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Abstract. Ozone is known to have large oxygen isotopic enrichments of about 10 % in the middle stratosphere; however, there have been no reports of ozone isotopic enrichments above the middle stratosphere. We derived an enrichment δ 18 OOO in the stratosphere and the lower mesosphere
from observations of the Superconducting SubmillimeterWave Limb-Emission Sounder (SMILES) onboard the International Space Station (ISS) using a retrieval algorithm optimized for the isotopic ratio. The retrieval algorithm includes
(i) an a priori covariance matrix constrained by oxygen isotopic ratios in ozone, (ii) an optimization of spectral windows
for ozone isotopomers and isotopologues, and (iii) common
tangent height information for all windows. The δ 18 OOO by
averaging the SMILES measurements at the latitude range of
20 to 40◦ N from February to March in 2010 with solar zenith
angle < 80◦ was 13 % (at 32 km) with the systematic error of
about 5 %. SMILES and past measurements were in good
agreement, with δ 18 OOO increasing with altitude between
30 and 40 km. The vertical profile of δ 18 OOO obtained in
this study showed an increase and a decrease with altitude in
the stratosphere and mesosphere, respectively. The δ 18 OOO
peak, 18 %, is found at the stratopause. The δ 18 OOO has a
positive correlation with temperature in the range of 220–
255 K, indicating that temperature can be a dominant factor
to control the vertical profile of δ 18 OOO in the stratosphere
and mesosphere. This is the first report of the observation
of δ 18 OOO over a wide altitude range extending from the
stratosphere to the mesosphere (28–57 km).

1

Introduction

Ozone plays an important role in the Earth’s atmosphere, and
has a pronounced oxygen isotopic enrichment and anomaly.
Isotopic enrichment is defined as
m

Robs
− 1 × 100 (%) ,
(1)
δmO = m
Rstd
[m O]
m
(2)
R = 16 ,
[ O]
where m is a mass of heavy oxygen (either 17 or 18). The
oxygen isotopic ratio of standard mean ocean water (SMOW)
is used as the standard Rstd (SMOW – 16 O : 17 O : 18 O =
1 : 1/2700 : 1/500) in this paper. Isotopic signature in atmospheric ozone affects a host of oxygen isotopic ratios
in other trace constituents such as CO2 and N2 O (Lyons,
2001). Mauersberger (1981) reported the first measurement
of ozone isotopic enrichment using a balloon-based mass
spectrometer that showed greater than 40 % enrichment in
stratospheric 18 heavy ozone (50 O3 ), which is larger than
expected values. Although the measurement performed by
Mauersberger (1981) is mentioned to be reanalyzed (Mauersberger et al., 2001), the first measurement in 1981 did trigger
subsequent measurements of oxygen isotopic ratio in stratospheric ozone.
Measurements using a mass spectrometer have the advantage of high accuracy (0.01–0.1 %), but it is hard to
distinguish molecules that have the same mass with different isotopomers such as 18 OOO (asymmetric-18 ozone)
and O18 OO (symmetric-18 ozone). Using spectroscopic
techniques, asymmetric and symmetric isotopomers are
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separately observed. Irion et al. (1996) observed oxygen isotopic enrichments of 18 OOO and O18 OO in the middle stratosphere using space-based solar occultation spectra by the Atmospheric Trace Molecule Spectroscopy (ATMOS) experiment. Their globally averaged enrichments between 24 and
41 km were 15 ± 6 % and 10 ± 7 % for 18 OOO and O18 OO,
respectively. This inhomogeneous isotopic enrichment between 18 OOO and O18 OO was supported by the measurements using a balloon- and aircraft-based Fourier transform
infrared (FTIR) spectrometer by Johnson et al. (2000) and
Haverd et al. (2005). The measured vertical profiles of isotopic enrichments in 18 OOO and O18 OO showed an increase with altitude in the middle stratosphere (20–40 km).
Krankowsky et al. (2007) precisely measured δ 18 O in bulk
ozone (50 O3 ) using a sample collection technique, and confirmed an increasing of ozone isotopic enrichment with altitude from 7 to 12 % at 21 and 34 km, respectively. They also
showed a latitudinal variation of δ 18 O that was more pronounced near the Equator than in the middle latitude regions,
although the observations had been performed in different
years.
Measured ozone isotopic enrichment is explained by isotopic fractionation due to the three-body formation reaction
(about 10 % of enrichment):
O + O2 + M → O3 + M,

(R1)

where δ 18 O increases with temperature (e.g., Morton et al.,
1990; Hathorn and Marcus, 1999; Gao and Marcus, 2001).
This temperature dependence is relatively consistent with the
behavior in the observed ozone isotopic enrichment. There is
another contribution from the photolysis of ozone (about 3 %
of enrichment),
O3 + hν → O + O2 ,

(R2)

especially above 30 km. Liang et al. (2006) separately calculated vertical profiles of ozone isotopic enrichments due
to the formation process and photolysis using the 1–D Caltech/JPL KINETICS model. The δ 18 OOO values estimated
by this model were in good agreement with the measurements in the lower to middle stratosphere (20–35 km) but
were underestimated at higher altitudes (35–40 km). The discrepancy between the measurements and the model is principally because of a lack of measurements of ozone isotopic
enrichment above 40 km (in the upper stratosphere and the
mesosphere). Hence, more observations of ozone isotopic
enrichment at the higher altitudes is needed.
The Superconducting Submillimeter-Wave LimbEmission Sounder (SMILES) is an instrument that observes
atmospheric submillimeter-wave emission using superconducting technology for radiation-receiving systems (Kikuchi
et al., 2010). SMILES was launched and docked on the
Japanese Experiment Module (JEM) of the International
Space Station (ISS) in September 2009. The operation
period was between 12 October 2009 and 21 April 2010.
Atmos. Meas. Tech., 7, 941–958, 2014

SMILES has three observation frequency bands in the
submillimeter-wave region (band A: 624.32–625.52 GHz;
band B: 625.12–626.32 GHz; band C: 649.12–650.32 GHz).
Two of the three bands are simultaneously observed by
means of two acousto-optical spectrometers (AOSs),
named AOS 1 and AOS 2, with a bandwidth of 1.2 GHz.
The transitions of O3 (O means 16 O hereafter), 18 OOO,
O18 OO, 17 OOO and O17 OO are located in the SMILES
bands, although the intensity of the transition of O18 OO
is quite small (see Fig. 1). SMILES provides low-noise
spectra, enabling observations of weak emissions at high
altitudes with good signal-to-noise (S / N) ratios. For a
single spectrum, the S / N ratio of the 18 OOO transition
at 649.137 GHz in band C is about 40 and 3 in the stratosphere and mesosphere, respectively. Vertical profiles of O3
concentrations were observed up to the upper mesosphere
using SMILES observation data (Kasai et al., 2013). Prior
to the launch of SMILES, Kasai et al. (2006) estimated
the expected precision and accuracy of SMILES ozone
isotopic enrichment observations. They reported a precision
of a few percent over a 10◦ daily zonal mean profile and
an accuracy of about 15 % for the enrichments for 18 OOO,
17 OOO and O17 OO. There have been many improvements
in the SMILES measurements such as a spectral nonlinear
gain calibration, retrieval algorithm and model parameters
since the launch. SMILES has the ability to observe ozone
isotopic enrichments in the middle stratosphere and higher.
In this study, we develop a retrieval algorithm optimized
for ozone isotopic enrichments using SMILES observation
data (described in Sect. 2). In Sect. 3, the error in δ 18 OOO
derived from the developed retrieval algorithm is estimated
by a quantitative error analysis. We also compare the average δ 18 OOO values in a latitude range of 20 to 40◦ N from
February to March in 2010 during the daytime (solar zenith
angle (SZA) < 80◦ ) with past measurements. The δ 18 OOO in
the altitude region from the upper stratosphere to the lower
mesosphere is discussed in Sect. 4. We report, for the first
time, vertical profiles of δ 18 OOO encompassing both the
stratosphere and the mesosphere.
2

Development of retrieval algorithm

We developed the optimized retrieval algorithm for ozone
isotopic ratio by SMILES (TOROROS). This algorithm is
based on the SMILES NICT level 2 retrieval algorithm version 2.1.5 (called “V215” in this paper). The SMILES retrieval algorithm is based on the least-squares method with an
a priori constraint (e.g., Rodgers, 2000). The forward model
consists of a clear-sky radiative transfer model and numerical
instrument models of SMILES. A detailed description for the
version 2.X.X series of the SMILES NICT level 2 processing, including V215, can be found in Baron et al. (2011).
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Fig. 1. SMILES observation spectra (level-1b version 008) of band A (left), band B (center) and band C (right). Fifty spectra were accumulated under the following conditions. Tangent height: 35 ± 2.5 km. Latitude: 20–40◦ N. 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 (see
Table 1).
Table 1. Spectral windows of TOROROS.
Window/band

2.1

Frequency range

Altitude range

b1 / band B
b2 / band B
c1 / band C

625.042–625.642 GHz
625.522–625.642 GHz
649.000–649.350 GHz

O3
18 OOO, O ∗
3
18 OOO, 17 OOO

20–80 km
30–60 km
25–60 km

b0 / band B

625.042–625.642 GHz

Temperature

20–60 km

Level-1b spectrum and tangent height correction

We employed the level-1b (L1b) data version 008 released
in 2012. This version updated a nonlinear gain calibration of
spectrum brightness temperature (Ochiai et al., 2012a). As
emphasized by Kasai et al. (2013), the nonlinearity issue was
one of the biggest causes of error in the retrieval of the O3
VMR in the V215 retrieval processing. Tangent height information was also improved using auxiliary data acquired by
the SMILES star tracker sensor and the Monitor of All-sky
X-ray Image (MAXI) instrument (Ochiai et al., 2012b).
A tangent height offset was estimated by comparing the
brightness temperatures observed by SMILES with those calculated by the forward model, described in Sect. 2.3, in the
frequency range of 649.56 to 649.69 GHz. Intensities of the
atmospheric molecular transitions in this frequency range are
quite small: therefore, effects from atmospheric molecular
radiations and their variations are minimized. The method of
this bias estimation was not changed from V215 (see Sect. 3
of Baron et al., 2011, for further details). The tangent height
bias offset was estimated to be about 2–3 km.
2.2

Target

Window configuration

As mentioned in Sect. 1, only two of the three bands can be
simultaneously observed. The AOSs assigned to bands B and
C are fixed; in other words the observations of bands B and
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
www.atmos-meas-tech.net/7/941/2014/

data of the observation from bands B and C for this study,
so as not to cause any undesirable errors due to instrumental
differences in the band configuration.
We set three spectral windows to retrieve the VMR of O3
and 18 OOO in bands B and C, and one spectral window for
the temperature (see Fig. 1 and Table 1). Setting windows
with a small frequency range has the advantage of reducing
contaminations from transitions of molecules different from
the target. In the case of spectral lines of O3 and 18 OOO in
band B, the spectral intensity of O3 is much larger than that
of 18 OOO, and the 18 OOO line is located at the wing slope
of the O3 line. If their VMRs are simultaneously retrieved, a
retrieval solution is converged to one that is optimized for O3
rather than 18 OOO. Hence we set retrieval windows individually for O3 and 18 OOO (window b1 and b2, respectively).
The retrieval processes of the four windows were independent of each other to prevent any error propagation from window to window.
Window b1 in band B was set to retrieve O3 VMR using the transition at 625.371 GHz. The frequency range was
between 625.042 and 625.642 GHz. Other parameters simultaneously retrieved were the VMRs of other molecules
(18 OOO, ozone in the vibrational state O3 ∗ , H2 O, HNO3 and
HOCl), the frequency shift and a first-order polynomial representing a spectral baseline. The pressure and temperature
profile was fixed to be the a priori (described in Sect. 2.4).
The intervals of the retrieval altitude grid were 4 and 5 km at
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altitudes below and above 30 km, respectively. This altitude
grid was commonly applied for all the windows.
Two windows were set in bands B and C for 18 OOO. Window b2 in band B retrieves 18 OOO VMR using the transition
at 625.564 GHz that is located at the wing of the O3 line at
625.371 GHz. O3 VMR was simultaneously retrieved to fit
a spectral baseline. Window c1 in band C retrieves 18 OOO
VMR using the lines at 649.137 and 649.152 GHz. 17 OOO
VMR is also retrieved with the transition at 649.275 GHz in
window c1. These transitions are isolated from other lines
with large intensities. Frequency shifts and second-order
polynomial baselines were also retrieved.
In window b0, the temperature was retrieved from the O3
line at 625.371 GHz. The frequency range and the retrieved
parameters were the same as window b1. The temperature
profile retrieved in window b0 is used for a discussion of
temperature dependence of δ 18 OOO.
There are O18 OO transitions at 624.505 and 624.825 GHz
in band A, but unfortunately their intensities are too weak
to retrieve O18 OO VMR for the purpose of a discussion of
isotopic ratio. Moreover, the transitions of CH3 CN, which
are located quite close to the O18 OO transitions, cause large
contaminations. In this paper a retrieval of O18 OO VMR is
not discussed.
2.3

Forward model

We employed the V215 forward model (F) with the following improvements. Spectroscopic parameters are one of the
largest error sources in the retrieval of O3 VMR for V215
(Kasai et al., 2013), and those of ozone isotopomers and isotopologues were updated based on the JPL catalog (Pickett
et al., 1998), the HITRAN 2008 database (Rothman et al.,
2009) and latest laboratory experiments (e.g., Drouin and
Gamache, 2008). Table 2 summarizes the spectroscopic parameters of ozone isotopomers and isotopologues used in the
windows b1, b2 and c1.
Instrument functions have been improved from those in
V215 with respect to an antenna beam pattern (RANT ), a sideband separator (SBS) and an AOS response function. RANT
was implemented with a two-step modification. First, RANT
was integrated in the vertical direction considering SMILES’
field of view. The atmosphere is assumed to be horizontally
stratified and an integration was performed in the vertical
direction. Second, considering a movement of the antenna
over 0.5 s, which is the data integration time for one limb
emission spectrum, the instantaneous antenna response pattern RANT was modified to represent the actual SMILES
limb scan mechanism. A rejection rate of an image band
(βimage ) was implemented considering the SBS characteristics. We employed the AOS response function improved by
Mizobuchi et al. (2012). The AOS response function was obtained by fitting with three Gaussian functions. An accuracy
of the fitting is better than that in the L1b data version 007.
The error in the AOS response function used in TOROROS
Atmos. Meas. Tech., 7, 941–958, 2014

was estimated to be about 5 % in full width at half maximum
(FWHM), which is half of the previous version (10 %).
2.4

Inversion calculation

In the TOROROS algorithm, a solution of the retrieval state
vector x is determined by minimizing the following cost
function χ 2 :
χ 2 = (y − F (x, b))T Sy −1 (y − F (x, b))
+ (x − x a )T Sx −1 (x − x a ) .

(3)

Sy and Sx are covariance matrices for measurement spectrum noise and an a priori state (x a ), respectively. Sy is
a diagonal matrix with elements (0.5 K)2 . x a of O3 VMR
was taken from the Goddard Earth Observing System Model
version 5.2 (GEOS-5) (Rienecker et al., 2008) at altitudes
below 60 km, and the VMR value at 60 km was extended
to 120 km. A priori VMR profiles of the other ozone isotopomers and isotopologues were calculated based on knowledge from past measurements of oxygen isotopic ratios in
ozone. The 18 OOO a priori VMR was calculated based on the
O3 a priori VMR to follow 10 % δ 18 OOO against the SMOW
standard for all altitudes. The O18 OO a priori VMR was 5 %
δO18 OO following a statistical rule. The a priori VMRs of
17 OOO and O17 OO were calculated using the relationship of
mass-dependent fractionation (δ 17 O = 0.515 δ 18 O).
The pressure and temperature a priori profiles were taken
from GEOS-5 and the Mass Spectrometer and Incoherent
Scatter (MSIS) climatology (Hedin, 1991), as implemented
in V215. The former profile was for the altitude region from
the surface to 70 km and the latter was from 70 to 120 km.
They were smoothly interpolated assuming a hydrostatic
equilibrium.
The retrieval parameter was projected from the linear scale
to the log scale (x → z):
z = ln (x) .

(4)

The weighting function Kx in the linear scale was also projected onto the log scale,
Kz =

dy
dy dx
=
= Kx x,
dz
dx dz

as well as a variation in the a priori VMR ( x ),


x
 z = ln 1 +
,
xa
 x [i] = 1 x a [i] + 2 .

(5)

(6)
(7)

The conversion of Eq. (6) is recommended instead of
 z =  x /x a because it avoids quite large values in  z if x a
includes a small VMR value (for example on the order of
ppt). 1 and 2 for O3 were set to 0.25 and 1.0 × 10−6 , respectively. These values were conservatively estimated from
www.atmos-meas-tech.net/7/941/2014/
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Table 2. Spectroscopic parameters of transitions of O3 , 18 OOO and 17 OOO observed in the spectral windows of TOROROS. The values of
intensity and γair are assumed at 300 K. Intensity is represented by a base-10 logarithm. 17 OOO has hyperfine structure splittings because of
the nuclear spin of 17 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
[GHz]

Intensity
[MHz · nm2 ]

γair
[MHz Torr−1 ]

nair
[–]

O3
O3 ∗ (v2)

b1
b1/b2

625.3712420a

−3.8748b

3.06c

0.81c

625.6119575d

−6.2140d

2.72b

0.83b

156,10
389,29

−
−

165,11
398,32

18 OOO

18 OOO

b1/b2
c1
c1
c1
c1

625.5636585d
649.1371670d
649.1386510d
649.1515995d
649.1524085d

−3.4532b
−3.4919b
−4.2063b
−4.2237b
−4.2237b

2.87e
2.82b
2.67b
2.89b
2.87b

0.79e
0.79e
0.83e
0.79e
0.68b

234,19
264,23
412,39
227,16
227,15

−
−
−
−
−

233,20
263,24
411,40
236,17
236,18

17 OOO

c1

649.2752349d

−4.0646d

3.03e

0.77e

144,10

−

143,11

18 OOO
18 OOO
18 OOO

Quantum numbers
N0K0 ,K0
− N00K00 ,K00
a

c

a

c

a Personal communication, H. Ozeki. b Personal communication, MLS team (2013). c Complex Robert–Bonamy (CRB) calculation performed
by Drouin and Gamache (2008). d The JPL catalog (Pickett et al., 1998). e The HITRAN 2008 database (Rothman et al., 2009).

variations in O3 VMR (e.g., Kasai et al., 2013). The variation
in 18 OOO in the log scale (18  z ) was given by
18

q
 z [i] =

16 

z [i]

2

+

R

z [i]

2

.

(8)

The variation of the isotopic ratio R  z was taken from variations in δ 18 OOO, and R  z was set to 0.2 for all altitudes.
The variations of O3 and 18 OOO were multiplied by 2 above
55 km, taking into account an accuracy of the GEOS-5 data.
We implemented cross terms in Sx between the ozone isotopomers and isotopologues (such as O3 and 18 OOO) following the retrieval of HDO/H2 O ratios from the Tropospheric Emission Spectrometer (TES) observation (Worden
et al., 2006). The retrieval with the cross terms is expected
to prevent estimated isotopic ratio from being an unrealistic
value and reduce its variations due to measurement errors.
In the cases of retrieval of VMRs of O3 and 18 OOO in
windows b1 and b2, the covariance matrix for the variations
in their a priori profiles was given by
16,16
Sz =

Sz
16,16 S
z

16,16 S
z
18,18 S
z


(9)

.

16,16 S and 18,18 S are the covariance matrices
z
z
and 18 OOO (18 z) in the log scale, respectively.

for O3 (16 z)
Here we assumed that O3 VMRs were uncorrelated with oxygen isotopic ratios (see Appendix A1 for further details).
mm


|h[i] − h[j ]|
,
Sz [i, j ] =  z [i]  z [j ] exp −
hc
m

m



(10)

where m is either 16 or 18 and i and j in square brackets
indicate the index of a matrix or a vector. h is the vector of
the altitude. The correlation length hc was set to 6 km.
www.atmos-meas-tech.net/7/941/2014/

In the retrieval of window c1, 18 OOO VMR is retrieved
with 17 OOO. The cross terms between the two were implemented in the same way as the retrieval of window b1 and
b2, but a variation in δ 17 OOO was assumed to be 0.3.
The retrieval state vector z was normalized with
za (= ln (x a )) and  z in the retrieval iteration process:
η=

z − za
.
z

(11)

The normalized covariance matrix (Sη ) was given by

 !
18  −1 16  E
E
z
z
Sη = 18 −1 16 
,
(12)
z
z E
E


|h[i] − h[j ]|
E[i, j ] = exp −
.
(13)
hc
The solution that minimizes χ 2 was determined by a
Gauss–Newton iterative procedure modified by implementing the Levenberg–Marquardt scheme (Marquardt, 1963):

−1
−1
ηr+1 = ηr + KTηr S−1
y Kηr + Sη + 0U


−1
−
F
−
S
η
;
× KTηr S−1
(y
(x
))
r
r
y
η

(14)

here r indicates the number of iterations and Kηr is the
weighting function at rth state ηr :
Kη =

∂y
∂y ∂z
=
= Kz  z .
∂η
∂z ∂η

(15)

The Levenberg–Marquardt parameter 0 was increased or
decreased during the retrieval iteration by being multiplied
by 2 or 1/2 and 5 or 1/5 for band B (windows b0, b1 and b2)
and band C (window c1), respectively. U is the unit matrix.
Atmos. Meas. Tech., 7, 941–958, 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.
Error

Uncertainty

Sources

O3 (b1)

γair a
nair a

3%
10 %
1%

Line intensitya
Antenna beam pattern
SBS characteristics
AOS response function
Other source

None

18 OOO (b2)

Calculation
18 OOO (c1)

6%
6%
20 %
20 %
2%
2%
2 % in FWHM of RANT
±3 dB in βimage
5 % in FWHM
From O3 lineb None

Equation
Eq. (17)
Eq. (17)
Eq. (17)
Eq. (17)
Eq. (17)
Eq. (17)
Eq. (17)

a Of each observed transition. b Uncertainties in the spectroscopic parameters of the O line at 625.371 GHz.
3

Table 4. Same as Table 3 but for random error.
Error

Uncertainty
18 OOO (b2)

Calculation
18 OOO (c1)

Sources

O3 (b1)

Equation

Spectrum noise
Smoothing error
Temperature profile
Pressure profile

0.5 K
Same setting as the retrieval processing for each window
3 K (TR), 10 K (ST), 30 K (ME), and 50 K (TH)∗
3%

Eq. (18)
Eq. (20)
Eq. (17)
Eq. (17)

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

3

Performance of SMILES δ 18 OOO observation

We evaluated the δ 18 OOO retrieved by TOROROS by means
of (1) an error analysis and (2) a comparison study.
3.1

1x param = I (y ref , b0 + 1b) − x ref
x ref = I (y ref , b0 ) , y ref = F (x true , b0 ) .

Error analysis

We estimated errors in δ 18 OOO (1δ 18 OOO) using
v
u
 18
2
u X
∂δ OOO
18
m
t
·1 x ,
1δ OOO =
∂ mx
m=16,18

(16)

where m x and 1m x denote the VMR value and the error
of O3 (m = 16) or 18 OOO (m = 18), respectively. The errors 116 x and 118 x were separately calculated for each error source by error analysis with the same methodology described in Sato et al. (2012). The error sources considered
in this study are summarized in Tables 3 and 4 for systematic and random errors, respectively. The total systematic and
random errors were calculated using the root-sum square of
all errors caused by the considered error sources. The error
in the tangent height was not included in this error analysis
because its systematic error is corrected by the tangent height
bias correction described in Sect. 2.1, and Ochiai et al. (2013)
estimated that the precision was about 46 m, which was substantially smaller than the interval of altitude grid (about 4–
5 km) in TOROROS.

Atmos. Meas. Tech., 7, 941–958, 2014

The systematic error includes errors from the model parameters (1x param ) such as spectroscopic parameters and
instrument functions. 1x param was given by a perturbation
method:
(17)

I is the function of the inversion calculation. b0 and 1b
are the model parameter vector and its uncertainties, respectively. In the error analysis, the VMR profiles of the climatology based on the UARS/MLS observation were assumed
as the true states (x true ) for both O3 and 18 OOO. Any undesirable effects inherent in the retrieval algorithm itself were
omitted by using x ref instead of x true in Eq. (17). The values of 1b were estimated as follows. Uncertainties in the
air-broadening parameter (γair ) and its temperature dependency (nair ) for the O3 line were estimated to be 3 % and
10 %, respectively, which were typical of errors in past estimations, and that in the line intensity was 1 % (Pickett et al.,
1998). For the 18 OOO transition, its spectroscopic parameters’ uncertainties were conservatively estimated as being
twice the size of those for the O3 line, considering difficulties
in the estimation of the spectroscopic parameters of the isotopomers and isotopologues. Uncertainty in RANT and βimage
was 2 % in FWHM and ±3 dB, respectively, which are same
as the error analysis for the V215 ClO by Sato et al. (2012).
Uncertainty in the AOS response function was set to 5 %
(Mizobuchi et al., 2012).
www.atmos-meas-tech.net/7/941/2014/
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(b)

18

OOO (c1)

18

OOO (b2)

O3 (b1)

(a)

13

18 18 OOO in window b2 (middle) and
Fig. 2. Reference
profiles
the error
analysis
and the
errors
(top),
Fig. 2.VMR
Reference
VMRfor
profiles
for the
error analysis
andrelative
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Tables 3 and 4.The random error is for a single-scan observation. The error sources and the estimated uncertainties are listed in
Tables 3 and 4.

In this error analysis, the total random error includes an
error due to spectrum statistical noise (1x noise ), a smoothing error (1x smooth ) and errors due to uncertainties in the
atmospheric temperature and pressure profiles. 1x noise was
calculated using
p
1x noise [i] = Snoise [i, i] ,
(18)

where i in a square bracket indicates an index of a matrix or
a vector. Snoise is the covariance matrix for spectrum noise.
D is the contribution function matrix and is given by
D=

−1
∂ x̂  T −1
= Kx Sy Kx + S−1
KTx S−1
x
y ,
∂y

(19)

Snoise = DSy DT ,
www.atmos-meas-tech.net/7/941/2014/
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where x̂ is a retrieval solution of x. 1x smooth was calculated
using
p
1x smooth [i] = Ssmooth [i, i]
(20)
Ssmooth = (A − U)Sz (A − U)T .
Here, Ssmooth is the covariance matrix for errors derived from
Sz given by Eq. (10) and A is the averaging kernel matrix.
A=

∂ x̂
= DK.
∂x

(21)

The errors due to uncertainties in the atmospheric temperature and pressure profiles were calculated via Eq. (17) taking
into account a vertical correlation between different altitudes
(see Eqs. 25–30 in Sato et al., 2012).
Figure 2 shows the reference VMR profiles (x ref ) and the
averaging kernels in the left column. The results of the error
analysis for the VMRs of O3 in window b1 and 18 OOO in
windows b2 and c1 are shown in the right column. The differences between x ref and x true 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 ratio without recourse to any vertical interpolation in TOROROS, while V215 adjusted the retrieval grid to optimize each
molecule (see Fig. A1). The error analysis for the V215 product is described in Appendix A2. The measurement response
m is given by
X
m[i] =
|A[i, j ]|,
(22)
j

and indicates a sensitivity of the observation to the retrieved
result (see Eq. 19 in Sato et al., 2012, and references therein);
that is, values of m near unity indicate that most information
in the retrieval results is provided by observations, while low
values of m indicate that the retrieval results are largely influenced by the a priori state and forced to be identical to the
a priori values. The m values of b1 O3 were almost equal to
unity for all altitudes between 20 and 80 km. For 18 OOO in
the windows b2 and c1, the m values were larger than 0.9 at
altitudes between 28 and 62 km. The FWHM of rows of A
for the b1 O3 VMR was about 5 km at altitudes from 20 to
80 km, and those for 18 OOOs were increased from 5 to 10 km
at altitude levels of 28–57 km.
The total systematic error of the b1 O3 was about 2–3 %
from 25 to 65 km. Large contributions were from γair , the
line intensity and the AOS response function. Below 55 km,
γair and the line intensity were the dominant causes of the
error. The AOS became more important above 50 km. Compared with the errors of the V215 O3 (see Fig. A1), the errors
of the O3 VMR in TOROROS were considerably decreased,
which was not the case for the retrievals of 18 OOO. This improvement is derived from the retrievals of O3 and 18 OOO
using the same tangent height. In the TOROROS algorithm,
Atmos. Meas. Tech., 7, 941–958, 2014

Fig. 3. Errors in the enrichment δ 18 OOO obtained by TOROROS.
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 in δ 18 OOO from the 18 OOOs in windows
b2 and c1 are represented by red and blue lines. The purple, lightblue and green lines show the errors in δ 18 OOO caused by the error
sources in the retrievals of 18 OOO (window b2), 18 OOO (window
c1) and O3 (window b1), respectively.

the tangent height was fixed and the error propagation of γair
was minimized. If the tangent height was retrieved, it was
largely dependent on γair , 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
error 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 profile were the largest above 50 km. 1x noise and 1x smooth were
less than 1 % between 25 and 50 km because of high S / N ratios of the O3 transition.
The total systematic error in the 18 OOO 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 in γair . Similar to O3 , errors from the AOS
response function were decreased compared to V215 (see
Fig. A1). 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 errors from the atmospheric temperature and pressure profiles,
which is the opposite of the random error of O3 . The smoothing error seems to be oscillated, which is due to the use of
cross terms in Sx . Both systematic and random errors in the
c1 18 OOO were almost the same as the b2 18 OOO, except for
errors from γair around 32 km and from temperature profiles
above 45 km.
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(b)
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◦ N. Month:
Fig. 4. Comparison between VMRs of O3 (a) and1818 OOO (b) retrieved by TOROROS (blue) and V215 (red). Latitude:◦ 20–40
Fig. 4. Comparison between VMRs of O3 (a) and ◦ OOO (b) retrieved by TOROROS (blue) and V215 (red). Latitude: 20 N–40◦ N. Month:
February–March
(2010). Solar zenith angle: < 80 (daytime). Only data with “good quality” (see text) are used for this comparison. The
February–March (2010). Solar zenith angle: < 80◦ (daytime). Only data with “good quality”, see text, are used for this comparison. The
systematic
errors
by the
the shaded
shadedarea.
area. In
In column
column(a),
(a),the
theleft
leftpanel
panelshows
showsthethemedian
median
value
systematic errorsestimated
estimatedby
bythe
theerror
error analysis
analysis are
are represented
represented by
value
ofofTOROROS
difference
and
systematic error
error in
inTOROROS
TOROROSby
bysolid
solidand
anddashed
dashedlines,
lines,
respectively.
TOROROSand
andV215.
V215.The
Theright
rightpanel
paneldoes
doestheir
their
difference
and
systematic
respectively.
Column
(a) but
butfor
for1818OOO
OOOVMRs
VMRsininBands
bandsBBand
andC.C.The
The
dotted
line
represents
the is
deviation
Column(b)
(b)shows
showsthe
thesame
same as
as column
column (a)
dotted
line
represents
datadata
thatfor
thewhich
deviation
large
is or
large
or
the
number
of
profiles
is
small.
The
dashed
lines
are
for
the
systematic
errors
in
band
C.
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
means of Eq. (16) using the errors of O3 in window b1 and
18 OOO in windows b2 and c1. The systematic and random
errors of δ 18 OOO were calculated in the same manner, and
the results are shown in Fig. 3. The systematic errors for the
b2 and c1 18 OOOs showed similar values of 6 % at 45 km and
increased to more than 10 % at altitudes higher than 60 km.
However, the errors in δ 18 OOO from the b2 18 OOO were
larger than those from the c1 18 OOO of 4–6 % at altitudes
between 25 and 40 km. This is because of the large error due
to the uncertainty in γair of the 18 OOO transition in window
b2. Errors from 18 OOO were dominant, rather than O3 , for
both δ 18 OOOs calculated using windows b2 and c1, The error contributed from O3 was about 2–4 % and was decreased
compared with that of V215 (see Fig. A2). The random error from the c1 18 OOO was smaller than that from the b2
18 OOO for a single-scan observation. It took the minimum
Fig. 5. Comparison of δ 18 OOO between TOROROS and V215
Fig. 5. Comparison of δ 18 OOO between
TOROROS and V215 in Bands B and C. The ranges of latitude, mon
values of 5 % between 30 and 40 km, where the VMRs of O3
in bands B and C. The ranges of latitude, month and SZA were
comparison in Fig. 4. Only data with “good
quality” were used in this study. The red and blue lines represent
18
the same as the comparison in Fig. 4. Only data with “good qualand OOO were the maximums,
and was increased to more
18
OOO of Band B (window b2) and Band
C
c1),study.
respectively.
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characteristics, the random error was decreased to less than
errors estimated by the error analyses (see Figs. 3 and A2). The dif2 % at altitudes from 25 to 50 km by averaging 100 profiles,
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 erdotted line represents data for which the deviation is large or the
ror source in δ 18 OOO was the γair of the 18 OOO transition.
number of profiles is small. The dashed lines show the systematic
Indeed, this error source contributed more than 90 % to the
errors in δ 18 OOO from band C 18 OOO.
total systematic error. It is worth noting that the accuracy
of spectroscopic parameters, especially γair , is essential for
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Fig. 6. Comparison of δ 18 OOO derived from the SMILES observation by TOROROS with the past measurements. The blue line represents
the TOROROS δ 18 OOO obtained from the b1 O3 and the c1 18 OOO. 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 caption of Fig. 4 for an
explanation of the dotted line. The red circle denotes the observations using a mass spectrometer (Krankowsky et al., 2007). The error bar
represents the 1-σ standard deviation. These data are multiplied by a factor of 1.196 (= 12.2/10.2) to translate from δ 18 O (bulk) to δ 18 OOO.
The factor is estimated from the observation by Johnson et al. (2000), whose measurement results are shown as solid green squares for
the estimated precisions. The light-blue triangle represents the observations of Haverd et al. (2005). The error bar represents the estimated
precision. The ATMOS observation (Irion et al., 1996) is represented by purple marker with shaded area of the 1-σ standard deviation. The
black dashed line is the 1-D model simulation of δ 18 OOO by Liang et al. (2006). Further information on the past measurements is shown
in Table 5. Note that the error bars and the shaded areas are used to distinguish between errors in one measurement and in averaged values
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
S / N ratio spectrum (Sato et al., 2012; Sagawa et al., 2013;
Kasai et al., 2013). We recommend that a laboratory study be
undertaken to determine γair of 18 OOO transitions at an accuracy on at least the same order of that of the O3 transition
(3 %), although both laboratory experiments and theoretical
predictions have large difficulties that must be overcome.
3.2

Comparison

We compared the VMRs of O3 and 18 OOO derived from
SMILES observation by TOROROS and V215. This comparison was performed using a profile-by-profile comparison.
We selected the VMR profiles derived from the same scan
by TOROROS and V215 under the following conditions: 20–
40◦ N, February–March (2010) and SZA < 80◦ . The daytime
condition was chosen since most of the past measurements
compared with TOROROS later (see Fig. 6) have been during daytime. The comparison results for nighttime are shown
in Appendix A3.
Atmos. Meas. Tech., 7, 941–958, 2014

In this study we selected data that are regarded as “good
quality” by χ 2 and measurement response m. About 20 % of
the data with larger χ 2 values were removed, and only the retrieved data at altitude levels that satisfy 0.9 < m < 1.2 were
used. The L1b data with field-of-view interferences were also
removed. The numbers of δ 18 OOO profiles calculated from
the b1 O3 and the c1 18 OOO with “good quality” were 1145–
1377 in an altitude range between 28 and 57 km.
The left panel of Fig. 4 shows the comparison of the O3
VMRs retrieved by TOROROS (window b1) and by V215
(window B-w1; see Table A1) between 28 and 57 km. The
median statistic was used instead of the mean statistic for
average state. The B-w1 O3 VMR was linearly interpolated
on the retrieval grid of the b1 O3 . The b1 O3 VMR was
larger than the B-w1 O3 VMR by at most 0.6 ppmv at altitudes above 32 km. This is plausible, since Kasai et al. (2013)
showed that the B-w1 O3 VMR had a negative bias in this
altitude region (−0.5 to −1.0 ppmv) due to a problem of tangent height determination caused by uncertainty in the nonlinearity gain calibration of spectrum brightness temperature.
www.atmos-meas-tech.net/7/941/2014/
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V215, at altitude levels between 32 and 57 km. A decrease
of δ 18 OOO was observed in both TOROROS and V215 between 47 and 52 km, which is discussed in Sect. 4.
The TOROROS δ 18 OOO was compared with previous
18
δ OOO measurements in Fig. 6. The δ 18 OOO from the
b1 O3 and the c1 18 OOO is shown by the blue line. The
TOROROS δ 18 OOO increased from 13 to 18 % as the altitude increased from 32 to 42 km. This is in good agreement with other measurements within the systematic errors
of TOROROS δ 18 OOO in this altitude range. The gradient
of the TOROROS δ 18 OOO was about +0.5 % km−1 , which
was also consistent with the ATMOS observation (Irion et al.,
1996). Temperature retrieved by TOROROS, in window b0,
is also shown in Fig. 6, and the TOROROS δ 18 OOO seems to
be correlated with the temperature. The correlation between
δ 18 OOO and temperature is discussed in Sect. 4.
Fig. 7. Correlation between δ 18 OOO and temperature derived from
the SMILES observation. δ 18 OOO is calculated using the b1 O3 and
c1 18 OOO. The temperature was retrieved in window b0 of TOROROS. Latitude: 20◦ N–40◦ N. Month: February–March (2010). Solar zenith angle: > 100◦ (nighttime). Only data with “good quality”
(see text) were used. The number of the average for each altitude
is shown (the minimum and the maximum values). The mean value
for each altitude is plotted as a square marker with an error bar of
1-σ standard deviation. The median value is plotted as a star marker.

The comparison for 18 OOO VMR is shown in the right
side of Fig. 4. The B-w4 and C-w5 windows of V215 correspond to the b2 and c1 of TOROROS, respectively. The
18 OOO VMRs derived by TOROROS and V215 are in good
agreement within the systematic errors for both bands B and
C. Only b2 18 OOO showed larger VMR than the others at
28 km (represented by dotted line). The difference of 18 OOO
VMR between bands B and C in the TOROROS algorithm
was less than 1 ppbv at altitudes between 32 and 57 km. The
use of common tangent height values in the processing of
those two bands largely contributed to the reduction of the
bias between bands B and C. In V215, the tangent height
values were optimized for each band processing, which resulted in the significant 18 OOO difference between bands B
and C.
Figure 5 shows the comparison of δ 18 OOO between
TOROROS and V215. The δ 18 OOOs of TOROROS were
10–20 % between 32 and 57 km and were smaller than those
of V215. This is because of larger values of the b1 O3
VMR (in TOROROS) than those of the B-w1 O3 (in V215),
as shown in Fig. 4. The b2 18 OOO VMR at 28 km made
δ 18 OOO larger than 30 %. We recommend that data at this
altitude not be used. At 57 km, a dispersion of δ 18 OOO was
quite large and we recommend the use of the δ 18 OOO value
only for a qualitative discussion, not for a quantitative one.
The discrepancies of TOROROS δ 18 OOO between bands B
and C were less than 3 %, which was smaller than those of
www.atmos-meas-tech.net/7/941/2014/

3.3

Summary of the error of the SMILES δ 18 OOO

The systematic and random errors in the δ 18 OOO derived by
TOROROS are summarized in Table 6. The total systematic
error estimated by the error analysis was about 5–15 % at
altitudes between 32 and 57 km (see Fig. 3). The dominant
source of error was the uncertainty in γair of the 18 OOO transition 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
δ 18 OOO was in good agreement with the past measurements
within the estimated systematic error in the altitude range between 30 and 40 km (see Fig. 6).

4

Discussion

Here we discuss in detail the δ 18 OOO decrease derived by
TOROROS with increasing altitude above 45 km. As reported by Morton et al. (1990) and Krankowsky et al. (2007),
oxygen isotopic fractionation in the ozone formation (Reaction R1) has a significant temperature dependence. Figure 7
shows the correlation between δ 18 OOO, calculated from b1
O3 and c1 18 OOO, as well as temperature from b0 derived
by TOROROS. In order to minimize photolysis effects, only
nighttime data (SZA > 100◦ ) were plotted. The mean and
median δ 18 OOO values agreed within 1 % except at 57 km,
and they can be regarded as representative values between
28 and 52 km. There is a clear positive correlation between
δ 18 OOO and temperature, strongly suggesting that the ozone
isotopic enrichment increases with temperature. This behavior is qualitatively consistent with experiments reported by
Morton et al. (1990) and Krankowsky et al. (2007), although
their experiments were for the bulk δ 50 O3 . The gradient of
the TOROROS δ 18 OOO against temperature was roughly
estimated to be about 0.25 % K−1 . The chaperon mechanism (i.e., ArO + O2 → Ar + O3 and ArO2 + O → Ar +
O3 ) should also be considered as an alternative to explain
Atmos. Meas. Tech., 7, 941–958, 2014
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Table 5. Summary of information from SMILES and past measurements used in the comparison shown in Fig. 5.
Instrument

Latitude∗

Month/year∗

Altitude

Reference

SMILES (from ISS)
Mass spectrometry of
collected ozone by balloon
JPL MkIV FTIR spectrometer
(balloon-based)
FIRS-2 FT spectrometer
(balloon-based)

20–40◦ N
43.7◦ N

Feb–Mar 2010
3 Oct 1998, 11 Oct 1999, 4 Oct 2000
11 May 2001, 25 Apr 2002
9 Mar 1993, 14 Feb 1994, 27 Feb 1996

32–57 km
21–36 km

This paper
Krankowsky et al. (2007)

18–41 km

Haverd et al. (2005)

20–40 km

Johnson et al. (2000)

ATMOS FTIR spectrometer
(space-based)

80◦ S–80◦ N

26 Sep 1989, 4 Jun 1990, 29 May 1992,
29 Sep 1992, 23 Mar 1993, 22 May 1994
30 Apr 1997
Apr 1985, Apr 1992
May 1993, Nov 1994

25–41 km

Irion et al. (1996)

34◦ N
30–35◦ N,
68◦ N (in 1997)

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

Table 6. Summary of the error in δ 18 OOO derived from the SMILES observation by TOROROS. The numbers on the left and right side are
for δ 18 OOO from the b2 18 OOO and the c1 18 OOO, respectively, for the median value of δ 18 OOO, SE, RE (1) and RE (100).
Altitude

δ 18 OOOa

SEb

RE (1)c

RE (100)d

FWHM of Ae

Main error source

52 km
42 km
32 km

15 %/18 %
16 %/20 %
15 %/13 %

8 %/7 %
7 %/5 %
14 %/5 %

20 %/17 %
8 %/6 %
10 %/5 %

2 %/2 %
1 %/1 %
1 %/1 %

9 km
6 km
5 km

γair of the 18 OOO transition
γair of the 18 OOO transition
γair of the 18 OOO transition

a Median value under the conditions of 20◦ N–40◦ N, February–March (2010) and SZA < 80◦ . b Systematic error. c Random error for a single-scan observation. d Random
error in the average of 100 profiles. e Full width at half maximum of the averaging kernel matrix.

the δ 18 OOO decrease with increasing altitude (Ivanov and
Schinke, 2006). Since the δ 18 OOO decrease with increasing
altitude was observed during not only daytime but also nighttime (see Fig. A4), the photolysis (Reaction R2) could not
be responsible for the δ 18 OOO decrease with increasing altitude. Ozone isotopic enrichment is assumed to be less dependent on pressure, particularly lower than 50 hPa (> 20 km)
(e.g., Gao and Marcus, 2002). There have been previous experiments on ozone isotopic enrichment as a function of pressure using O3 produced by UV photolysis and the discharge
of O2 (Thiemens and Jackson, 1987; Morton et al., 1990).
A certain decrement of the enrichment was measured at pressures 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 on
the ozone isotopic enrichment, especially for pressures lower
than 1 hPa.
We also investigated whether or not the δ 18 OOO decrease
with increasing altitude is caused by errors in the SMILES
observations. The error from γair of the 18 OOO transition,
which is the largest error source in the total systematic error of δ 18 OOO, is unlikely to explain the δ 18 OOO decrease
with increasing altitude because, firstly, the δ 18 OOO decrease with increasing altitude was observed by two separate
observations from frequency bands B and C (see Fig. 5) and,
secondly, the TOROROS δ 18 OOO (absolute value and gradient) is in good agreement with the other measurements in
the stratosphere. This would not be the case if the γair value
Atmos. Meas. Tech., 7, 941–958, 2014

were not realistic. The systematic error in δ 18 OOO due to the
errors in b1 O3 VMR was estimated to be less than 4 % (see
Fig. 2), which is smaller than the amplitude of the δ 18 OOO
decrease with increasing altitude. We also confirmed a priori
dependence of δ 18 OOO by applying a perturbation of 100 %
and obtained almost the same result, with a difference within
1–2 %. Thus, the error of the TOROROS observation considered in this paper cannot explain the δ 18 OOO decrease with
increasing altitude.
We concluded that temperature could be a dominant factor
in controlling of δ 18 OOO vertical profile in an altitude range
of 28 to 52 km.

5

Conclusions

We derived δ 18 OOO using a retrieval algorithm, named
TOROROS, optimized for oxygen isotopic ratio in ozone
in a range between the middle stratosphere and the lower
mesosphere from SMILES observations. The TOROROS algorithm is based on the V215 algorithm and includes (i) an
a priori covariance matrix constrained by oxygen isotopic ratios in ozone, (ii) an optimization of spectral windows for
ozone isotopomers and isotopologues, and (iii) common tangent height information for all windows. The TOROROS
δ 18 OOO was 13 % at 32 km and the systematic error was estimated to be about 5 %. The systematic and random errors
were estimated by a quantitative error analysis. The largest
www.atmos-meas-tech.net/7/941/2014/
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error source was the uncertainty in γair of the 18 OOO transition, accounting for more than 90 % of the total systematic
error. Determination of γair of the 18 OOO transitions with an
accuracy better than at least 3 % is desirable for the δ 18 OOO
using the SMILES observation and for other molecules as
well.
The TOROROS δ 18 OOO was consistent with those of
the past measurements within the estimated systematic errors at altitudes between 30 and 40 km. The vertical profile
of δ 18 OOO obtained in this work showed an increase and
a decrease with increasing altitude in the stratosphere and
mesosphere, respectively. The δ 18 OOO peak, 18 %, is found
at the stratopause. The TOROROS δ 18 OOO had a positive
correlation with temperature in a range of 220–255 K. Since
the δ 18 OOO decrease with increasing altitude in the lower
mesosphere was observed during both daytime and nighttime, ozone photolysis might not be a dominant factor for
this behavior in δ 18 OOO.
In this work, we have provided the first observation of
δ 18 OOO over a range as wide as from the stratosphere to the
lower mesosphere. Temperature is likely a dominant factor
that controls vertical profile of δ 18 OOO in the altitude range
of 28 to 52 km.
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In the same way,
given as

Appendix A

18,16 S

z

becomes

16,16 S .
z

Therefore, Sz is

Supporting information
16,16

A1

Introduction of cross terms in a priori covariance
matrix

We implemented cross terms between the ozone isotopomers
and isotopologues in a covariance matrix for the a priori
state (Sx ) following the retrieval of HDO/H2 O ratios from
the Tropospheric Emission Spectrometer (TES) observation
(Worden et al., 2006). The retrieval state vector is projected
from the linear scale to the log scale (x → z) as
z = ln (x) ,

(4)

and then the 18 OOO VMR state vector (18 z) is given by a
summation of the state vectors of the O3 (16 z) and their isotopic ratio (R z):
18

z =16 z +R z ,

R

z = ln

 18 
x
.
16 x

(A1)

The covariance matrix for their variations in the a priori
profiles in the log scale (Sz ) is given by
 16,16 16,18 
S
S
Sz = 18,16 z 18,18 z ,
(A2)
Sz
Sz


T 
16,16
Sz = E 16 z −16 z̄ 16 z −16 z̄
,


T 
16,18
,
Sz = E 16 z −16 z̄ 18 z −18 z̄


T 
18,16
Sz = E 18 z −18 z̄ 16 z −16 z̄
,


T 
18,18
Sz = E 18 z −18 z̄ 18 z −18 z̄
.
Here E is the expectation operator and z̄ is the mean of
z. By substituting Eq. (A1), 16,18 Sz in Eq. (A2) becomes
16,16 S , as follows:
z

T 

18
18
16
16
16,18 S = E
z − z̄
z − z̄
z


T 
16
16
16
R
16
R
=E
z − z̄
z + z − z̄ − z̄


T 
16
16
16
16
=E
z − z̄
z − z̄


T 
16
16
R
R
+E
z − z̄
z − z̄
,
(A3)
h

T i
If we assume that E 16 z −16 z̄ R z −R z̄
= 0 (that is,
the O3 VMR is uncorrelated with the oxygen isotopic ratio),
16,18

Sz =16,16 Sz .
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(A4)

S
Sz = 16,16 z
Sz
A2

16,16 S

z

18,18 S

z


.

(9)

Error analysis for V215

We performed the quantitative error analysis for V215 using the same method as that for the V215 ClO (Sato et al.,
2012). Since retrieval procedure of V215 is based on sequentially dependent retrieval steps using the limited spectral windows (see Table A1), we followed the step-by-step retrieval
to estimate the errors in the VMR of O3 and 18 OOO, and
δ 18 OOO from the model parameters (Eq. 17). The error from
the spectral noise and the smoothing error were calculated
using Eqs. (18) and (20), respectively.
The window setting of V215 is described as follows. In
band B, the tangent height is first retrieved using the O3 line
at 625.371 GHz in window B-w0. Window B-w1 is set for
the retrieval of the VMR of O3 with the B-w0 tangent height.
The retrieved O3 VMR and tangent height are used as an
a priori in the retrieval of the H35 Cl VMR in window B-w2.
The VMR of 18 OOO is retrieved in window B-w4 using the
retrieved parameters in windows B-w0, B-w1 and B-w2 as an
a priori. In band C, the tangent height is retrieved by a bias
correction using the ClO line at 649.45 GHz instead of the
O3 line. This tangent height is employed in the retrieval of
the VMR of 18 OOO in window C-w5.
The error sources in Tables 3 and4 were taken into account
in this error analysis. The uncertainties in the spectroscopic
parameters were the same as the error analysis for TOROROS. As described in Sect. 2.3, the antenna response pattern
(RANT ) should be widened, but this procedure was ignored in
V215. This was also included in the error sources of V215.
The rejection rate of the image band (βimage ) was assumed to
be one in V215; thus, the error due to this assumption was
also considered. The uncertainty in the AOS response function was 10 % in the error analysis for V215. The error due
to the uncertainty in γair of the ClO line in band C was calculated for 18 OOO VMR in window C-w5 because the tangent
height used in window C-w5 is retrieved using the ClO line
as mentioned above. The results of the error analysis for the
systematic and random errors in the VMRs of O3 and 18 OOO
and the enrichment δ 18 OOO of V215 are shown in Figs. A1
and A2.
A3

Nighttime comparison between the two retrieval
algorithms

The results of the comparison study between the TOROROS
and V215 algorithms for nighttime (SZA > 100◦ ) are shown
in Figs. A3 and A4 for the VMR of O3 , the VMR of 18 OOO
and δ 18 OOO. They showed similar behaviors as those during
daytime.
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(b)
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(a)

18 in B-w4 (middle) and 1818
Fig. A1. Same
as Same
Fig. 2asbut
the for
O3the
in O
B-w1
(top), 18 OOO
of V215.
V215.
Fig. A1.
Fig.for
2 but
OOO in B-w4 (middle) and OOO
OOOininC-w5
C-w5(bottom)
(bottom) of
3 in B-w1 (top),

A4

Error analysis for temperature retrieved by
TOROROS

We estimated the systematic and random errors in the temperature retrieved in window b0 of TOROROS. The method
and error sources considered in this analysis were the same
as the error analysis for the VMR of O3 in window b1. The
left panel of Fig. A5 shows the reference profile and the averaging kernel for the b0 temperature. The measurement response was larger than 0.9 in the altitude range between 20
and 57 km. The total systematic and random errors in the
Atmos. Meas. Tech., 7, 941–958, 2014

temperature were about 1–2 % in the stratosphere. The uncertainty in the γair of the O3 line contributed more than 90 %
of the total systematic error. The AOS response function had
a larger contribution at altitudes above 50 km. For the random error, the pressure profiles were the dominant source for
all altitudes considered in this study. The temperature profile
became more important above 50 km.
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Fig. A2. Same as Fig. 3 but for V215.

Fig. A2. Same as Fig. 3 but for V215.

(a)

(b)

Fig. Fig.
A3. A3.
Same
as Fig.
4 but
forinnighttime.
Same
as Fig.
4 but
the nighttime.

Table A1. Spectral windows of V215.
Window / band

Frequency range

Target

Altitude range

Corresponding window in TOROROS

B-w0/band B
B-w1/band B
B-w2/band B
B-w4/band B

625.042–625.612 GHz
625.042–625.612 GHz
625.714–626.264 GHz
625.500–625.830 GHz

Tangent height
O3 , temperature
H35 Cl, O17 OO
18 OOO, O17 OO, HO
2

18–70 km
18–100 km
16–100 km
20–90 km

–
b1
–
b2

C-w0/band C
C-w5/band C

649.120–650.320 GHz
649.000–649.300 GHz

Tangent height
18 OOO, 17 OOO

11–40 km
25–60 km

–
c1
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Fig. A4. Same as Fig. 5 but for nighttime.

Fig. A4. Same as Fig. 5 but in the nighttime.
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(x ref
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Fig.
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Fig.
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