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[1] The Superconducting Submillimeter-Wave Limb-Emission Sounder (SMILES)
onboard the International Space Station provided global measurements of ozone profiles in
the middle atmosphere from 12 October 2009 to 21 April 2010. We present validation
studies of the SMILES version 2.1 ozone product based on coincidence statistics with
satellite observations and outputs of chemistry and transport models (CTMs). Comparisons
of the stratospheric ozone with correlative data show agreements that are generally within
10%. In the mesosphere, the agreement is also good and better than 30% even at a high
altitude of 73 km, and the SMILES measurements with their local time coverage also
capture the diurnal variability very well. The recommended altitude range for scientific use
is from 16 to 73 km. We note that the SMILES ozone values for altitude above 26 km are
smaller than some of the correlative satellite datasets; conversely the SMILES values in the
lower stratosphere tend to be larger than correlative data, particularly in the tropics, with
less than 8% difference below ~24 km. The larger values in the lower stratosphere are
probably due to departure of retrieval results between two detection bands at altitudes
below 28 km; it is ~3% at 24 km and is increasing rapidly down below.

Citation: Imai, K., et al. (2013), Validation of ozone data from the Superconducting Submillimeter-Wave Limb-Emission
Sounder (SMILES), J. Geophys. Res. Atmos., 118, 5750–5769, doi:10.1002/jgrd.50434.

1. Introduction

[2] Ozone is one of the most important constituents
throughout the Earth’s atmosphere. It plays a major role in
controlling the Earth’s radiation budget and consequently
shielding us from solar ultraviolet rays, so, it is crucial to
make accurate measurements of its global distribution. It
is important also to monitor its temporal variation, as we

are now in the beginning of the slow recovery stage of the
ozone layer after serious losses in the Antarctic ozone hole
[WMO, 2007].
[3] To demonstrate the high sensitivity of the 4-K cooled

submillimeter limb sounder in the environment of outer space,
and to monitor the global distribution of middle-atmosphere
trace gases, the Superconducting Submillimeter-Wave
Limb-Emission Sounder (SMILES) was developed and
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deployed on the Japanese Experiment Module (JEM) on the
International Space Station (ISS). This was done through
cooperation between the Japan Aerospace Exploration
Agency (JAXA) and the National Institute of Information
and Communications Technology (NICT). SMILES
conducted high sensitivity limb soundings for the middle
atmosphere from 12 October 2009 to 21 April 2010 (see
the overview by Kikuchi et al. [2010a]). Taking advantage
of the non-sun-synchronous orbit of the ISS, SMILES also
measured the diurnal variation of minor atmospheric
constituents such as O3, ClO, HO2 and BrO. The SMILES
high sensitivity measurements at varying local times (LT)
are expected to provide not only further insights into
atmospheric chemistry but also reestimation of long-term
trends based on fixed LT measurements; the variations of
the stratospheric and mesospheric ozone are described in
Sakazaki et al. [2013] and Smith et al. [2013], respectively.
[4] The SMILES Level 2 (L2) data processing system

[Mitsuda et al., 2011; Takahashi et al., 2010, 2011]
retrieves vertical profiles of minor atmospheric constituents
from the calibrated radiance observations (Level 1 data).
SMILES version 2.1 (hereafter v2.1) L2 products were
released for public use in March 2012. In this study, using
other space borne observation data and the output from
chemistry and transport models as supplementary data, we
validate the altitude range from 16 to 79 km and establish
characteristics of the SMILES ozone product. We have
done similar comparisons of the SMILES ozone data with
worldwide ozonesonde measurements in the mid- and lower
stratosphere, and found that the agreement is basically
good. However, as we noticed that there may be a possible
problem in ozonesonde measurements particularly in the
equatorial lower stratosphere, which were inferred from
the SMILES data, we will present the comparison result in
a separate paper.
[5] In general, satellite data have good coverage in both

space and time. Thus, many coincidence events are expected,
which will give robust conclusions for the accuracy (or
statistical error) of the SMILES products. In this validation
study we use data from the following five satellite instruments:
the Microwave Limb Sounder (MLS) on the Earth Observing
System (EOS) Aura satellite [Waters et al., 2006], the
Michelson Interferometer for Passive Atmospheric Sounding
(MIPAS) on the Envisat satellite [Fischer et al., 2008], the
Sub-Millimetre Radiometer (SMR) on the Odin satellite
[Murtagh et al., 2002], the Sounding of the Atmosphere
using Broadband Emission Radiometry (SABER) instrument
on the Thermosphere Ionosphere Mesosphere Energetics and
Dynamics (TIMED) satellite [Russell et al., 1999], and the
Atmospheric Chemistry Experiment-Fourier Transform
Spectrometer (ACE-FTS) on the SCISAT-1 satellite
[Bernath et al., 2005].
[6] In addition to these satellite data, we use model output

from two chemistry-climate models (CCMs): the Whole
Atmosphere Community ClimateModel Version 4 (WACCM4)
driven with specified dynamical fields (SD-WACCM)
[Kunz et al., 2011, and references therein] and the
MIROC3.2-CTM developed from the chemical module of
the Center for Climate System Research/National Institute
for Environmental Studies (CCSR/NIES) CCM [Akiyoshi
et al., 2009, 2010]. The CCM results used in this study are
from simulations that are “nudged” with operational

meteorological fields; hereafter, the nudged CCMs are
simply referred to as chemistry and transport models
(CTMs). The background meteorological conditions are
constrained by temperature and wind fields taken from the
NASA Global Modeling and Assimilation Office (GMAO)
Goddard Earth Observing System Model, Version 5
[GEOS-5; Rienecker et al., 2008], and consequently, the
distributions of minor species are dynamically and
photo-chemically controlled within the model in a consistent
manner. Therefore, the resulting distributions of the minor
constituents from the CTMs can be considered as a good
reference dataset.
[7] Recent inter-satellite validation studies of ozone [e.g.,

Verronen et al., 2005; Cortesi et al., 2007; Steck et al.,
2007; Froidevaux et al., 2008; Jégou et al., 2008; Dupuy
et al., 2009; Rong et al., 2009; Mieruch et al., 2012; Smith
et al., 2013] showed that agreement is mostly within 20%,
10% and 20% in the lower, mid- and upper stratosphere, re-
spectively. The agreement becomes worse as altitude in-
creases: mostly within 40% (20%) for daytime (nighttime)
in the lower mesosphere and this difference widens to more
than 60% (50%) in the upper mesosphere where ozone is
very low (< 0.2 ppmv) during both day and night (see also
section 3 about the characteristics for each data source used
in the study). Also, there are differences in ozone profiles
among CCMs [e.g., SPARC CCMVal, 2010, Figure 6.17;
Oman et al., 2010]. Eyring et al. [2007, 2010] and Austin
et al. [2010a, 2010b] showed that there were substantial
quantitative differences in the recovery time of Antarctic
springtime column ozone among projections from the
CCMs. The difference is partly due to the difference in the
evolution of Cly amount in the Antarctic lower stratosphere
[Eyring et al., 2007; Oman et al., 2010; SPARC CCMVal,
2010, Figure 5.11]. A simulation for past atmospheric condi-
tions using CTMs or nudged CCMs is planned for the next
round of the chemistry-climate model validation activity.
Inter-comparison between CTM results and satellite mea-
surements is expected to provide more reasonable con-
straints on CCMs and at the same time to impose higher
requirements on observations.
[8] The remainder of this paper is organized as follows:

the SMILES ozone measurements and its L2 data description
are presented in section 2; a brief description of the data
sources used in this study is given in section 3, and coinci-
dence criteria with the satellite data and the analysis method
are covered in section 4. In section 5, we present the compar-
isons between the SMILES ozone and other data sources.
Since the diurnal variation is larger in the mesosphere than
in the stratosphere, we show the comparison separately
for these two regions. A summary of the work is presented
in section 6.

2. SMILES Ozone Measurement and Product

2.1. Overview

[9] After deployment on the JEM, SMILES measured the
Earth’s limb from 12 October 2009 to 21 April 2010; failure
of a critical component in the submillimeter local oscillator then
terminated SMILES observations. To carry out high-sensitivity
measurements for submillimeter limb-emission sounding,
SMILES carried a superconductor-insulator-superconductor
(SIS) junction device, which was cooled down to 4K using
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a two stage Stirling cycle cooler and a Joule-Thomson cooler
[Narasaki et al., 2004]. The frequency spectra were obtained
by two sets of acousto-optical spectrometers (AOSes) [Ozeki
et al., 2000], each of which has 1728 spectrometer channels
and covers a bandwidth of approximately 1.2GHz. Their
frequency resolution is approximately 1.8MHz (FWHM),
and the channel separation is typically 0.8MHz. The
instrumental performance in orbit is described by Ochiai
et al. [2010]. Since the antenna beam is deflected 45� left
from the direction of orbital motion, SMILES nominally
covered latitudes from 38�S to 65�N on each orbit within
a 93 min period. The ISS is not in a sun-synchronous orbit
and its orbital plane rotates every ~60 days, so SMILES
covered all local times within ~30 days. The antenna was
scanned in elevation at a period of 53 s, and the total number
of scans per day was about 1600.
[10] SMILES has three specified detection bands within the

submillimeter-wave region: 624.32–625.52GHz (Band A),
625.12–626.32 GHz (Band B), and 649.12–650.32GHz
(Band C). Since the instrument contained two sets of AOS
[Ozeki et al., 2000], two of the three detection bands (Bands
A, B, and C) were measured simultaneously, and the
spectrometer in Band A could be switched to the different
AOS units such as Bands A (1) + B (2) and Bands C
(1) +A (2) (a number in parentheses is the AOS unit
number); this situation is described in detail in Kikuchi et al.
[2010a, 2010b]. For the ozone retrieval, the measurements of
Bands A and B are used, since the brightest ozone emission
line in the SMILES measurement bands is the line at
625.371242GHz, which is located in Bands A and B.
Although the possibility of the low-altitude ozone retrieval
using ozone emission slope in Band C is discussed by
Takahashi et al. [2011], this approach was not applied to
the present study. SMILES started operation using a fixed
combination of the three bands over a period of days, then,
daily cyclic observations were performed in the last 2
months or so [Kikuchi et al., 2010a].

2.2. Data Description

[11] In this study, we use the SMILES v2.1 L2 product
derived from the retrieval system developed by Takahashi
et al. [2010, 2011], and further improved by Mitsuda et al.
[2011]. The retrieval algorithm is based on the Optima
Estimation Method (OEM) applied for atmospheric sounding
[Rodgers, 1976, 1990, 2000]. The most probable solution
can be derived from statistical combination of a priori
knowledge of a state vector x and the information on the
measurement. The state vector represents the vertical
profiles of target species concentrations, atmospheric
temperature, and pointing offset. The a priori knowledge is
represented by the expected state xa and its covariance matrix
Sa. The diagonal elements of Sa is assumed to be the monthly
averaged daytime or nighttime profiles of MLS ozone v2.2
[Froidevaux et al., 2008] in each 10� latitude bin over the
3 year period, 2005–2007, and their standard deviations are
set as the a priori error. Temperature a priori is GEOS-5 data
(6 h interval) [Rienecker et al., 2008] and its error is set to be
2 K. We use a modification of the Gauss-Newton method
called the Levenberg-Marquardt method [Levenberg 1944;
Marquardt 1963]. The retrieved state vector xi+1 at the
iterative step i + 1 is calculated as

xiþ1 ¼ xi þ KT
xi
S�1
y Kxi þ S�1

a þ gD
� ��1

� KT
xi
S�1
y y� F xi; bð Þ½ � þ S�1

a xa � xið Þ
n o

: ð1Þ

where, the matrix Kxi is a weighting function for each of the
retrieval parameters evaluated at xi, y is a measurement
vector which denotes the calibrated brightness temperature
observed by the SMILES, Sy is the covariance matrix of y,
g is a Levenberg-Marquardt parameter which is initially
set to 100, D is a scaling matrix that is usually assumed to
be Sa

�1, and F is a forward model including both atmo-
spheric radiative transfer and instrument characteristics.
The xa normally corresponds to the initial guess x0.
[12] In this product (in versions above 2.0), we incorporated

the latest Level 1B version 007 radiance data, which includes a
correction for receiver gain nonlinearity (SISmixer, amplifiers,
and AOS) [Ochiai et al., 2012]. This correction reduces the
temperature bias in the upper stratosphere, and consequently
the bias in other parameters. The air broadening parameters
from HITRAN 2008 [Rothman et al., 2009] have been applied
for ozone instead of JPL Spectral Line Catalogue [Pickett
et al., 1992], since the air broadening parameter gave better
agreements for the tangent height. In addition, we abandoned
temperature retrieval above 40km and referred to the MLS
temperature product while applying the tidal components from
the latest results of the Global Scale Wave Model (GSWM)
[Zhang et al., 2010a, 2010b] (GSWM09); the daily-mean is
obtained as the average of ascending and descending node data
from MLS, while the diurnal variation is reproduced with the
diurnal plus semidiurnal tidal components from GSWM09
data, and the sum of the daily-mean and the diurnal variation
is used as the reference temperature for the retrieval.
[13] Characteristics of retrieval results are mainly presented

by an averaging kernel matrixA, which is the sensitivity of the
retrieved state to the true state, and a retrieval covariance
matrix S, whose diagonal elements show the square of the
retrieval precision. These are defined as follows:

A ¼ KT
x S

�1
y Kx þ S�1

a

� ��1
KT
x S

�1
y Kx; (2)

S ¼ KT
x S

�1
y Kx þ S�1

a

� ��1
: (3)

[14] In the nonlinear case, these matrices are calculated by
using the results of the final iteration process. The retrieval
precision is defined as the square root of the diagonal
elements of S. Equation (3) means that, if target species
have enough information, retrieval precision depends
almost on the Sy.
[15] The error budgets of the retrieval algorithm are

calibration of Level 1 data, smoothing error, retrieval noise,
and forward model parameter errors such as insufficient
information on the profiles of non-retrieved parameters,
approximations of the instrument functions, incorrect input pa-
rameters, and approximations of the fast algorithm [Takahashi
et al., 2011], in which the uncertainties of nonlinearity correc-
tion and pressure broadening parameters are main causes of
systematic error for the SMILES ozone retrieval.
[16] The SMILES L2 data for a 24 h period from midnight

to midnight universal time are stored in HDF-EOS version 5
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files (see also JEM/SMILES L2 Products Guide for v2.1,
2012). The data are now open to the public (see http://
darts.jaxa.jp/iss/smiles). The SMILES ozone product pro-
vides ozone concentration as volume mixing ratio with the
“retrieval precision” [Rodgers, 2000; Takahashi et al.,
2010, 2011] at each SMILES altitude level and with related
data screening flags for each profile. The nominal retrieved
altitude range is from 8 to 85 km. The vertical grid step of
the ozone product is 2 km in the altitude range 8–58 km
and 3 km in the altitude range 58–85 km. The “theoretical ver-
tical resolution” is derived from the full width at half maxi-
mum (FWHM) of the averaging kernels, which is typically
less than ~2.3 km in the altitude range 18–56 km, close to
~3 km from 56 to 61 km and almost constant in the altitude
range 61–73 km. We refer to the error ratio (S/Sa) as that of
the retrieval precision (S) divided by an a priori error (Sa).
Figure 1 shows an example of a single SMILES ozone pro-
file with the retrieval precision, the theoretical vertical reso-
lution, error ratio, and averaging kernels.
[17] The retrieval precision stored in the data file is set as a

negative value when the error ratio is larger than 0.5, which
means that the estimated precision is larger than 50% of the
a priori error. As described in Takahashi et al. [2010, 2011],
the accuracy of the retrieved ozone profiles is worse at low
altitudes because of the uncertainty in the water vapor
continuum emission and scattering by clouds. Also the

precision becomes worse with decreasing ozone density at
high altitudes. The error ratio for ozone typically becomes
large below 20 km and above 73 km and exceeds 0.5 below
16 km and above 76 km. In addition, the precision of the
SMILES ozone product for the single-scan data is expected
to be worse than 10% below 14 km [Takahashi et al., 2010,
2011]. Therefore, in this study we consider the altitude
range from 16 to 79 km for the validation.
[18] The screening flags include information on the

convergence status, the validity of the observation altitude
range, and the field-of-view interference with the sun, the
moon, and the ISS solar paddle, and are stored in the “status
field” as a bit sequence. To assure the validity of the data, in
this study we only use the non-flagged profiles with positive
retrieval precision. An example of the data screening fields
is given in Table 1. A total of 191,854 ozone profiles is
available during the SMILES observation period from 12

Figure 1. (left) Example of coincident SMILES and ACE-FTS measurements, (middle) the error ratio
and vertical resolution, and (right) the averaging kernels. In Figure 1(left), the solid black line and its error
bars are a SMILES ozone profile and retrieval precision at 0.07�N and 4.17�E at 15:40:53, 12 October,
while the solid red line is a coincident ACE-FTS profile at 0.98�N and 6.94�E at 17:18:06 and the red
circles are values convolved with the SMILES ozone averaging kernels. In Figure 1(middle), the red line
is the error ratio with corresponding scale shown under the lower axis. The blue line is vertical resolution
with corresponding scale shown above the upper axis. In Figure 1(right), colored solid lines show the
corresponding vertical averaging kernels as a function of the retrieval level. The solid black line shows
the integrated area under each of the colored curves.

Table 1. SMILES V2.1 Ozone Data Guidelines

Field
Values to

Use Meaning

Status = 0 All screening flags for each profile are stored in the
status field.

Precision ≥ 0 Negative if the estimated precision is larger than 50%
of a priori error.
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October 2009 to 21 April 2010. This is about 64% of all
SMILES profiles including the flagged ones. Among 36%
of the remaining profiles, 10% is due to the field-of-view
interference caused by the ISS solar paddle, and the remaining
26% is due to the non-convergence in the retrieval system.
The total number of available profiles for each combination
of bands and spectrometers is listed in Table 2.
[19] As mentioned earlier, SMILES has two detection

bands (Bands A and B) and two spectrometers (AOS units
1 and 2) for Band A for ozone measurement. We have
noticed some differences in the SMILES measurement
characteristics for the different combinations. Figure 2
shows statistical results for the relative differences between
the two detection bands and the two spectrometers for Band
A. Since SMILES could not simultaneously provide
measurements with the combination of the same band or
spectrometer such as Band A (1) +A (2) or A (1) + B (1),
the results were calculated from the relative differences
between SMILES and MLS. As we could not see any trend
in the difference between SMILES and MLS, it would
appear reasonable to use the MLS data as a reference.
However, note that the upper limit of MLS measurements is
about 76 km altitude, which is lower than those of SMILES.
We performed similar statistics on the SD-WACCM coincident
profiles, and we found almost the same result.
[20] Figure 2 shows that the difference between the two

bands is within 1% for the altitude range 28–64 km and
increases at altitudes below 28 km, reaching about 9% at
20 km. The difference between the two spectrometers is
within 3% for the altitude range 20–67 km. As we do not
know which band or which spectrometer is better, and the
larger number of coincident measurements also increases
the stability of the statistics, we used all the available
SMILES ozone profiles for our comparison.

3. Data Sources for the Comparison Studies

[21] In the following subsections, we describe briefly the
data sources used in this study and the number of profiles
coincident with SMILES profiles; the definition of the
coincidence criteria is described in detail in section 4. The
characteristics for each data set are summarized in Table 3.

3.1. Aura/MLS

[22] The MLS instrument detects thermal emission lines
from millimeter to submillimeter wavelengths (between
118GHz and 2.5 THz) by scanning the Earth’s atmospheric
limb in a direction ahead of the Aura satellite [Waters et al.,
2006]. Since Aura is in a sun-synchronous near-polar orbit
with equatorial crossings at about 1:43/13:43 LT [Schoeberl
et al., 2006], the measurements are performed during
daytime and nighttime. The latitudinal coverage is between
82�S and 82�N. The 240 limb scans per orbit provide almost
3500 profiles per day. This good coverage in both space and

time means that there are as many as 35,437 MLS coincident
profiles in the whole SMILES observation period. A
description of the MLS retrieval approach is given by
Livesey et al. [2006]. We use the MLS ozone product
version 2.2 retrieved from emission lines centered at
235.71GHz [Froidevaux et al., 2008], which is characterized
as follow: the vertical resolution is 2.7–3 km from the upper
troposphere to the mid-mesosphere, and the horizontal
resolution is mostly between 200 and 300 km. The MLS
uncertainty estimates in the stratosphere are often of the
order of 5%, with values closer to 10% (and occasionally
20%) at the lowest stratospheric altitudes, where small
positive biases can be found. There is no latitudinal dependence
from comparisons with other satellite instruments, as well as
from aircraft lidar data along the MLS track.

3.2. Envisat/MIPAS

[23] MIPAS is a mid-infrared limb emission spectrometer
on the Envisat research satellite [Fischer et al., 2008]. It
observes in the wavelength range from 4.15 to 14.6 mm.
Envisat is in a sun-synchronous orbit with equatorial crossings
around 10:00/22:00 LT. The latitudinal coverage is nominally
between 80�S and 80�N. For the reduced-spectral/improved-
spatial resolution mode since 2005, it produces 96 limb-scans
per orbit in both day and nighttime. Thus, with about 14
orbits a day, a total of about 1300 profiles per day is
obtained. There are 15,922 matched profiles in the whole
SMILES observation period. We use MIPAS data retrieved
through the MIPAS Level 2 research processor developed

Table 2. Number of Available Profiles

Band AOS Unit # # %

A 1 38,152 64
2 74,937 70

B 2 78,765 59
Total 191,854 64

Figure 2. Relative differences between the two bands and
the two spectrometers for SMILES. The dashed blue line is
the difference between Bands A and B, and the solid red line
is the difference between the two spectrometers (AOS units
1 and 2). A detailed description of the calculation procedure
can be found in the text.
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and operated at the Karlsruhe Institute of Technology/IMK
[von Clarmann et al., 2003, 2009]. The original IMK ozone
product was validated by Steck et al. [2007]. After a failure
of the interferometer, the measurement mode was changed
toward reduced spectral but improved spatial resolution.
The previous ozone product (version V4O_O3_202) has
been described and validated by Stiller et al. [2012]. The
vertical and horizontal resolutions are 2.4–3.5 km in the al-
titude range 20–50 km, 253–405 km in the altitude range
10–40 km, respectively. The ozone product has a positive
bias of up to 0.9 ppmv around 37 km, but no further signif-
icant biases is reported. In this study, we use the most recent
data version (V5R_O3_220) [A. Laeng personal
communication].

3.3. Odin/SMR

[24] The SMR onboard the Odin satellite [Murtagh et al.,
2002] makes time-shared limb measurements of strato-
mesospheric ozone using several independent bands within
the 486–581GHz frequency range. Odin is in a sun-
synchronous orbit with equatorial crossings at 6:30/18:30
LT. The latitudinal coverage between 82.5�S and 82.5�N
is nominally produced during 14–15 orbits per observation
day based on 45–65 limb-scans per orbit. A total of 3,161
SMR coincident profiles is found over the SMILES
observation period. Vertical profiles of ozone and other
species are calculated using retrieval algorithms based on
the Optimal Estimation Method [Frisk et al., 2003;Murtagh
et al., 2002]. The operational Level 2 data are produced by
the Chalmers University of Technology in Göteborg,
Sweden. The SMR ozone product is retrieved from two
frequency bands centered at 501.8 GHz and 544.6 GHz
[Urban et al., 2004, 2005]. We use the SMR 501.8 GHz
band retrievals of version 2.1 [Jégou et al., 2008]. The
vertical and horizontal resolutions are ~3 km in the middle
stratosphere, and 500 km along the satellite track, respectively.
The SMR version 2.1 ozone shows good agreements with
Polar Ozone Atmospheric Measurement (POAM III; within
�0.3� 0.2 ppmv at 10–60 km), the Network for Detection
of Atmospheric Composition Change (NDACC; within
�0.15� 0.3 ppmv at 10–34km for ozonesonde, at 10–50 km
for lidar, at 10–60 for microwave instruments) and
large balloon-borne instruments measurements (within
�0.7� 1 ppmv at 10–31 km), but the SMR ozone

maximum peak is lower than that of POAM III ~1–5 km. No
latitudinal dependence has been revealed in the comparisons
with NDACC.

3.4. TIMED/SABER

[25] SABER onboard TIMED [Russell et al., 1999] is an
infrared spectrometer measuring limb emission in the
spectral range from 1.27 to 16.9 mm, using a 10 channel
broadband infrared radiometer. The two bands at 1.27 and
9.6 mm are used for ozone sounding, and we use both of
the version 1.07 SABER ozone products [Mlynczak et al.,
2007; Rong et al., 2009]; hereafter, we refer to these as
SABER 1.27 and SABER 9.6, respectively. The TIMED
satellite is in a non-sun-synchronous or drifting orbit with
a mean orbital time of 97min. Each day the equator crossing
time shifts by approximately 12min. The spatial coverage
alternates approximately every 60 days from 52�S–83�N to
83�S–52�N, and consequently, the latitudes of 52�S–52�N
can be observed continuously. There are 26,365 coincident
profiles, and the large number of changing LT measurements
are useful to focus on the diurnal variation in mesospheric
ozone (see section 4). However, note that measurement
between around 11:00 and 13:00 LT is not possible, and
retrieval of ozone at 1.27 mm is limited to daytime and in
the altitude range between mesosphere and lower
thermosphere [Mlynczak et al., 2007]. The SABER vertical
resolution is ~2 km for all channels and all altitudes. The
sampling distance is ~500 km along the satellite track.
According to Rong et al. [2009], the SABER 9.6 has a
precision of ~1–2% in the stratosphere and ~3–5% in the
lower mesosphere. The positive biases in the stratosphere
are within ~5–12% in most cases except in the equatorial
to middle latitudes in the altitude range 30–50 km, where
they reach ~15–17% and exceed the combined systematic
error by ~5–6%.

3.5. SCISAT-1/ACE-FTS

[26] The ACE-FTS sounding of the atmosphere is
performed using solar occultation in the infrared (2–13mm)
spectral region, which provides latitudinal coverage of
approximately 85�S–85�N with the majority of occultations
occurring over the Arctic and Antarctic. Although the solar
occultation technique gives less frequent observations
(up to 30 occultations per day), ACE-FTS provides

Table 3. Sampling Characteristics and Data Set Information

Instrument and
Model

Latitudinal
Coverage

Local Time Measurement and
Calculation Time Step

Data Density (Per Day and
Horizontal Resolutions)

Number of
Coincidence Events

Altitude
Coordinate

MLS 82�S–82�N 1:43 (ascending) 3,500 35,437 geopotential
13:43 (descending)

MIPAS 80�S–80�N ~10 (descending) 1,300 since 2005 15,922 geometric
~22 (ascending)

SMR 82.5�S–82.5�N 6:30 (ascending) 630–975 3,161 geometric
18:30 (descending)

SABER 52�S–83�N Non-sun synchronous (except for around
between 11:00 and 13:00)

1,400 26,365 geometric
83�S–52�N

ACE-FTS 85�S–85�N Sunrise and sunset 30 189 geometric
SMILES 38�S–65�N

(nominal)
Non-sun synchronous 1,600 geometric

SD-WACCM 90�S–90�N 30 min 1.9� latitude geopotential
2.5� longitude

MIROC3.2-CTM 90�S–90�N 30 min 2.6� latitude geopotential
2.6� longitude
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“self-calibrating” measurements of atmospheric absorption
spectra with a high signal-to-noise ratio and vertical resolution
from an orbit inclined at 74�. This provides a significant
number of occultation measurements at high latitudes, and a
total of 189 ACE-FTS coincident profiles is found over the
SMILES observation period. The ACE-FTS measurements
and retrieval technique are described in Bernath [2006]
and Boone et al. [2005], respectively. From the 650 km
orbit, the instrument field-of-view (1.25 mrad) corresponds
to a maximum vertical resolution of 3–4 km [Boone et al.,
2005]. ACE-FTS version 2.2 ozone update product reports
more ozone than most correlative measurements from the
upper troposphere to the lower mesosphere [Dupuy et al.,
2009]; the mean differences range generally between 0%
and 10% with a slight but systematic positive bias (typically
+5%) at altitude levels from 16 to 44 km. At higher altitudes
up to 60 km, the ACE-FTS ozone amounts are significantly
larger than those of the comparison instruments by up to
40% (typically 20%). We use the most recent data version
3.0 [e.g., Waymark et al., 2011] for comparisons. At
altitudes higher than 35 km the new ACE-FTS version 3.0
ozone profiles have volume mixing ratios 5% lower than
those from the version 2.2 update [K. Walker personal
communication].

3.6. SD-WACCM

[27] WACCM4 is a comprehensive numerical model
spanning the range of altitude from the Earth’s surface to
the thermosphere [Garcia et al., 2007]. It is based on the
framework of the NCAR Community Atmosphere Model,
version 4 (CAM4), and includes all of the physical parame-
terizations of CAM4 and a finite volume dynamical core
[Lin, 2004] for tracer advection. Recently, a new version
of WACCM4 has been constructed to run with specified
dynamical (SD) fields [Lamarque et al., 2012]. Temperature
and wind fields are taken from the GEOS-5 analysis data
[Rienecker et al., 2008]; the nudging approach is described
in Kunz et al. [2011]. The horizontal resolution of the model
output is listed in Table 3. The SD-WACCM chemical
module is based on the 3-D chemistry and transport Model
of Ozone and Related Tracers, Version 3 (MOZART-3)
[Kinnison et al., 2007]. The chemical and physical
processes cover species contained within the Ox, NOx,
HOx, ClOx, and BrOx chemical families, along with CH4

and its degradation products. In addition, 14 primary non-
methane hydrocarbons and related oxygenated organic
compounds are included [Emmons et al., 2010]. This model
contains 122 species, 220 gas-phase reactions, 71 photolytic
processes, and 17 heterogeneous reactions on multiple aerosol
types. Reaction rate coefficients are based on JPL-2006
[Sander et al., 2006]. SD-WACCM has been compared with
geophysical measurements to study various atmospheric
phenomena in the past [e.g., Randel et al., 2010; Hoffmann
et al., 2012; Sakazaki et al., 2013].

3.7. MIROC3.2-CTM (NIES)

[28] CCSR/NIES CCM [Akiyoshi et al., 2009, 2010]
covers the region from the surface to about 80 km altitude,
which has been well-reviewed by comparing to various
models and geophysical measurements over the past two de-
cades [e.g., Butchart et al., 2011; Strahan et al., 2011].
MIROC3.2-CTM was developed by incorporating the

chemical module of CCSR/NIES CCM into the MIROC3.2
general circulation model (GCM) that was used for the
Fourth Assessment Report of the Intergovernmental Panel
on Climate Change (IPCC-AR4). Temperature and horizontal
winds were nudged toward the GEOS-5 analysis data
[Rienecker et al., 2008] with the time scale of one day as
the meteorological fields are basically similar to SD-
WACCM. MIROC3.2-CTM has the same horizontal and
vertical resolutions as those in CCSR/NIES CCM (T42 for
horizontal and 34 for vertical from the surface to 0.01 hPa;
see also Table 3). The CCM uses a new radiation scheme
with a higher resolution for the spectral bins (32 bins) than
that of CCSR/NIES CCM (18 bins), a semi-Lagrangian
scheme for tracer transport, and hybrid sigma-pressure
coordinates in the vertical. The chemical species included
in the model are Ox, HOx, NOx, ClOx, BrOx, hydrocarbons
for methane oxidation, and heterogeneous reactions for
sulfuric acid aerosols, supercooled ternary solution (STS),
Nitric Acid Trihydrate (NAT), and ice particles. The CCM
contains 61 species (42 for prediction and 19 for
photochemical equilibrium), 165 gas-phase reactions, 42
photolytic processes, and 13 heterogeneous reactions on
multiple aerosol types. Reaction rate coefficients are based
on JPL-2006 [Sander et al., 2006]. Both MIROC3.2-CTM
and SD-WACCM have been used to study the global pattern
of diurnal ozone variations throughout the stratosphere
[Sakazaki et al., 2013].

4. Validation Methodology

4.1. Coincidence Criteria

[29] We use the satellite data obtained during the SMILES
observation period from 12 October 2009 to 21 April 2010.
To find the coincident events, we defined the time and
location criteria for coincidence to be within�2 h,�2� latitude
and �8� longitude. If multiple coincidences for one ozone
profile were found, we selected the nearest measurement
in space. However, in the measurement mode of Bands
A +B, we used both profiles and the comparisons also
include the two profiles corresponding to Bands A and B.
Numbers of coincident events for each satellite data set are
summarized in Table 3. In the case of the CTMs, we
extracted the nearest grid data for all the SMILES observation
points. Thus, the maximum difference in time and space is half
of the calculation time step and the resolution: �0.25 h,
�0.95� latitude and �1.25� longitude for SD-WACCM and
�0.25 h, �1.3� latitude and longitude for MIROC3.2-CTM.
Generally there are many coincidence events at higher
latitudes, because the SMILES measurement density is
higher at these latitudes [Kikuchi et al., 2010a, 2010b].

4.2. Calculation Procedures

[30] For comparisons, the altitude coordinate was
converted to geometric height by calculating the normal
gravity formula based on the geodetic reference system
1980 [Moritz, 2000] to match the SMILES data; thus, the
altitude shown in this study is expressed in geometric height
(see Table 3 for profile information for each data set). The
flagged data points were removed from each altitude level.
The profiles were linearly interpolated onto the SMILES al-
titude levels. Since the averaging kernels for ozone are very
close to unity and sharply peaked, the comparison results are
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Figure 3. SMILES-MLS coincidences in the stratosphere at four representative latitudes: (from top to
bottom) 55�N–65�N, 25�N–35�N, 5�S–5�N, and 35�S–25�S, (left) average ozone values, (middle)
average differences (D), and (right) average relative differences (RD). The solid and dashed lines
represent SMILES and MLS profiles, respectively. The error bars represent �1 standard deviations. The
numbers shown on each SMILES altitude level on the right axes are the profile numbers for the statistics.
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Figure 4. Same as for Figure 3 except for comparisons between SMILES and SD-WACCM.
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basically similar to those using linear interpolation (see Fig-
ure 1). For unrealistically large values occasionally seen in
the SABER ozone data [Rong et al., 2009], we removed
the extreme values (> 100 ppmv) from each altitude level
of the interpolated SABER ozone. Then large values are ex-
cluded if they exceed three standard deviations (s) from the

median, and we repeat this rejection until the median be-
comes a constant value.
[31] The average difference (D) and average relative

difference (RD) shown in this study were derived by using
reliable data from coincident profiles in the following
equations:

Figure 5. Average relative differences at four representative latitudes: (from top to bottom) comparisons
for MLS, MIPAS, SMR, SABER 9.6, ACE-FTS, SD-WACCM, MIROC3.2-CTM, and (from left to right)
55�N–65�N, 25�N–35�N, 5�S–5�N, and 35�S–25�S. Each error bar denotes �1 standard deviations. The
numbers of coincidence events are shown in the upper-right of each panel.
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D ¼ Qi � Ri
�

; (4)

RD ¼ D= �Qi þ �Rið Þ=2f g; (5)

where Qi and Ri are the ith coincidence pair of the SMILES
and reference measurements, respectively, expressed as
volume mixing ratios and the over-bar denotes the mean.

5. Results

[32] Since the diurnal variation of ozone is larger in the
mesosphere than in the stratosphere, we show the comparison
results separately, in subsection 5.1 for the stratosphere and
in subsection 5.2 for the mesosphere. In fact, using the
SMILES data, Sakazaki et al. [2013] detected diurnal
variation of ozone even in the stratosphere; the peak-to-peak
difference may be up to 8% in the middle stratosphere over
the course of a day. In this study, we perform the
coincidence-based comparisons for the whole day to elucidate
the general features. Although even the averaged coincidence
measurements are biased at lower latitudes owing to the
less-frequent observation (cf. upper-right corner of each
panel in Figure 5), the biases are less than ~1% difference
in volume mixing ratio in the stratosphere, which is small
enough to discuss the accuracy of the SMILES.

5.1. Comparisons in the Stratosphere

[33] Figure 3 shows comparisons of the vertical profiles
between SMILES and MLS in four latitude bands. The
number of ozone profiles, shown in the right of each right
panel in 10� latitude bin, usually decreases for altitudes
below 18 km in particular at low latitudes. The decrease at

lower altitudes is due to some SMILES ozone profiles with
low data quality, which were excluded from the analysis.
The ozone profile retrieval in this altitude range was not
successful because of the elevated tropopause and resulting
low ozone mixing ratios around the tropopause at low
latitudes. From the comparisons, we generally see that
agreement is reasonable: within 10% in the altitude range
18–46 km and within 12% up to 50 km in the four latitude
bands. However, the profiles of the relative differences are
weakly inclined, showing that the SMILES ozone has
smaller values above ~26 km and larger values below
~26 km. In addition, the difference at equatorial latitudes
is slightly larger at ~24 km than in other latitudes. This will
be discussed in detail in the comparison results of the
latitude-height cross-sections.
[34] Figure 4 is the same as Figure 3 except that the data

are from the SD-WACCM coincidences. The agreement is
within 7% and better than that of MLS in the altitude range
from 18 (22) to 50 km at high (mid and low) latitudes. As a
result, the slopes of the relative differences are not as
conspicuous as those for MLS. The maximum values of
ozone also agree better, although we see a kink around the
maxima (25–30 km) particularly at equatorial latitudes.
During the SMILES observation period, we found that the
ozone distribution in the middle stratosphere at equatorial
latitudes was greatly affected by the quasi-biennial oscillation
(QBO) and the semi-annual oscillation (SAO). The kink
seen at equatorial latitudes may be due to the model’s poor
representation of vertical motion in association with the
QBO and SAO. The relative differences with large negative
values below 22 km are not consistent with the results of
other comparisons, and we will describe them below.
[35] Figure 5 shows an array of the relative differences for

all reference data sets used in this study. Latitude bands for
the statistics are similar to those in Figures 3 and 4, so the
same figures are presented for MLS and SD-WACCM
repeatedly. We see the best agreement with MLS within
the satellite data sources and with SD-WACCM out of the
two CTM results. This is why we chose to show the MLS
and SD-WACCM results in detail in Figures 3 and 4,
respectively. In the lower altitudes from 16 (18) to 22 km,
the agreement is within 9% (24%) for MLS, MIPAS,
ACE-FTS and SD-WACCM at high (mid and low)
latitudes; results of MIROC3.2-CTM deviate considerably
in this altitude range, except at high latitudes. Note that the
comparisons of ACE-FTS at lower latitudes were calculated
from significantly fewer coincidences (cf. Table 3 and
upper-right corner of each panel in Figure 5). Below
22 km in the lower latitudes, it is difficult to find a consensus
among comparisons, because the relative differences vary
widely owing to the low data quality of the comparisons
as readily seen in the large standard deviations. Some of
the SMILES ozone profiles also have low data quality
below 18 km, especially in the equatorial latitudes, and
these profiles are excluded based on the flag information.
[36] In the altitude range between 22 and 30 km, the

inter-satellite and SD-WACCM comparisons agree within
10%, although results of MIROC3.2-CTM still show some
biases. In the higher altitude range from 30 to 50 km, the
agreement is still generally good for MLS, SMR, and
SD-WACCM, but differences reach up to ~20% for MIPAS,
SABER 9.6, and ACE-FTS. At this altitude range the

Figure 6. Contour plots of zonally averaged ozone data for
SMILES-MLS coincidences: (top) SMILES, (middle) MLS,
and (bottom) average relative difference.
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MIROC3.2-CTM results now show good agreement. There
are still other distinct differences seen in individual
comparisons, and some of them have been pointed out
already in their respective validation studies. Therefore,
the following are not necessarily weak points of the
SMILES ozone data: the larger negative relative differences
around 44 km with respect to MIPAS, especially in the
lower latitudes [Stiller et al., 2012; Laeng et al., personal
communication], the relatively lower precision shown as
larger standard deviations in the comparison with SMR
[Jégou et al., 2008], the negative relative difference for
SABER 9.6 [Rong et al., 2009] and ACE-FTS [K. Walker
personal communication], and the negative values below
34km with respect to MIROC3.2-CTM.
[37] Most of the satellite comparison results, except for

SMR, show vertical slopes with negative values in the upper
stratosphere and positive values in the lower stratosphere.
However, two CTM results, if anything, show opposite
vertical slopes. Latitudinal characteristics are not so discernible
for most of the comparison results, but forMIROC3.2-CTM the
difference becomes larger at mid and equatorial latitudes in
the lower stratosphere than at high latitudes. These results
suggest some shortcomings in the model for this region,
such as in the representation of vertical advection, or
amounts of water vapor in MIROC3.2-CTM.
[38] Figure 6 shows latitude-height cross-sections of

zonal-mean statistics using the SMILES [Figure 6(top)]
and MLS [Figure 6(middle)] coincident profiles, respectively.
These are figures averaged over almost 6 months centered in
the northern winter season. As already seen in Figure 3, the
agreement between the two is generally good. Figure 6(bottom)
is the average relative difference (RD). There is no clear

latitudinal dependence above ~28 km, but the SMILES ozone
shows slightly larger values with ~8% differences at ~22 km in
the equatorial lower stratosphere. This bias will be discussed
later with Figure 7. Negative differences increase in the
upper stratosphere, reaching ~10% at 50 km.
[39] Figure 7 is the same as Figure 6 except for the

comparisons with SD-WACCM. Overall agreement is
better than that with MLS. In the mid and upper stratosphere,
differences are close to zero except in the upper stratosphere
at southern high latitudes. In the lower stratosphere there are
also positive differences (~5%) at equatorial latitudes, but
they are smaller in SD-WACCM than in MLS. The altitude
with maximum differences is located slightly higher for
SD-WACCM than for MLS. Also, in this figure we do
not see the positive differences in the lower stratosphere at
southern high latitude seen in the comparison with MLS
(Figure 6). At around the bottom of the stratosphere below
~20 km, the negative differences rapidly become large. We
do not know the situation for the real atmosphere, but we
may conservatively conclude that the positive bias of the
SMILES ozone measurements in the equatorial lower
stratosphere, if any, would be of the order of 5%–8%.
[40] To extend our analysis to all the coincident profile

pairs for each comparison, we show scatter plots at three
representative altitudes (20, 30, and 40 km) in Figure 8. As
in Figure 5, we see the best agreement within the satellite
data sources with MLS, and with SD-WACCM out of the
two CTM results. We note also the very large variability
in the SMR measurements. At 20 km, the ozone mixing
ratio becomes larger as we move to higher latitudes (red
points in the lower left and blue points in the upper right in
Figure 8). The latitudinal gradients are reversed at 30 and
40 km and we see the color pattern reverse.
[41] At 20 and 30 km, the SMILES ozone abundances are

well correlated with the other data sets, as shown by the
tight clusters and a gradient of almost one, although
MIROC3.2-CTM shows a large gradient at 30 km. At
40 km, the gradient changes for all cases; for satellite
results, the gradients are mostly less than one, and for
CTM results, they are greater than one. The standard
deviation at all altitudes is comparable to that of the CTMs
(SD-WACCM and MIROC3.2-CTM), which means that
the uncertainty is smaller than the atmospheric variability
for about 6 months.
[42] To summarize the results of the comparison for

stratospheric ozone, Figure 9 shows the relative differences
averaged for all latitude bands and their standard errors.
Owing to the large amount sampling in both space and time
of the satellite measurements, the standard errors are less
than 1% above 20 km, and the sampling bias is negligible.
In the low altitude range from 16 to 22 km, SMILES ozone
data show reasonable agreement with MLS, MIPAS,
ACE-FTS, and SD-WACCM (particularly good at high
latitudes; see Figure 5). Then, from 22 to 30 km, all the
satellite data and SD-WACCM agree within ~10%. In
the upper stratosphere, we still see good agreement with the
two CTMs and with two of the satellite instruments, MLS
and SMR. There are however large differences in the upper
stratosphere with the observations by MIPAS, SABER 9.6,
and ACE-FTS. The differences have negative slopes above
~24 km and widen up to ~20% as the altitude increases.
There still remains the uncertainty of tangent altitude

Figure 7. Same as for Figure 6 except for comparisons be-
tween SMILES and SD-WACCM.
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Figure 8.
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determination that cause the systematic error of SMILES
ozone, and nonlinearity correction and pressure broadening
parameters are considered the main causes. Based on the
results in this subsection 5.1, we can conclude that the lower
limit for scientific use of the SMILES ozone data is an
altitude of 16 km, but caution is required below 22 km,
particularly in the equatorial latitudes because of some
positive biases that can reach 5%–8%.

5.2. Comparisons in the Mesosphere

[43] Ozone concentration shows such a strong diurnal
variation in the mesosphere [e.g., Huang et al., 2010] that
we separated daytime and nighttime profiles in solar zenith
angle (SZA) to be 0� "≤ SZA ≤ 60� and 120� ≤ SZA ≤
180�, respectively. Figure 10 shows vertical profile
comparisons with MLS as shown in Figure 3, but with
daytime mesospheric ozone as red lines and nighttime as
blue lines. The agreement for the daytime is within 14% up
to around 67 km, but the differences increase considerably
above 70 km. The agreement for the nighttime is also mostly
good (within 14%) up to 70 km, but again deteriorates
above 70 km. In general, at higher altitudes we see large
variability, because the precision of the ozone profile de-
creases owing to the lower ozone abundance. In Figure 10
we found that the standard deviation gradually becomes
larger as the altitude increases, but this is mainly caused

by variations in the precision of the MLS ozone
[Froidevaux et al., 2008]. The precision of the SMILES
ozone is better, as is evident from the comparisons with
SD-WACCM, which will be shown later.
[44] Figure 11 is the same as Figure 10 except for SABER

9.6 observations. The other SABER ozone band (SABER
1.27) can only be used for daytime measurements. Here
we present comparison results using SABER 9.6 for both
daytime and nighttime, and some results from SABER
1.27 will be shown later in Figure 14. Since no northern
high latitude data satisfy the coincidence criteria during
daytime, only nighttime comparisons are plotted in the
uppermost figure. The agreement for daytime SABER 9.6
is within 30% up to 54 km, while the agreement for
nighttime stays around 30% up to 73 km. Both daytime
and nighttime values of SABER 9.6 ozone are large
compared with those of the SMILES. The positive bias of
the SABER ozone data is a known problem [Rong et al.,
2009], and the better agreement with the 1.27 mm band is
supported by results from a comparison between the two
SABER bands and the HAMMONIA model [Dikty et al.,
2010, and references therein]. This will be further examined
in Figure 14.
[45] Figure 12 is the same as Figure 10 except for SD-

WACCM. Daytime agreement is good, within 7% below
56 km and still within 30% up to 73 km, while the agreement

Figure 8. Scatter plots at three representative altitudes for SMILES versus reference ozone (from top to bottom): MLS,
MIPAS, SMR, SABER 9.6, ACE-FTS, SD-WACCM, and MIROC3.2-CTM. Measurement pairs are represented as colored
points, and the average values in each 10� latitude bin are shown by large symbols with a black border with the error bars
denoting standard deviation. Red indicates low latitudes and blue high latitudes. Note that the standard deviation includes
both the measurement uncertainty and atmospheric variability for about 6 months from October 2009 to April 2010. The
black solid lines are the best-fit linear equations for the average values. The gradient, intercept, and correlation derived from
the best-fit line are indicated on the top left of each figure. Note also that the coincident CTM data have been reduced by a
factor of 10 because of the quantity of data.

Figure 9. Average relative differences between SMILES and other data sets over all latitude bands and
their standard errors. Relative differences are calculated by using equation (5); correlatives are subtracted
from SMILES.
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Figure 10. SMILES-MLS coincidences in the mesosphere at four representative latitudes: (from top to
bottom) 55�N–65�N, 25�N–35�N, 5�S–5�N, and 35�S–25�S, (left) average values, (middle) average
differences, and (right) average relative differences. The red and blue lines are the comparisons of daytime
and nighttime ozone, and the averaged profiles of SMILES and MLS are represented as solid and dashed
lines, respectively. The error bars of the differences and the relative differences are �1 standard
deviations. The numbers shown on each SMILES altitude level on the right axes are the profile numbers
of daytime (right) and nighttime (left) for the statistics.

IMAI ET AL.: SMILES OZONE VALIDATION

5764



at nighttime is within 7% (9%) up to 58 (70) km at the high
(mid and low) latitudes. The quality of the SMILES ozone
profiles could be estimated from the number of available
ozone profiles and the standard deviations in the comparisons

with SD-WACCM, because model results do not include
measurement uncertainty and represent ideal distributions.
The number of ozone profiles decreases and the standard
deviations become dramatically large, above 73 km. The

Figure 11. Same as for Figure 10 except for comparisons between SMILES and SABER 9.6.
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error ratio also becomes large, above 73 km, as we saw in
Figure 1. Therefore, we recommend an altitude of 73 km
as the upper limit for scientific use for this version of the
SMILES ozone data. However, we are now preparing for
the next L2 product (v2.2) in which a new inversion model
is employed, using the Tikhonov regularization method
[Eriksson, 2000], the retrieval altitude range is extended
up to 90 km, and several important updates are included.

We have confirmed that the useful altitude range of the next
version extends to higher altitudes than the current version.
[46] Finally, we investigate ozone variations in the tropics

(10�N–10�S) as a function of local time. To extract diurnal
variations, we followed a process similar to that originally
proposed by Sakazaki et al. [2013] in which diurnal ozone
variations are investigated using the SMILES data: First,
we averaged the data over longitude in the equatorial latitude

Figure 12. Same as for Figure 10 except for comparisons between SMILES and SD-WACCM.
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band (10�S–10�N) each day and the seasonal time scale
components were derived from the SMILES data at altitude
levels of 44, 54, and 64 km, using moving averages. The
deviation from the mean of the seasonal components were
subtracted from the original time series of each coincident
data set, and we then binned the data within 1 hour LT and
averaged each bin. Since the SMILES observations are not
continuous in time because of, for example, field-of-view
interference with the ISS solar paddle [Kikuchi et al.,
2010a], we can easily lose data that might allow us to extract
the diurnal variation. To derive the seasonal variations, we
must be careful about the relative amplitude of the seasonal
and diurnal variations; the seasonal variation is dominant in
the stratosphere but the situation reverses in the mesosphere.
Therefore, we adjusted the width of the moving average and
subtracted 15 day, 30 day, and 60 day moving averages from
the coincident data at three altitudes of 44, 54, and 64 km,
respectively (see also Figure 13).
[47] Figure 14 shows plots of diurnal variation of ozone at

three representative altitudes: 44, 54, and 64 km; some of
these altitudes are overlapped as in Sakazaki et al. [2013].
The SMILES and SABER measurements can provide data

over a range of LT, while other satellite data are limited to
fixed LT because of a sun-synchronous orbit (see also
Table 3). Note that in daytime, both SABER 9.6 and 1.27
provide data at the coincidence locations, but at nighttime only
SABER 9.6 data are available for limited local times because
of the limited measurements coincident with SMILES. A
detailed explanation of the underlying mechanism for the
diurnal ozone variation in the stratosphere and the mesosphere
has been described in Sakazaki et al. [2013]. In this study,
we will mainly show the comparison results.
[48] At 44 km, the inter-satellite comparisons show that

SMILES agrees within 1 swith MLS, SMR, and the limited
LTs of SABER 1.27, but the MIPAS and SABER 9.6
measurements show rather large values. As we expand the
range of ozone mixing ratios to include most of all available
data, the diurnal variation becomes unclear. However, as
shown in Sakazaki et al. [2013], it is captured well in the
SMILES and CTM data, with a peak-to-peak amplitude
about 0.2 ppmv.
[49] At 54 km, the agreement within 1 s remains for MLS,

SMR, and the limited LTs of SABER 1.27; SABER 9.6

Figure 14. Diurnal variation at equatorial latitudes for
three representative altitudes. The solid and dashed lines
are derived from SMILES and CTMs at SMILES observation
locations and times, respectively. Symbols (see legend) are
used for the averaged satellite data with the coincident
SMILES data as crosses of the same color. Error bars denote
standard deviations calculated by separating both seasonal
and diurnal variations. The colors of the lines are the same
as those in Figure 9.

Figure 13. Time series of SMILES measurements at three
representative altitudes. The individual measurements are
shown in semitransparent blue. The daily means and their
standard deviations are shown as large grey dots with black
borders and grey error bars, respectively. The solid blue
lines are moving averages.
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measurements still show rather large values. SMILES and
SD-WACCM track each other well, except that the
amplitudes of SD-WACCM are around 1.5–2.0 times larger
than those in SMILES. This feature is described in detail in
Sakazaki et al. [2013]. They concluded that the lower limit
of the dominance of the nighttime enhancement of ozone
is located at 50 km in the SMILES data but at 46 km in the
CTMs, resulting in smaller amplitudes in the SMILES data
than in the CTMs at 50–60 km.
[50] At 64 km, the diurnal variation is well represented by

SMILES and SD-WACCM; the agreement is particularly
good at nighttime, before 06:00 and after 18:00 LT. Also,
the MLS and SMR measurements agree well. The differ-
ence between SABER 1.27 and 9.6 during the daytime
becomes small and almost within the error bars, although
the values are still somewhat higher than SMILES even for
the nighttime SABER 9.6.

6. Summary

[51] SMILES observed global ozone in the middle
atmosphere from 12 October 2009 to 21 April 2010. We have
presented validation studies of the SMILES v2.1 ozone prod-
uct based on a comparison with satellite observations and
CTMs. The comparisons of stratospheric ozone show good
agreement within 10%. In themesosphere, the agreement is also
good and better than 30% even at a high altitude of 73 km.
In addition, the LT-independent SMILES measurements
capture the diurnal variability very well. The recommended
altitude range for scientific use is from 16 to 73 km.
However, the following features should be kept in mind
for the use of the SMILES ozone data: (i) data quality is
poor below 18 km, especially at lower latitudes; (ii) there
is a positive bias of smaller than 8% below ~24 km in the
equatorial latitudes; and (iii) values tend to be lower than
correlative satellite data from ~26 km, and increasingly so
at the higher altitudes to 50 km, as seen in comparison with
MLS and more clearly in comparison with MIPAS, SABER
9.6, and ACE-FTS.
[52] SMILES has produced a new and extensive data set

relating to the Earth’s atmospheric composition. The high
sensitivity and LT-independent measurements of SMILES
provide an opportunity to investigate atmospheric phenomena
in the stratosphere and the mesosphere in unprecedented detail.
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