 Apr 1997
ATMOS FTIR spectrometer 86B-8C N Apr 1985, Apr 1992 25-41 km Irion et al.(1999
(space-based) May 1993, Nov 1994

* Note that the information is only for this comparison and not for all observations.

Table 6. Summary of the error in18000 derived from the SMILES observation by TOROROS. The numbers on the left and right side are
for 18000 from the b28000 and the c#8000, respectively, for the median valuesdfO00, SE, RE (1) and RE (100).

Altitude s180007 SE? RE (1f RE (100¥ FWHM of A€ Main error source
52km 15%/18 % 8%I7 % 20%/17 % 2%02 % 9km yair of the 28000 transition
42km 16 %/20 % 7 %/5 % 8 %6 % 1%/1% 6 km vair of the 18000 transition
32km 15%/13 % 14%/5 % 10 %/5 % 1%/1% 5km vair of the 18000 transition

2 Median value under the conditions of20-4(°N, February—March (2010) and SZA8(C°. b Systematic errof Random error for a single-scan observatRandom
error in the average of 100 profilésFull width at half maximum of the averaging kernel matrix.

the 518000 decrease with increasing altitudeapov and  were not realistic. The systematic errosffO0O0 due to the
Schinke 2008. Since thes®8000 decrease with increasing errors in b1 @ VMR was estimated to be less than 4 % (see
altitude was observed during not only daytime but also night-Fig. 2), which is smaller than the amplitude of thi#000
time (see FigA4), the photolysis (ReactioR2) could not  decrease with increasing altitude. We also confirmed a priori
be responsible for th&*8000 decrease with increasing alti- dependence df2000 by applying a perturbation of 100 %
tude. Ozone isotopic enrichment is assumed to be less depeand obtained almost the same result, with a difference within
dent on pressure, particularly lower than 50 hBa2Q km) 1-2 %. Thus, the error of the TOROROS observation consid-
(e.g.,Gao and Marcu2002. There have been previous ex- ered in this paper cannot explain 5000 decrease with
periments on ozone isotopic enrichment as a function of presincreasing altitude.

sure using @ produced by UV photolysis and the discharge  We concluded that temperature could be a dominant factor
of Oz (Thiemens and Jacksph987 Morton et al, 1990. in controlling of 18000 vertical profile in an altitude range
A certain decrement of the enrichment was measured at preof 28 to 52 km.

sures lower than 8 hPa; however, the authors mentioned that

it might be due to an apparatus effect. Further investigation

is suggested in order to clarify a role that pressure plays oy conclusions

the ozone isotopic enrichment, especially for pressures lower

than 1 hPa. _ We derived $18000 using a retrieval algorithm, named
We also investigated whether or not 1000 decrease  TOROROS, optimized for oxygen isotopic ratio in ozone
with increasing altitude is caused by errors in the SMILES, 4 range between the middle stratosphere and the lower
observations. The error fromair of the %000 transition,  mesosphere from SMILES observations. The TOROROS al-
which is the Iargest error source i_n the total systematic ergorithm is based on the V215 algorithm and includes (i) an
ror of §1%000, is unlikely to explain thé'®000 decrease 3 priori covariance matrix constrained by oxygen isotopic ra-
with increasing altitude because, firstly, td000 de-  tios in ozone, (ii) an optimization of spectral windows for
crease with increasing altitude was observed by two separatg,one isotopomers and isotopologues, and (iii) common tan-
observations from frequency bands B and C (see3jignd,  gent height information for all windows. The TOROROS
secondly, the TOROROS'®00O0 (absolute value and gra- s18000 was 13 % at 32 km and the systematic error was es-
dient) is in good agreement with the other measurements ifimated to be about 5%. The systematic and random errors
the stratosphere. This would not be the case iffievalue  \yere estimated by a quantitative error analysis. The largest
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Appendix A In the same way'816S. becomest®16s. . Therefore S, is
given as
Supporting information
16,16 16,16
Al Introduction of cross terms in a priori covariance S, = (lG,lGSZ 18,185)- ©
matrix

. . A2 Error analysis for V215
We implemented cross terms between the ozone isotopomers y

and iSOtOpOIOQL.JeS in a cc_)variance matrix for _the a prioriyyq performed the quantitative error analysis for V215 us-
state 6,) following the retrieval of HD@QH2O ratios from ing the same method as that for the V215 CEaio et al.

the Tropospheric Emission S.pectrometer (TES,) obs_ervatiorkom_ Since retrieval procedure of V215 is based on sequen-
(Worden et al.200. The retrieval state vector is projected tially dependent retrieval steps using the limited spectral win-

from the linear scale to the log scale+> z) as dows (see Tabl&l), we followed the step-by-step retrieval

to estimate the errors in the VMR ofsGand 8000, and
818000 from the model parameters (Bd). The error from

and then thé8000 VMR state vector'fz) is given by a the spectral noise and the smoothing error were calculated
summation of the state vectors of thg (3z) and their iso- ~ USing Eas. 18) and €0), respectively.

Z=|n(x)a (4)

topic ratio (z): The window setting pf V_21_5 is de_scribed as foIIo_ws. In
band B, the tangent height is first retrieved using thdiae
18 16 R ® 18, at 625.371 GHz in window B-w0. Window B-w1 is set for
z="z+%z, fz=In (@> : (A1) the retrieval of the VMR of @with the B-wO0 tangent height.

The retrieved @ VMR and tangent height are used as an
The covariance matrix for their variations in the a priori a priori in the retrieval of the EPCI VMR in window B-w2.

profiles in the log scaleX,) is given by The VMR 0of 18000 is retrieved in window B-w4 using the
retrieved parameters in windows B-w0, B-w1 and B-w2 as an
s — 16165 16185 a2 2 priori. In band C, the tangent height is retrieved by a bias
= | 18165 1818g | correction using the CIO line at 649.45 GHz instead of the
16.16 (16, 162\ (16. 16-\T] O3 line. This tangent height is employed in the retrieval of
65, =g | (Y2 -102) (0 -2z) |, the VMR 018000 in window C-w5.
- T The error sources in Tabl@andt were taken into account
1618g _ 16, 167) (18, 18> in this error analysis. The uncertainties in the spectroscopic
S, =¢ b4 z z z) |, Y p p
J parameters were the same as the error analysis for TORO-
18'16SZ _¢ _<18 18 _> (16 16 _>T' ROS. As described in Se@.3, the antenna response pattern
L z z z z ’ (RaNnT) Should be widened, but this procedure was ignored in
1818 (/18 18-\ (18 18-\T V215. This was also included in the error sources of V215.
S =& ( zZ— Z) ( z— Z) . The rejection rate of the image barffage Was assumed to

be one in V215; thus, the error due to this assumption was
Here € is the expectation operator agds the mean of  also considered. The uncertainty in the AOS response func-
z. By substituting Eq. A1), 1618 in Eq. (A2) becomes tion was 10 % in the error analysis for V215. The error due

16163, as follows: to the uncertainty iry, of the CIO line in band C was calcu-
' ) lated for'8000 VMR in window C-w5 because the tangent
16185 _ ¢ (162_16 2) (182 _18 2)1 height used in window C-w5 is retrieved using the CIO line
) L as mentioned above. The results of the error analysis for the
ce[(e ) (e e )| e emanio0 o AS e vt s
gal
- T andA2.
— (16Z _16 2) (162 _16 2) ]

L A3 Nighttime comparison between the two retrieval
T .
+E [(162 16 2) (RZ R 2) } ’ (A3) algorithms

The results of the comparison study between the TOROROS
If we assume thaf [(lez —167) (Rz R Z)T] =0 (thatis, and V215 algorithms for nighttime (SZA 100°) are shown
the O3 VMR is uncorrelated with the oxygen isotopic ratio), in Figs.A3 andA4 for the VMR of O3, the VMR of 8000
ands*®000. They showed similar behaviors as those during
16185 _1616g (A4)  daytime.
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Fig. Al. Same as FigR but for the G in B-w1 (top),18000 in B-w4 (middle) and8000 in C-w5 (bottom) of V215.

A4 Error analysis for temperature retrieved by temperature were about 1-2 % in the stratosphere. The un-
TOROROS certainty in they,;r of the G; line contributed more than 90 %

of the total systematic error. The AOS response function had
We estimated the systematic and random errors in the tema larger contribution at altitudes above 50 km. For the ran-
perature retrieved in window b0 of TOROROS. The methoddom error, the pressure profiles were the dominant source for
and error sources considered in this analysis were the samall altitudes considered in this study. The temperature profile
as the error analysis for the VMR ofs0n window bl. The  became more important above 50 km.
left panel of Fig.A5 shows the reference profile and the av-
eraging kernel for the b0 temperature. The measurement re-
sponse was larger than 0.9 in the altitude range between 20
and 57 km. The total systematic and random errors in the
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Table Al. Spectral windows of V215.

Altitude [km|
IS
w

Enrichment error [%]
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~ B-w4 (V215)
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VMR [ppbv] VMR [ppbv] Difference [%]

Window / band  Frequency range Target Altitude range  Corresponding window in TOROROS
B-wO/band B 625.042—625.612 GHz Tangent height 18-70km -
B-wl/band B 625.042-625.612 GHz 3Qemperature 18-100 km bl
B-w2/band B 625.714-626.264 GHz 3¢c1, o700 16-100 km -
B-w4/band B 625.500-625.830 GHz18000, 3’00, HO,  20-90 km b2
C-wO/band C  649.120-650.320 GHz Tangent height 11-40km -
C-wb/band C  649.000-649.300GHz 18000,17000 25-60 km cl
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Fig. A5. Same as Fig2 but for the temperature retrieved in window bO0. In the panel, to display the reference temperaturexpegfilhé
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