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Abstract. We observed ozone @ in the vertical region uct version 2.1.5. The evaluation is based on four compo-
between 250 and 0.0005hP& 12-96 km) using the Su- nents: error analysis; internal comparisons of observations
perconducting Submillimeter-Wave Limb-Emission Soundertargeting three different instrumental setups for the same O
(SMILES) on the Japanese Experiment Module (JEM) of the625.371 GHz transition; internal comparisons of two differ-
International Space Station (ISS) between 12 October 200&nt retrieval algorithms; and external comparisons for various
and 21 April 2010. The new 4K superconducting hetero-local times with ozonesonde, satellite and balloon observa-
dyne receiver technology of SMILES allowed us to obtain tions (ENVISAT/MIPAS, SCISAT/ACE-FTS, Odin/OSIRIS,

a one order of magnitude better signal-to-noise ratio for theOdin/SMR, Aura/MLS, TELIS). SMILES @ data have an

O3 line observation compared to past spaceborne microwavestimated absolute accuracy of better than 0.3 ppmv (3 %)
instruments. The non-sun-synchronous orbit of the ISS alwith a vertical resolution of 3—-4 km over the 60 to 8 hPa
lowed us to observe £at various local times. We assessed range. The random error for a single measurement is bet-
the quality of the vertical profiles of £In the 100-0.001 hPa ter than the estimated systematic error, being less than 1, 2,
(~16-90 km) region for the SMILES NICT Level 2 prod- and 7%, in the 40-1, 80-0.1, and 100-0.004 hPa pressure
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2312 Y. Kasai et al.: SMILES O3 validation (NICT L2-v215)

regions, respectively. SMILES {£abundance was 10-20% Table 1. SMILES specifications.

lower than all other satellite measurements at 8—0.1 hPa due

to an error arising from uncertainties of the tangent point Parameters (ISS orbit) Characteristics
information and the gain calibration for the intensity of the
spectrum. SMILES @from observation frequency Band-B

Orbit Inclination angle 518
non-sun-synchronous orbit

had better accuracy than that from Band-A. A two month pe- with altitude 340—360 km
riod is required to accumulate measurements covering 24 h orpit duration About 91 min
in local time of G profile. However such a dataset can also Latitude coverage 385-65 N (nominal)
contain variation due to dynamical, seasonal, and latitudinat ; —
Parameters (data sampling)  Characteristics
effects.
Measurement geometry Limb scan
Scan altitude —20-120 km (geometric altitude)
. Number of samples 1630 scans per day
1 Introduction Nominal data sampling 103 scans per orbit

Vertical sampling interval 0.056(about 2 km)

Diurnal variations of @ were observed from the upper tro-

posphere up to the lower thermosphere by the Superconduct-Parameters (instrument) Characteristics
ing Submillimeter-Wav_g Limb-Emission Sounder _(SMILES) Frequency range 624.32-625.52 GHz (Band-A)
from the Exposed Facility of the Japanese Experiment Mod- 625.12-626.32 GHz (Band-B)
ule (JEM) on the International Space Station (ISS) between 649.12-650.32 GHz (Band-C)
12 October 2009 and 21 April 2010. The ISS has a non-sun- Antenna field-of-view 0.089 (HPBW) (~ 3km)
synchronous circular orbit at altitudes of 340-360 km with an Receiver system SIS mixers and HEMT amplifiers
inclination angle of 51.8to the equator, which allowed usto  Spectrometers Acousto Optical Spectrometers
observe atmospheric composition at different local times. ~ Frequency resolution 1.0-1.2MHz

An overview of SMILES is given irkikuchi et al.(2010; Channel separation 0.8 MHz

System noise temperature 315-350K

a summary of SMILES observations fog@nd its isotopo- e )
Integration time 0.47 s (single spectrum)

logues is given irkasai et al (2006, and details on the in-
strument and its performance are availabldEM/SMILES
Mission Plan(2002. A summary of the specifications of
SMILES is shown in Tablel. The SMILES instrument  The structure of the paper is as follows: SMILES @b-
employed 4 K submillimeter-wave superconductive hetero-servation characteristics are shown in S2ctvhich includes
dyne receivers, and obtained spectra with unprecedented lo#i€ instrumental configuration and observation sampling pat-
noise, which is one order of magnitude better performancdern (Sect2.1), the retrieval algorithm (Se.2), and G ob-
than previous microwave/submillimeter limb instruments in Servation characteristics from error analysis (SBS). The
space. internal SMILES comparisons, Se8f.consists of two parts.
These unique observations gave us new products, suchirst, in Sect.3.1, we present the comparison of three dif-
as the diurnal variation of short-lived radical species in ferent instrumental receiver configurations for the sarge O
the stratosphere and mesosphere. SMILES observations pr625.371 GHz transition spectral measurements to evaluate
vided vertical abundance profiles ofH3°CI, H37Cl, CIO, the instrumental uncertainty and characteristics. Second, in
HOCI, HO,, H205, BrO, HNQ;, O3 isotopologues, CECN, Sect.3.2, we describe the comparison of two different re-
and HO, as well as ice clouds, winds, and temperature fromtrieval algorithms applied to the same SMILES 625.371 GHz
the stratosphere to the lower thermosphere. O3 spectra. The external comparisons are shown in Sect.
The JEM/SMILES mission is a joint project of the Na- The comparison with ozonesonde measurements is provided
tional Institute of Information and Communications Technol- in Sect.4.2, Sect.4.3 gives the comparison with satellite
ogy (NICT) and the Japan Aerospace Exploration AgencyObseNatiOI’]S from ENVISAT/MIPAS, SCISAT/ACE-FTS,
(JAXA). In this paper, we assess the; @ertical profiles  Odin/OSIRIS, Odin/SMR, and Aura/MLS; and Sedt4
for the SMILES NICT Level-2 (L2) version 2.1.5 product, shows the comparison with balloon born measurement
which used the version 007 calibrated Level-1b (L1b) spec-TELIS. These observations were performed at various differ-
tra. Hereafter, we denote SMILES NICT L2 product version ent local times. Finally, an example of the diurnal variation
2.1.5 as “SMILES”. We also use “SMILES(NICT)” to de- 0f Oz from SMILES is shown in Secé.
note this product when we compare to the SMILES opera-
tional L2 products, “SMILES(JAXA)”. The SMILES opera-
tional products are provided by JAXA, and the owners of the
operational product are both JAXA and NICT.

Atmos. Meas. Tech., 6, 23112338 2013 www.atmos-meas-tech.net/6/2311/2013/
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Table 2. Summary of the SMILES L1b products and associated L2 products. Two L2 processing chains from NICT and JAXA are denoted
as SMILES(NICT) and SMILES(JAXA), respectively. The data product described in this paper is shown in bold below.

Level-1b products Level-2 products
005 — Released in Nov 2009. — SMILES(NICT) v2.0.1
— The first L1b product. — SMILES(JAXA) v1.2(005-06-0032)
— SMILES(JAXA) v1.1(005-06-0150)
006 - Released in Feb 2011. — No SMILES(NICT) product
— Maodification of frequency calibration algorithm for the spectrometer. — SMILES(JAXA) v1.3(006-06-0200)

Modification of ISS altitude information.
Improvement of time synchronization between ISS and SMILES clocks.

007 — Released in Aug 2011. SMILES(NICT) v2.1.5

— Improvement of gain nonlinearity calibration. — SMILES(JAXA) v2.0(007-08-0300)

— Improvement of AOS response functions based on on-orbit comb measurements. — SMILES(JAXA) v2.1(007-98-0310)
008 — Released in Dec 2012. — New versfons

— Improvement of tangent height information.
— Improvement of frequency calibration.
— Modification of gain nonlinearity calibration.

1 There is no difference between SMILES(JAXA) v2.0 and v2.1 for@eproduct.
2 Both SMILES(NICT) and SMILES(JAXA) plan to develop new versions of their products using L1b v008.

2 SMILES O3 characteristics: observation, retrieval, Figure 1 shows the number of SMILES {observations
and error for each day of the mission by°Hatitude bins. For sev-
eral specific periods, the ISS rotated 18ound its yaw

2.1 SMILES O3 observation axis, and thus the observation latitude range was shifted to

L . . southern high latitudes. Relatively high sampling density is
VYg l%erigrmed the validation analysis for the main O ghown at both ends of the latitudinal range where the orbit
(POO0) observation at the transition frequency changes from the ascending to descending phase. In each or-
625.371GHz for (. K4 Ko) = (156,100 = (15511,  pjt there was a period when the ISS solar array wing (so-
while SMILES observed other kinds ofsDsuch as @ |5 haddie) disturbed the observation line-of-sight (LOS) of
isotopologues (asym-17:asym-18-Q, sym-17-Q, sym- g ES, which rendered the observed data useless. This de-
18-@_) and several vibrationally ex_mted statg tDanS|t|on§. creases the sampling density as shown by the dark blue X
Details of the SMILES @ observations are shown Kasai  shapes in Figl. The decrease in number of measurement
etal.(2009. was typically 4.5-8.4 % (of the daily 1630 scans) during Oc-

SMILES has three different instrument (receiver) con- i pnar 2009 to April 2010; however, in December 2009 the
figurations for observing the 625.371 GHzz @ransition. 1 oasurement decreased by 48 %.

One of the purposes for this was to evaluate the char-

acteristics of the receiver systems by comparing results ,

from the same 625.371 GHzs(bservation. The targeted 2-2 SMILES Og retrieval procedure

625.371 GHz @ transition is allocated in two frequency re-

gions Band-A (624.32—-625.52 GHz) and Band-B (625.12-\Vertical profiles of the @ volume mixing ratio (VMR) for
626.32 GHz). SMILES employed two Acousto Optical Spec- SMILES v2.1.5 are derived from the L1b version 007 cali-
trometers (AOSs) with a bandwidth of 1.2 GHz, which are brated spectra. A summary of the SMILES L1b products and
denoted as AOS1 and AOS2 in this paper. The combi-associated L2 products are shown in Table

nations of the two frequency bands (A and B) and two The retrieval algorithm is based on the least-squares
spectrometers (AOS1 and AOS?2) resulted in three differ-method with a priori constraint (e.gRodgers 2000. De-

ent instrumental setups for the 625.371 GHz @easure- tailed algorithm description for the version 2.0.1 series of the
ments; that is, (1) Band-A with AOS1, (2) Band-A with SMILES NICT L2 processing can be found Baron et al.
AOS?2, and (3) Band-B with AOS2. The Band-B observation (201]). Briefly, the forward model consists of a clear-sky
was always performed with the spectrometer AOS2. Duringradiative transfer model and the numerical instrument func-
each measurement, two out of the three SMILES frequencﬁions of SMILES. For submillimeter-wave limb observations
bands were observed simultaneously, i.e4 B, C+B,and  from space, continuum absorptions due tgCHand dry air

C+A. We do not use Band-C (649.12—-650.32 GHz) to re- become one of the dominant opacity sources in the lower
trieve the Q vertical profile. stratosphere. The SMILES continuum absorptions model

was made based on a model describeando et al(2001).

www.atmos-meas-tech.net/6/2311/2013/ Atmos. Meas. Tech., 6, 228BR§ 2013
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SMILES (NICT21.5) O:ime‘asurementn‘umbers (da‘ily, lat-hin:‘5‘) Figurez shows an examp|e of the SM”_ESS(mtrievaL

| ||~ The version 2.1.5 of NICT L2 processing uses the SMILES

60
measurements for which tangent heights are within 15—

. 110 km, and three of them are shown in the plot as examples.
The retrieved @ profile from this single scan measurement

is shown in the middle panel with information on the de-

: trieval error and vertical resolution. Averaging kernels (right
panel in Fig.2) describe the sensitivity of the retrieved O
abundance to the true state. Their vertical spread is used as
: an indication of the vertical resolution of the retrievals. It is
3-4km, 4-6km, and 6-10km at 50-0.2 hPa, 0.2-0.02 hPa
and 0.02—-0.001 hPa, respectively.

40

20

o

Latitude [°]

—20

—40

—60-

200006t Nov  Dec 2010Jan  Feb  Mar Apr  May The measurement response is the sum of the elements of
e e e D each averaging kernel row, where low values indicate high

contributions from the a priori state to the retrieved informa-
Fig. 1. Number of  observations (scans) of the SMILES (NICT) tjon, We assessed the quality of retrieval by using the fol-
v2.1.5 product. The data are accumulated in daflywgle latitudi- 5ying quantities: goodness of the fit based on the chi-square
nal bins. Measurements from both Band-A and Band-B are mergedstatistiCSXz after the retrieval, averaging kernels, and the

measurement responsRadgers 2000. The x2 used in the

SMILES NICT processing is the summation of the squared
The dry air continuum absorption coefficient was increased@nd variance weighted residuals in the measurement space
by a factor of 20 % from the original formula, in order to give and the null space after they are normalized by the number
a better agreement with the theoretical models (&gis- of measurements and retrieval parameters (see Eg. 2 given
soles et a].2003 in the SMILES frequency range. by Baron et al, 2011). A typical x? of the SMILES v2.1.5

The version 2.0.1 series of the NICT L2 processing fo- Os product is 0.6-0.8; being smaller than unity is because of
cuses on analysis in the middle stratosphere and the meséhe overestimation of the measurement noBar¢n et al.
sphere. We used thesGpectra with only 570 MHz band- 2011). Hereafter, we consider? < 0.8 as the data selection
width, in the frequency region of 625.042—625.612 GHz, in- threshold to remove bad-fitted scans. The conditionsfor
stead of using the full 1.2 GHz bandwidth of the AOS in order is also set to be larger than 0.8. This gives the sensitivity
to obtain a better fit of the spectral baseline and to stabilizeange of the SMILES @from a single scan as 100-0.001 hPa
the retrieval procedure. Such a reduction in the spectral bandc™~ 16-90 km).
width results in the removal of information coming from the
wing of the G line, and thus it degrades the sensitivity tg O 2.3  Error analysis of SMILES Og vertical profile
at lower altitudes such as the upper troposphere.

First of all, we performed the correction of the tan- Two components are important to explaining the SMILES
gent height information before retrieving all other Jacobianssystematic error: one is the uncertainty in the forward model
such as @ profiles. The LOS elevation angles (i.e., tan- parameterization, and the other is the uncertainty of the cal-
gent heights of the limb measurements) were corrected foforation of L1b spectra. We estimated such systematic er-
each spectrum by deriving the information from the pressureors for the single scan profiles by the perturbation method
induced spectral linewidth of theZdine. The performance (Rodgers200Q Kasai et al.2006 Baron et al.2011), which
of LOS elevation angle retrieval using the; @ansition is takes the difference of twoﬂ)rofiles that are retrieved from
discussed iBaron et al(2011). two different cases of the simulated spectra: ones simulated

Second, the @prof”es were retrieved inc|uding fo"owing with a perturbed forward model and the other ones with the
parameters as additional variables: temperature, HCI, £NO original forward model used in the SMILES v2.1.5 process-
HOCI, H,0, and a linear baseline of the spectrum. An offseting. The measurements were simulated using the Band-B
for the LOS elevation angle was again set as a variable at thi§haracteristics with five randomly selected @ference pro-
step in order to obtain a better fit on the measurement. Wdiles from the GEOS-5.2 data for the equatorial daytime con-
used a priori information for € H,O, temperature, and pres- ditions.
sure from the analysis of the Goddard Earth Observing Sys- The error sources and their perturbation parameters are
tem Model version 5.2 (GEOS-5.8Rienecker et a]2008. summarized in Tabl8. The uncertainty in the spectroscopic
The inversion grid is 3 and 4 km-steps for 16.5-61.5 km, andParameters includes the targej e and also other species.

65—-81 km, respectively, with additional 86, 92, and 100 km The uncertainty related to the SMILES instrument func-
levels. tions is given by the SMILES instrument team, for example,

Ochiai et al.(2012, Mizobuchi et al.(2012 andSato et al.
(2012.

Atmos. Meas. Tech., 6, 23112338 2013 www.atmos-meas-tech.net/6/2311/2013/



Y. Kasai et al.: SMILES O3 validation (NICT L2-v215) 2315

250

I I
— 31.5km
— 46.5km S P A 100
— 61.1km

200

150

100

Pressure [hPa]

Brightness Temperature [K]

Fooreens \'. .......... s0 P
50 \ 10! foocecicoccioziscie: f‘.§..m— %
—
| = —
0 10° ff/ 1F

Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il
—-200-150-100 =50 O 50 100 150 200 0 2 4 6 8 10 0.00.20.4060.81.0
Frequency offset [MHz] O; VMR [ppmv] Averaging kernel

Fig. 2. An example of @ retrieval from a single-scan measurement. Left panel shows the measured spectra from tangent heights of 31.5,
46.5, and 61.1 km, and the fitted synthesis spectrum (gray line behind the red, green blue lines). An offset of 10 and 20K is added for the
two higher tangent height spectra, respectively. Middle panel shows the retrigvptbfidle with vertical and horizontal bars indicating

the vertical resolution andolretrieval error (sum of the measurement and smoothing errors). The small numbers at the right represent the
corresponding altitude in km. Right panel shows the averaging kernels of the retrieval (colored lines) and the measurement response (thick
black line).

The NICT v2.1.5 processing uses simplified instrumen-the stratosphere). The largest error source is the air pres-
tal functions regarding the antenna field-of-view (FOV) drift sure broadening coefficient (“03g”) followed by its tempera-
during data integration of one spectrum at each tangent pointure dependence (“03n”) and the antenna FOV drift treatment
(0.47 s) and the effect from the image side-band signal. Th&"antscan”). The uncertainty on the air pressure broadening
SMILES antenna FOV drifts about a half of its half-power- coefficient can bias the £xetrieval by more than 5% in the
beam-width (HPBW) beam size during 0.47 s; however, thestratosphere. The nonlinearity in the gain correction (“cal2”)
forward model assumes an antenna response pattern with amas estimated by assuming 20 % uncertainty in the gain com-
instantaneous single-FOV pointing at each tangent height fopression factor, yielding an error of 0.1 ppmvX(.8 %) in the
the observed spectra. This makes an underestimation of thetratosphere. The total systematic error was estimated to be
HPBW of the effective antenna response pattern. For the imabout 3-8 % in the stratosphere with this being 3.8 % at the
age side-band signal treatment, the NICT v2.1.5 processingeak of the @ profile. It should be noted that we estimated
did not take this into account because its impact was thoughthe errors for only the direct effects oy Spectrum and pro-
to be negligible for the main target vertical ranges. files, and did not estimate the second-order effects, such as

The error from the uncertainty of the registered tangentan error of temperature profile.
height information is not included as an explicit error source  For the mesosphere (pressure 0.2hPa), the uncertainty
in the presented error analysis because these are retrievediimthe AOS response function becomes one of the dominant
the processing. However, since theg @trieval was carried sources of the systematic error (5-10%). This is because
out based on this retrieved tangent height information, errorghe Qs linewidth becomes comparable or narrower than the
on the Q retrieval can be introduced if any errors exist in the FWHM (Full Width Half Maximum) of the AOS response
tangent height retrievals. Such an error propagation is confunction. For comparison, the measurement noisg &or
sidered in our error analysis simulations. due to statistical noises of the SMILES measurement) and

Figure 3 shows the estimated systematic errors for thethe smoothing error (error introduced in the inversion anal-
NICT v2.1.5 G retrieval. The same analysis for the Band- ysis) from a single scan are also shown in the BigThese
A configuration was performed and we got almost thetwo errors can be considered as the random error of the O
same results as Band-B. Total systematic error, labeled aprofile, and are much smaller than the systematic error in the
“RSS_total” in Fig.3, was calculated as a root-sum-square stratosphere. The measurement noise error is kept very low
(rss) of all the considered error factors. The negative signcompared to the systematic errors, even smaller than 1 % of
means that the v2.1.5 processing underestimated i@  the retrieved @ profile, at 50—1 hPa. This emphasizes the
file. On the plot, only the error sources with an impact importance of understanding the systematic error budget of
larger than 5% of the total rss error are shown (which con-the SMILES @ product. For the upper mesosphere the ran-
firms that the image side-band signal can be neglected imlom error dominates the total error budget, which implies

www.atmos-meas-tech.net/6/2311/2013/ Atmos. Meas. Tech., 6, 228BR8§ 2013



2316 Y. Kasai et al.: SMILES O3 validation (NICT L2-v215)

Systematic error for SMILES (NICT version 2.1.5) O, (Band-B)
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Fig. 3. Estimated systematic errors for an Band-B) profile from the NICT Level-2 v2.1.5. Left panel shows the referenggrofiles

used for the error estimation. Center and right panels show the estimated ergpratri@val with absolute and relative values, respectively.

In these panels, the thick black line represents the total systematic error calculated with the root-sum-square of the individual error sources.
Other notations are the error from the uncertainty of antscan: the antenna FOV drift; aos: the AOS spectrometer; cal2: nonlinearity gain
correction; 0318g2: the pressure broadening paranretérasym-18-Q at 625.563 GHz; 03g: the pressure broadening parametéOs;

o3n: the temperature dependenceyodf Oz; and 03stg: the line intensity of DAlso see Table& for the assumed uncertainties on these

error sources. The errors from the uncertainties of the image side-band, dry continuum, and other spectroscopic parameters are not shown i
here because of their relatively small impacts.

that averaging of profiles is required to obtain an improvedsharply increased in December (average rms w&s8 K).

signal-to-noise ratio. Such characteristics may be explained by the change of the
AOS operational configuration: the thermal control system
of the AOS spectrometers was switched off at the end of Oc-

3 Internal comparisons within various SMILES O3 tober 2009 for a longer lifetime. The gain calibration of the
products SMILES L1b radiance spectra version 007 uses the calibra-
tion parameters based on the observations performed early
3.1 Comparison between two different observational October 2009. It is likely that the change in the AOS char-
configurations acteristics before and after thermal control was switched off

introduced a significant change in the parameters for the non-

As described in SecR.1, SMILES has three configurations linearity gain calibration. This issue will be investigated in
for observing the @ 625.371 GHz transition. The observa- the future using the next version of the L1b data in which it
tion configuration set of Band-A (AOS1) + Band-B (AOS2) is planned to implement nonlinearity gain calibration param-
(denoted as A- B mode hereafter) measured the same speceters evaluated with consideration of the different conditions
trum within the same air mass with nearly the same instru-of the AOS thermal control.
mental front-end characteristics (antenna characteristics, an- Figure 6 shows the comparison between @rofiles ob-
tenna scanning pattern, the optical characteristics). Compaserved with Band-A (AOS1) and Band-B (AOS2) using the
ing the @ profiles retrieved from the two bands under the A+B measurements. The data are from the latitudinal range
A + B configuration helps in assessing the difference of the30° S—30 N in December 2009. The center and right panels
instrumental characteristics of each receiver and the specshow the mean of the absolute and relative differences, re-
trometer, which are the most important instrumental characspectively. Note the relative difference is defined as the ratio
teristics for estimating the gain calibration accuracy. to the reference @profile, which is the mean of two com-

Figure 5 shows the difference between the calibrated ra-pared profiles. In this subsection we focus on the results for
diances of the Band-A (AOS1) and Band-B (AOS2) spectraSMILES(NICT) profiles, and the results for SMILES(JAXA)
during the SMILES observation period. The residual clearlywill be discussed in SecB.2
shows the variations along the observation period as shown The O3 VMRs of SMILES(NICT) Band-A are signif-
in the bottom panel of Figh. The brightness temperature dif- icantly (~0.4ppmv, or 5% at 8.3hPa level) larger than
ference was small in October 2009 (daily average of the rmghose of Band-B. In the error analysis presented in Se8t.
(root mean square) difference was as small as 0.3K), ansve do not find any error source which can reproduce such
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Table 3.Systematic errors and their perturbations considered in this 2

study. For each error source, the corresponding label in Fig.
indicated in the parentheses. The resulting error values at the O
peak level (8.3 hPa or 36 km) are given in the right column.

Error source Perturbation  Error orgO
at 8.3hPa
Spectroscopic parameters of 625.371 GHz
Line intensity (O3stg) 1% 1.0%
Air pressure broadening, (O3g) 3% —2.2%
Temperature dependenee,of O3g (O3n) 10% —-1.8%
Impact from other species
H35CI-625.901 GHz/ (HCI350) 3% 0.01%
H35CI-625.901 GHz: (HCI35n) 10% 0.01%
H37CI-624.964 GHz/ (HCI37q) 3% 0.02%
H37CI-624.964 GHz: (HCI37n) 10% 0.01%
O3v1,3-625.051 GHzy (O3v13g) 3% 0.01%
00'80-625.091 GHz’ (0318g) 3% 0.01%
00'80-625.563 GHz’ (0318g2) 3% —0.2%
Dry air continuum (DRY) 20% —0.05%
Instrumental functions
Image side-band (SSB) Seebefow  —0.08%
AOS response function width (AOS) 10%% —-0.4%
Antenna FOV drift (ANTSCAN) See belot ~1.8%
Calibration
Nonlinearity gain correction (CAL2) 20% 1.5%
Total (RSS_total) 3.8%

1 pifference between the cases considering the realistic rejection rate for the image
side-band signal and an ideal one.

2 perturbation added on the FWHM of the response function.

3 Difference between the cases with and without considering the drift of the antenna
FOV during 0.4%.

4 Perturbation added on the gain compression factor.
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Fig. 5. Difference between the calibrated Gpectra of Band-A and
Band-B from the SMILES L1b version 007. Top panel shows an
averaged radiance over ten spectra for a tangent height around
30 km observed with Band-A, and the difference from that of Band-

B (an average of ten differences calculated from each A-B pair).
Ten scans were selected from the equatorial region measurements
(30° S-30 N) on 31 December 2009. The horizontal axis is the fre-
guency offset from 625.371 GHz. Bottom panel contour plot rep-
resents the temporal change of the radiance difference around the
tangent height of 30 km. The blank region in the lower panel is the
dates when SMILES was not operated in the-B configuration.

significant differences between Band-A and Band-B pro-
cessing. This indicates that there are unimplemented error
sources (or imperfect modeling of gain calibration uncer-
tainty) in our analysis and/or the considered perturbation was
underestimated. We consider that the actual difference be-
tween Band-A and Band-B £profiles is most likely due to
the gain calibration uncertainty of the L1b spectrum being
amplified by the LOS elevation angles (tangent heights) cor-
rection procedure of SMILES(NICT) processing. The LOS
elevation angles retrieved from the coincident Band-A and
Band-B measurements differ by 0.006° (300 m) for tan-
gent heights around 30-35 km. This 300 m error propagates
in the O3 VMR retrieval which uses again the L1b spec-
trum with gain calibration errors, and finally results in such
significant VMR differences between thes @rofiles from
Band-A and Band-B. This issue will be further discussed in

Fig. 4. Estimated systematic and random errors due to the model paSect.3.2.2by comparing the Band-A—-Band-B discrepancies

rameters and calibration error for the SMILEG Band-B) profile.

of NICT and JAXA L2 processings.

Total systematic error is shown in a black profile. The red dashed The seasonal and latitudinal changes in the differences be-
profile represents the measurement noise error for a single scan, ajg,een SMILES(NICT) v2.1.5 @profiles from Band-A and

the blue line with star symbols is the smoothing error. Total system-

atic error is from Fig3.

www.atmos-meas-tech.net/6/2311/2013/

Band-B are shown in Figi. The A-B difference in the ©
profiles at 8.3 hPa is very small in October 2009. This is con-
sistent with the difference in the L1b spectral radiance shown
in Fig. 5. Some of the seasonal behavior of the Band-

A and Band-B difference, such as a large change during De-
cember 2009, follows the trend in the system noise tempera-
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SMILES O;-A vs O,-B, |Latitude| <30°, December 2009
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Fig. 6. Comparison of @ profiles retrieved from Band-A and Band-B when these frequency bands were operated simultaneously (De-
cember 2009). Left panel shows the mean VMR profiles (solid) forfrom Band-A and Band-B processed by the SMILES(NICT) and
SMILES(JAXA) L2 chains. Dashed profiles represent the standard deviation of each dataset. Small numbers on the right of the panel are the
number of data points used in the averaging. Center and right panels are the absolute and relative differgmetrsesed from Band-A and

Band-B for SMILES(NICT) and SMILES(JAXA) products, respectively.

ture of the SMILES instrument. This suggests that the instru-
mental characteristics have no small effect on the observed
difference in Q. Interestingly, the difference in thes@ro-

files becomes smaller when SMILES was in the Southern
Hemisphere observation mode, which is not consistent with
the trend of the system noise temperature. Further investiga-
tions regarding to the sensitivity of{@etrieval to the instru-
mental characteristics are now under way using the newly
calibrated L1b spectra 008.

3.2 Comparison with JAXA-processed SMILES Q3
profiles

3.2.1 Major differences in the G; retrieval algorithms

We performed a comparison of the NICT-processed SMILES
v2.1.5 @ profiles with those retrieved by the JAXA L2 pro-
cessing version 2.0 (007-08-0300). These two L2 data prod-
ucts are denoted as SMILES(NICT) and SMILES(JAXA),
respectively, in this section.

Both L2 products are retrieved from the same version of
the SMILES spectra (L1b 007), use the same principal re-
trieval algorithm (i.e., the least-squares method with regu-
larization based on a priori constraints), and use the same
instrumental functions in the forward model except for the
antenna FOV drift and image side-band signal treatments
(as discussed in Se@.3). The major differences in these
processors which have the possibility of causing signifi-
cant impacts on @retrieval results for SMILES(NICT) and
SMILES(JAXA) are as follows:

1. Forward model radiative transfer:

Atmos. Meas. Tech., 6, 23112338 2013

— O3 spectroscopic parameters: the two L2 pro-

cessings use the almost same parameters for the
y (2.31 MHzhPa?l) of the &; line, but the tem-
perature dependence)(of the y is different.
SMILES(NICT) and SMILES(JAXA) used 0.73
(based on the parameter used in the Aura/MLS
data processing) and 0.78 (based on the HITRAN
2008 databaseRothman et a).2009, respec-
tively.

Continuum model in the submillimeter-wave re-
gion: SMILES(NICT) uses the continuum model
based on the work bipardo et al(200]) with an
empirical scaling as described in SezR, while
SMILES(JAXA) uses the Liebe-93 modédliébe

et al, 1993 with a scaling factor of 1.34.

2. Forward model instrumental function:

— Drift of SMILES antenna FOV: the

SMILES(NICT) takes a single instantaneous

FOV pointing at each tangent height, whereas the
SMILES(JAXA) uses a more realistic antenna

pattern by convolving the drift of the antenna

FOV during the data integration of a spectrum at
one tangent height.

3. Retrieval setups:

— Inversion approach and the spectral bandwidth

used in the retrieval: the SMILES(NICT) v2.1.5
processor is based on a sequential inversion ap-
proach for each major retrieval parameter. It
first retrieves the tangent height information and

www.atmos-meas-tech.net/6/2311/2013/



Y. Kasai et al.: SMILES O3 validation (NICT L2-v215) 2319

then G and temperature. Both retrieval steps 360 T T T T T T T

for the tangent heights and3sO/MRs employ 355 F = Band A/AUT _ 405
a 570 MHz bandwidth spectral region centered 350 -'_,. BandB/AU2 | 3
at 625.371 GHz. The SMILES(JAXA) processor sk LY 3
uses the full spectral range of AOS bandwidth, E ]
1.2 GHz, and retrieves all physical parameters si- _ **°F * . . 3
multaneously. Piad 3 - L LT 50
— Tangent height retrieval: SMILES(NICT) re- = 3305_ .- tooe, . E
trieves the LOS elevation angles for each tan-  **[ - 3
gent height of the limb scan measurement and  320p E
corrects them prior to the Oretrieval, while 315 F q sos
SMILES(JAXA) retrieves a single offset param- YN]SR S S S S
eter for the LOS elevation angle. o 3 60 %0 120 150 180 210

Number of the date from 30 Sept 2009

6o @ s0s30-n] ‘ r‘ ‘ .;.
H H L )
(]

5 E
3F ° E
o 4 oy |

— Temperature a priori and its retrieval: a pri-
ori temperature and pressure profiles used in
the SMILES(NICT) processor are based on the
GEQOS-5.2 analysis and MSIS climatology data.
In the SMILES(JAXA) processing they are based
onthe GEOS-5.2 and MLS version 2.2 data pl’Od- 200000t Nov Doc 2010Jan  Feb Mar Apr May
uct and include the effect of migrating tides. Both o : li'! = 1 1 E

Relative difference [%]

the SMILES(NICT) and the SMILES(JAXA) aof K

| Ty | M B - ]
I 1]

processors regard the temperature profile as a re-g 208 H i pil i ]
trieval parameter but in a different way. The £ °f N AR
SMILES(JAXA) v2.0 processor imposes a very a0k j i I
strict a priori constraint above 40 km which does  _gf . J E
not allow noticeable deviations of the retrieval 20090ct  Nov  Dec 2010Jan  Feb  Mar  Apr  May
from the a priori profile at these high altitudes, 5 o m—

SMILES O;-A vs O,-B relative difference, 2(A-B)/(A +B) [%]

and no retrieved information comes for the tem-
perature profile. Thus the temperature informa- Fig. 7. Upper panel: the day-to-day variation of the system tem-
tion for SMILES(JAXA) becomes identical to perature of the receiver (Tsys). Tsys of the Band-A with AOS
that of the a priori profile at those high alti- unit 1 (AU1) and the Band-B with AOS unit 2 (AU2) are shown
tudes. However, the SMILES(NICT) processor respectively. Tsys here is the daily average of band-averaged re-
retrieves the temperature profile simultaneously ceiver output. Calibration data in the tropical observation scans are

with a O3 VMR profile. averaged. Middle panel: the daily mean difference in the tropics
(30° S-30 N). Lower panel: seasonal and latitudinal variation of
— Hydrostatic equilibrium condition:  the SMILES @ Band-A and Band-B difference at 8.31 hPa. Only

SMILES(JAXA) processor uses the hydrostatic the dates when the measurement numbers are larger than 50 are
equilibrium condition to correct the pressure shown. The blank regions in the lower panel are the dates when
profile every time after the temperature profile SMILES was not operated in the-AB configuration.
is retrieved. In contrast, the SMILES(NICT)
processing does not employ the hydrostatic )
equilibrium condition. The reason for this is day-night separately averaged MLS v2.2 prod-
to avoid propagation of errors originating in uct with near-zero correlations.
the temperature retrieval. As shown Baron .
et al. (201, retrieving the tangent heights 3.2.2 Comparison of the SMII__ES(NICT) and the
independently and representing the retrieved SMILES(JAXA) O 3 profiles
VMR profiles on pressure levels significantly

. As shown
reduced the impacts of the pressure errors on th
O3 retrieval.

in Fig. 6, both SMILES(NICT) and
eSMILES(JAXA) O3 profiles have discrepancies between
those retrieved from the coincident measurements of Band-A
— A priori profiles and vertical correlations forfO  and Band-B. The A-B discrepancy in the SMILES(JAXA)
SMILES(NICT) uses a priori information based Os is smaller than that in SMILES(NICT), but still not
on the GEOS-5.2 analysis with a 3 km correlation negligible.
length in the vertical grid, while SMILES(JAXA) In the differences found between SMILES(NICT) and
uses data from the monthly, latitudinally and SMILES(JAXA) profiles, the negative values below the O
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. SMILES (NICT)vs SMILES GAXA), fLatitude|<30", March 2010 SMILES(JAXA), is quite likely explained to be due to the
(o - srow e srosy) — Arost_ pios e BRos]) difference in the tangent height corrections of both retrieval
wi b =3 algorithms. The oscillation in the difference in the mid-
_ dle/upper mesosphere is considered to be due to several rea-
102 i sons including the difference in the temperature profile and

tangent height correction. The large difference below 20 hPa
is considered to be due to the difference in the spectral band-
width used in the retrieval and the submillimeter-wave con-
tinuum model.

Looking into the details of band and AOS dependen-
cies of the Q differences in Fig8, the largest difference
could be found for the case of Band-A with AOS2 (i.e.,
T TR A g T o when SMILES observed Pwith the Band-G+ A config-

Absolute difference [ppmv] Relative difference (%] uration). The relative difference is 12% at 8.3hPa. When

Fig. 8. Difference profiles of @ SMILES(NICT)-SMILES(JAxA) ~ Band-Ais used with AOS1 (A B configuration), the differ-
for each band and AOS configuration, from March 2010 observa-EN¢€ became slightly smaller (10%) at 10 hPa_than that of the
tions. Absolute and relative differences are shown in the left andC +A case. The Band-B (always observed with the AOS2)
right panels, respectively. O3 has the best agreement between the SMILES(NICT)
and SMILES(JAXA) products around 10 hPa, although it
still differs by ~ 5 %. Considering that the SMILES(NICT)—
SMILES(JAXA) difference is strongly affected by the gain
peak ¢~ 10hPa) and the positive values above indicate a sig-calibration errors, our comparisons suggest that the gain cal-
nificant error due to a bias from the tangent height retrieval.ibration accuracy seems to be better for Band-B. A small im-
When the LOS elevation angle correction of SMILES(NICT) pact of the AOS is found for the Band-A retrievals in the
retrieval is turned off before §xetrieval, the Band-A—Band- stratosphere.
B discrepancy on SMILES(NICT) $was same as that of We investigated the impact of the different approaches for
SMILES(JAXA) as shown in Fig6. This means that the the tangent height correction and the hydrostatic equilibrium
SMILES(NICT) O retrieval algorithm enhanced the error constraint between SMILES(NICT) and SMILES(JAXA).
on Q3 retrieval (at maximum 5% in the stratospheric re- Figure 9 shows the change in the SMILES(NICT)-
gion) through its way of applying the tangent height correc- SMILES(JAXA) difference when we turned off the tan-
tion. The root cause of such an error amplification is consid-gent height correction before thezQetrieval, and also
ered to be the uncertainty in the gain calibration. This Band-including the hydrostatic equilibrium condition in the
A-Band-B difference is expected to be reduced in the nextSMILES(NICT) processing. Without the tangent height cor-
version of the SMILES(NICT) L2 product by using the im- rection, the altitude where the maximum SMILES(NICT)-
proved gain calibration L1b spectra (version 008). SMILES(JAXA) difference exists becomes slightly higher
We performed the SMILES(NICT)-SMILES(JAXA) at ~ 3-5hPa, which corresponds to the steepest slope in
comparisons for three instrumental subsets: (3pBserved Oz VMR profile. The difference then goes to zero around
in Band-A with AOS1 (2) Band-A with AOS2, and (3) Band- the 1hPa level, and at the altitudes higher than 0.5 hPa the
B with AOS2, in order to examine the effects of the different new SMILES(NICT) profile shows larger OVMRs than
radiometer bands and different spectrometers, separately. SMILES(JAXA), which is the opposite trend to that shown
Figure 8 shows the mean absolute and relative dif- in the original SMILES(NICT)-SMILES(JAXA) composi-
ferences in absolute and relative amplitudes between th&ons. When we applied the hydrostatic equilibrium condi-
SMILES(NICT) and SMILES(JAXA) Q@ profiles for the tion, the discrepancy between the SMILES(NICT) and the
three instrumental configurations. The data were collected SMILES(JAXA) O3 profiles increased in the mesosphere
from the March 2010 observations at the equatorial region(pressures lower than 1 hPa). This demonstrates that the dif-
(30° S-30 N). The number of scans used for the compar- ference in the temperature profile amplifies the difference in
isons was~ 2000,~ 5200, and~ 7900 for the cases (1), (2), Os retrieval through the application of the hydrostatic equi-
and (3), respectively. librium: differences in the temperature profile induce differ-
The overall trends in the differences between theences in the pressure profile, and then propagate to the dif-
SMILES(NICT) and SMILES(JAXA) @ products were the ferences in @ VMR. The SMILES(NICT) v2.1.5 processor
same for three instrumental subsets. As shown in Bjg. does not employ the hydrostatic equilibrium constraint in or-
the difference at the ©maximum is sensitive to the differ- der to avoid such error amplifications.
ences of the antenna drifting model and the pressure broaden- Finally, the seasonal and latitudinal changes in the
ing parameter. The systematic bias between 2 and 0.01 hP§MILES(NICT)-SMILES(JAXA) difference are shown in
where SMILES(NICT) shows smaller VMRs than those of Fig. 10. The top panel shows the seasonal evolution of the

Pressure [hPa]
Pressure [hPa]
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2009-12-31 L1b=0649.007-0658.007 |Latitude| <30°, 8.32 hPa

107 103 [ et 8 ig @ ® AAOST W W AAOS2 4 4 B-AOS2) E
B [=g=} ctior [} |El. = =
— (3) with Hydrostatic 2 12F Lﬂ'TL'-"T—[F Wi = n ﬁll-.lr. L . .I 1
@-® (4) w/o Tg corr. & with Hydrostatic g 10F i m: E N”L. rlirl.“'l'Lll -% . ') = o0 -. E

E=1 . 1]
102 F 102 | E 8F = ° ’ = A o &\ E
g 6F 2 b by s A ; TSy L"-"‘“ £y E
5 4F 2 Y ) SRRV Y TY S 7YY e S S
g E : 4 E

I I |
2009 Oct Nov Dec 2010 Jan Feb Mar Apr M.

10" F 107

)
<

10°

Pressure [hPa]
Pressure [hPa]

10!

Latitude [°] Latitude [*] Latitude [*]

T LB = f
10 F 10? F £ AL, - :
| | | | | | | | I I I I -30 5 e | & ¥ £
~04-020.0 02 04 06 08 -30 —20 -10 0 10 20 30 -60 Fi AAQSL. | i i H : p b
Absolute difference [ppmv] Relative difference [%] 2009 Oct Nov Dec 2010 Jan Feb Mar Apr May
[ aaa— I I I |
Fig. 9. Difference in the @ profiles retrieved in the SMILES(NICT) A S 3 6 N U

SMILES (NICT) vs SMILES (JAXA) relative difference [%]

and SMILES(JAXA) processing when changing the tangent height

correction method and adding the hydrostatic equilibrium condi- Fig. 10. Seasonal and latitudinal variation of;@ifferences be-
tion for the SMILES(NICT) processing. Analysis of ten Band- tween SMILES(NICT) and SMILES(JAXA) shown in the same fig-
B scans from 31 December 2009 were averaged. The originalre format as Fig7.

SMILES(NICT)-SMILES(JAXA) G difference is shown in the

red dashed curve as reference. The cases for the SMILES(NICT)

processing without the tangent height correction, and with the hy-ments, for which a 12 h criteria was used because of their
drostatic equilibrium condition are shown in the cyan profile with more sparse measurements.

square symbols and the green solid profile, respectively. The blue The data quality selection criteria for the SMILES dataset
profile with dot symbols represents the case with no tangent heighfy,5< as follows:

correction and with the hydrostatic equilibrium condition included.

— the measurement responsé) (= 0.8, and

— the goodness of fit(?) < 0.8.
daily averaged differences at 8.3 hPa from the equatorial "eThe x2 andm were applied for the retrieved ozone abun-
gion. The SMILES(NICT)-SMILES(JAXA) difference for
the Band-B Q retrieval stayed relatively small compared to
the Band-A products during the entire SMILES observation

dance at the every tangent height of one scan retrieval
scheme. A total of 90 % of the data was left after the flag-

) gings. We also applied a certain data quality selection for the
period. In the SecB, we noted that the Band-A and Band-B - \h4req instruments based on the recommendation from

difference for the SMILES(NICT) product is smaller when o0 gatq processing team. A summary of the coincidences
ISS rotated 180(Fig. 7). The latitudinal variation resembles for each comparison dataset is given in Table

the pattern of the previously shown inj[er-band difference of The ozonesonde measurements have a vertical resolution

Band-A and Band-B that has a larger discrepancy atthe equass a6t 50-100 m. The vertical resolutions for the satellite

torial latitudes. measurements are about 1.0-2.0km, 2.5-6.0km, 2.7-3 km,
3-4km for OSIRIS, MIPAS, SMRJégou et a).2008, MLS
(Froidevaux et a).2008, and ACE-FTS, respectively. Direct

4 External comparisons comparisons are applied for MLS, SMR, MIPAS, and ACE-
FTS since the vertical resolutions and sampling intervals are
4.1 Methodology of comparisons comparable with that of SMILES. We applied a vertically

smoothing triangle function as shown in EQ),(using the

The Comparison of the two :pprof”e datasets were per- width of SMILES averaging kernel, for the ozonesonde and
formed by finding pairs of the coincident measurements, usOdin/OSIRIS datasets.
ing a methodology which is based on the worksDypuy The smoothing function is
et al. (2009, von Clarmann(2006, and Chauhan et al. ni raw raw _raw
(2009. We set a horizontal distance of within 300km on _smootty , \ _ 2w (P = pi) - x(p

. o . A h(P:) i raw ) (1)
the measurement location as a criteria for selecting a pair Zj:l w; (P — pi)
of coincident measurements between SMILES and other
satellite/balloon-borne instruments. A 3 h threshold for thewherexsmOOIWp,») is the smoothed volume mixing ratio for
measurement time difference was also applied except for théhe high-vertical resolution measurement at presgire™"
comparisons with the ACE-FTS and ozonesonde measures the original VMR of the high-resolution profiley; is
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the associated weight (function pf®" — p;), andn; is the platinum, silver or activated carbon) in a solution of potas-
number of grid points from the F\igh—resolution measure-sium iodide (KI) Kerr et al, 1994. According toHarris
ments which exist within the SMILES vertical resolution- et al. (1998, the precisions of the three ozonesonde types
width layer centered gb;. Once the vertical resolutions are are within+3 %, while systematic biases compared to other
adjusted, we interpolated thes MR profiles into a refer- O3 sensing techniques are smaller thab % between the
ence vertical grid which was generated on a pressure cootropopause and- 28 km. Above 28 km, precision depends
dinate with intervals of- 3km. The interpolation of VMRs  on the type of ozonesonde. For example, the biasl§ %
was done by using a linear interpolation with respect to theat 30 km for the BM ozonesonde artb % for the ECC one.
logarithm of the pressure levels. In addition, the precision for the ECC ozonesonde depends
The mean absolute differencégps at the pressure level, on the manufacturer and the concentration of the solution of
p, between the coincident{profiles was calculated using  KIl. For example, an ozonesonde with 1.0 % KI solution and
a full buffer has a 5% larger £ VMR than that with 0.5 %
Kl and a half buffer, and has a 10 % larger one than that with
2.0% Kl and no buffergmit et al, 2007). With the criteria of
+12h and+300 km, 159 and 133 coincidences were found
whereN (p) is the number of coincidences af andxs(p)  for the comparison between SMILES Band-A and Band-B,
andx.(p) are the VMRs ap for SMILES and the compari- 35 shown in Tabld. The ozonesonde stations where the co-

son instrument, respectively. The mean relative difference inncidences were found are listed in Tateand plotted in
percent was calculated by using the mean of twp@files  Fig 11,

N(p)

1
Aabdp) = o D tx(p) —xe(p)), 2
i=1

as a reference, The results are shown in Fig2. Two SMILES observa-
1 Y tion bands were treated separately. The plot shewsto
Arel(p) = Z x‘(p)__ %e(p) x 100, (3)  +8% relative differences{0.3—0.5 ppmv in absolute dif-
N(p) = x(p) ferences) between SMILES and ozonesondes in the pressure

range between 40 and 8 hPa 22 to 32 km). The difference

is larger for Band-A compared to that of Band-B, which sug-

gests the accuracy of the SMILES; @rofile is better for

the Band-B product than that for the Band-A. The differ-

gnce became larger with decreasing altitude. In the upper tro-

gosphere (e.g., pressures higher than 60 hPa), the SMILES

O3 product VMRs were smaller than ozonesonde measure-

fipents by—20 %. According to the averaging kernels of the

retrieval, it is supposed that the SMILES @rofiles still have

sensitivity at pressure levels as high as 100 hPa (se€Jig.

The accuracy of the SMILES product at this upper tropo-

4.2 Ozonesonde spheric region will be improved for the next version of NICT

L2 processing.

An ozonesonde is a balloon-borne instrument measuring the

atmosphere in situ from the ground 1035 km, where the 4.3 Satellite-borne instruments

balloon bursts. They are launched from each ozonesonde sta-

tion about once a week and measure the profile gftGtal We performed the comparisons with Aura/MLS,

pressure, temperature, and humidity. The vertical resolutiorSCISAT/ACE-FTS, ENVISAT/MIPAS, Odin/OSIRIS,

of an ozonesonde profile is about 50-100 m. and Odin/SMR, which observesGat various local times as
We used the ozonesonde data available from the Worldshown in Tabled.

Ozone and Ultraviolet Data Center (WOUDCHttp://

www.woudc.org) and the Southern Hemisphere Additional 4.3.1 Aura/MLS

Ozonesondes (SHADOZ) projedit{p://croc.gsfc.nasa.gov/

shadoz/ (Thompson et al2003 for the dates from 12 Octo- The Aura satellite was launched on 15 July 2004 into a sun-

ber 2009 to 21 April 2010. We used the data from three typesynchronous orbit at 705km altitude, with an ascending

of ozonesonde instruments: the carbon-iodine ozonesondequator crossing time of 13:4%5¢hoeberl et a1.2000. Its

(Cl) (Kobayashi and Toyamdl966, Brewer—Mast (BM),  orbit is near-polar with a 98inclination, and the daily Mi-

(Brewer and Milford 1960, and the electrochemical con- crowave Limb Sounder (MLS) measurements cover the lati-

centration cell (ECC)Komhyr et al, 1995. These instru-  tudinal range from about 85 to 82 N. MLS measures tem-

ments have basically the same principle, which is to mea{perature and trace gas profilesz(®,0, HNO3, HCI, etc.)

sure @ by using an electrochemical reaction cell contain- using thermal emission data (day and night scans) from the

ing a cathode (made of platinum) and an anode (made ofipper troposphere to the mesosphere. MLS performs each

where the referenc&(p)) is

B 1
X(p) = E(xx(p) +x:(p)) 4)

except for the comparison with ozonesonde. The referenc
for the ozonesonde comparison was set as equal to th
ozonesonde measurement, i5 xsonde ThiS is because
we consider that below 30 km the ozonesonde measureme
technigue is more reliable than that of SMILES (or any
satellite-based remote sensing).
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Table 4. Summary of the comparison datasets and the coincidences criteria applied in this study. Local time of the equator crossing is shown
for satellites with a sun-synchronous orbit.

Instruments Equator Data SMILES Latitude No. of Criteria Obs. altitude range
crossing version Band range coincidences  [h] [km] and retrieval grid
Aura/MLS 1:45a.m./  3.30 A 70S-68 N 20583 +1 +300 215-0.02hPa
1:45p.m. B 70 S-68 N 16546 2-3km
ACE-FTS Sunset/ 3.0 A 385-67.9N 308 +12 +300 5-110km,
sunrise B 68S-66' N 122 3km grid
ENVISAT/MIPAS 10:00a.m./ V40_03_202 A 4566 N 2485 +1 +300 4-44km, 1 km grid
10:00 p.m. B 61S-66 N 2980 46-70km, 2 km grid
V50_03_220 A 42S-66 N 5544 +1 +300  4-44km, 1 km grid
B 61° S-66' N 3389 46-70km, 2 km grid
Odin/OSIRIS 6:00a.m. SaskMART A 75-6°P N 1623 +1 +300 5-64.5km
6:00 p.m. 5.01 B 71S-67 N 1355 1km grid
Odin/SMR 6:00a.m. 2.1 A 67S-67 N 999 +1 +300 ~ 7-47km,~ 1.5km grid
6:00 p.m. B 72S-6TF N 843 ~ 50-70km,~ 5km grid
SMILES (JAXA)  Variable 2.0(2.1) A 79S-65 N 72673 Alldata ~ 100hPa—0.0001 hPa
B 70° S-65 N 79364 ~ 3km grid
TELIS Local time 2.1 A 68N-67 N 0
12:45p.m.  (L1b) B 65N-67 N 2 +1  £200 ~ 14-34km,~ 1.5km grid
Ozonesonde - - A 3&5-52 N 163 +12  £300 0-30km
B 55°S-52 N 134 ~ 50-100m grid

limb scan and related calibration in 25 s, and obtai8500  to 25 % difference between 43 and 60 km. Validation of MLS
vertical profiles a dayWaters et al.2006. The MLS data v3.3 data is currently in progress but shows very small (1 to
processing algorithms are based on the optimal estimatior2 %) differences versus the MLS v2.2 data for most of the
method, as explained byivesey et al.(200§. MLS uses  stratospherel{vesey et al. 2011). However, vertical profile
spectral bands centered near 118, 190, 240, and 640 GHDs oscillations have become pronounced mainly at low lati-
as well as 2.3 THz, and obtains standard Levels@files  tudesin the upper troposphere and lower stratosphere; this is-
from the 240 GHz spectral regiohiyesey et al, 2006). sue is currently being studied further by the MLS team, with
The altitude range of a retrieved MLS;@rofile for ver-  improvements expected for the next data version. For the
sion 3.3 (hereafter v3.3) is represented on a pressure grid empurposes of this work and the comparisons versus SMILES
compassing 37 levels, equally spaced on a log scale fronstratospheric @data, the use of either MLS v2.2 or v3.3 data
1000 to 1 hPa (e.g., 1000, 825, 681, 562, 464, 383, 316, 262would result in very similar conclusions; the main difference
215, 178, 147, 121, and 100 hPa for the first 13 levels), anchas to do with the finer (by a factor of two) vertical retrieval
including 18 levels (on a grid coarser by a factor of two) grid for the v3.3 data.
above 1 hPal(ivesey et al.2011). We performed the comparisons using MLS and SMILES
We used the MLS v3.3 ©product for the comparisons. profiles within+300 km andt-1 h, as mentioned in Se@.1
Several MLS v2.2 validation studies have been publishedWe also used the MLS data screening recommendations from
e.g.,Froidevaux et al(2008, Dupuy et al.(2009, Chauhan the MLS team (sedivesey et al. 2011). We used the data
et al. (2009, Jiang et al(2007), andLivesey et al.(2008. that satisfy the conditions for each profile, such that “Status”
According toFroidevaux et al(2008, MLS v2.2 data exhibit ~ field is even, “Quality”> 0.6, and “Convergence< 1.18.
differences of about 5-8 % over the stratosphere and loweAfter data screening, we obtained 20583 and 16 546 coin-
mesosphere compared to other satellite datasets, ozonesoridences versus MLS profiles for the SMILES Band-A and
des, lidars, and ground-based microwave instruments. AcBand-B retrievals, respectively.
cording toDupuy et al.(2009, a comparison between MLS The results are shown in Fig3. The relative differences
v2.2 and the ACE-FTS version 2.20pdated product shows between SMILES and MLS are 11 to +3 % between 40
0 to 10 % difference between 12 and 43 kmmZ hPa) and 10 and 2hPa-{ 22-45km). The Band-B profile is very close

www.atmos-meas-tech.net/6/2311/2013/ Atmos. Meas. Tech., 6, 228BR8§ 2013



2324 Y. Kasai et al.: SMILES O3 validation (NICT L2-v215)

Table 5. Summary of the ozonesonde stations used in the presented comparison.

Station Location Country  Agency Type Source No. of coincidences
Band-A Band-B
Legionowo 52.4N, 2097 E POL PIMWM ECC WwOouDC 6 0
De Bilt 52.1°N, 5.18 E NLD KNMI ECC WOouDC 3 2
Valentia Obs. 51.93N, 10.2% W IRL ME ECC WOuUDC 22 18
Hohenpeissenberg 47.8l, 11.02 E DEU DWD BM WwOouDC 36 25
Sapporo 43.06N, 141.3E JPN JMA Cland ECE WOUDC 2 7
Madrid/Barajas 40.47N, 3.65 W ESP INME ECC WOuDC 14
Ankara 39.95N,3288E TUR TSMS ECC WOuDC 3
Wallops Island 37.98N, 75.48 W USA NASA-WFF ECC WOuUDC 14
Tateno/Tsukuba 36.06N, 140.PE  JPN JMA Cland ECE WOUDC 10 11
Isfahan 32.51N,5143E IRN MDI ECC WOUDC 4 6
Naha 26.21N, 127.PE JPN JMA ECC woubDC 5 4
Hong Kong Obs. 22.3IN, 114.2E HKG HKO ECC WOuDC 3 2
Alajuela 9.98N, 84.2P W CRI SHADOZ ECC SHADOZ 0 3
Paramaribo 5.81IN, 55.2P W SUR SHADOZ ECC SHADOZ 3 1
Kuala Lumpur 2.73N, 101.7 E MYS SHADOZ ECC SHADOZ 0 1
Nairobi 1.27S,36.8E KEN SHADOZ ECC SHADOZ 1 0
Natal 549 S,35.33W BRA SHADOZ ECC SHADOZ 6 2
Wakutosek (Java)  7.8G, 112.6 E IDN SHADOZ ECC SHADOZ 0 1
Ascension Island 7.985, 14.42 W GBR SHADOZ ECC SHADOZ 8 8
La Réunion 21.086S, 55.48 E REU SHADOZ ECC SHADOZ 5 6
Broadmeadows 37.6%,1149E AUS ABM ECC WOUDC 8 4
Macquarie Island  54%S, 159.0 E AUS ABM ECC WQouDC 0 1

* Cl-type ozonesondes were used until 24 November 2009 and ECC-type ozonesondes were used from 2 December 2009.

the SMILES(NICT)-SMILES(JAXA) comparison showed
a constant-0.1 ppmv difference in that pressure range. In
Sect.3.2, we discussed that the difference of SMILES and
SMILES(JAXA) most likely comes from the impact of the
different tangent height correction procedures. The result
shown in Fig.13 (which has a different vertical trend com-
pared to the SMILES(NICT) and SMILES(JAXA) compari-
son) means that the difference between SMILES(NICT) and
MLS data at higher altitudes is not solely due to the tan-
Fig. 11. Ozonesonde stations where coincidences were found irde€nt height correction issue. One potential error source that
this study. Red dots are observation points where coincidence€ould explain this difference is the uncertainty in the mod-
were found between ozonesondes and both Band-A and Band-Beling of the SMILES AOS response function. Indeed, if we
Green stars are those where comparisons were between ozonesaempare MLS with the SMILES(NICT) Band-A data for the
des and Band-A. Blue squares are those for the comparison betwegdifferent AOSs, AOS1 and AOS2, in Fi@y4, we find that the
ozonesondes and Band-B. SMILES(NICT)-MLS difference is not exactly the same at
1 hPa for AOS1 and AOS2-0.5 versus-0.65 ppmv).

o ] The more significant difference shown at10hPa in
to the MLS one (within 1% difference) around 8-10hPa Fig 14 s due to the effect of uncertainty in the nonlinear-
(where the stratospheric peak i MR exists), while the v gain calibration. The result is consistent with what we
SMILES Band-A productis largerthanthat of MLS B8 %  |earned from the SMILES(NICT)-SMILES(JAXA) compar-
(~ 0.2ppmv). Above 45 km, the relative differences are neg-ison shown in Fig8, that is the SMILES @ profile obtained
ative and worse than-10%. The vertical trend of the dif- \ith Band-A AOS?2 tends to have larger VMR at 10-8 hPa
ference is roughly similar to that of the SMILES internal compared to that obtained with Band-A AOS1. Note that
comparison between SMILES(NICT) and SMILES(JAXA) the differences between AOS1 and AOS2 are more mod-
(Fig. 8); but in detail one can observe that the amplitude of grate than those inferred in Fif. This is because this re-

the difference in the SMILES(NICT)-MLS comparison de- gyt is calculated with the coincident pairs from all latitudes
creases from-0.6 to —0.2 ppmv (from 1 to 0.1 hPa) while

Ozonesonde stations

60°N [

30°N

0°

30°S{{e @ Both Aand B i NG o G
* *k Aonly
60°S({® ® Bonly

180° 120°W 60°W 0° 60°E 120°E 180°
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SMILES vs Ozonsonde; Distance <300 km, Time <3 hr
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Fig. 12. Left panel: mean @ VMR values for SMILES and ozonesonde measurements (solid lines). The SMILES measurements for Band-
A (red line) and Band-B (blue line) are compared separately. Dashed lines represent the assoattadard deviations for each dataset.
Numbers of coincident pairs are indicated at the right side of each panel. Middle panel: mean absolute difference for opbetvexb®
SMILES and ozonesonde calculated by E?). The comparisons for Band-A and for Band-B measurements are shown with the red solid
and blue dashed profiles, respectively. Right panel: mean relative difference for obsgrisetv®en SMILES and ozonesonde calculated

by Eq. @).

SMILES vs MLS(3.3); Distance <300 km, Time <1 hr
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Fig. 13.Comparison between SMILES and MLS @rofiles. See Figl2 for the plot format.
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SMILES vs MLS(3.3); Distance <300 km, Time <1 hr
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Fig. 14.Same as Figl3, except we selected the SMILES data only for Band-A and distinguished the two different AOSs used.

while Fig. 8 was created using using only equatorial data, ¢ 8 =& B T

where larger differences exist between the AOSs (as showr_ 4o} | F.| [ r

in Fig. 10), s o K0 P
Improvements in the AOS response function parameteri-£ _,f "1 Ly =

zation are targeted for the next version of SMILES L1b cal- ~ -0} -t h l

ibration. It will be interesting to see how this changes the -6of "% ; ‘ ; ; ; E

comparisons versus MLS at high altitudes. of i' ar 9 F ' #' [ ]
The seasonal and latitudinal variation of the relative dif- = Lo} . i ! i ,l ]

ference at 8.3hPa is shown in Fith. The coincident pairs ¥ of - - - 5

were divided into 2-day and 28atitude pixels, and the me- 5 -20p lI . =l : u ‘ ! ..I u ]

dian value of the relative differences were calculated for each :GO:‘ Band-B H ‘ ‘ ‘ h ‘ ‘ ‘:

pixel. Only the pixels where we had more than five coin-  20000ct Nov  Dec  2010Jan  Feb  Mar Apr  May

cident pairs are shown. Similar to the results shown in the —— o L R EET—
SMILES internal comparison section, the relative differences Relative difference (at 8.3 hPa) [%]

are largest in the tropics. For Band-A (both AOS1 and AOS2pig 15 seasonal and latitudinal change of the relative differences

were combined), the SMILES(NICT) and MLS difference petween SMILES and MLS VMRs. The value for the 8.3 hPa
was +10 to +15% (note that the result shown in Fij3 level is shown. The inhomogeneous data coverage is because the
is a global and seasonal average). Results from Band-B sho®MILES orbit is non-sun-synchronizing.

a similar latitudinal and seasonal dependence as those from

Band-A. Some abnormal pixel differences are observed for

60°S in the middle of February, when SMILES observed c1q) Bernath et a).2005 and the Measurement of Aerosol
high southern latitudes (8%). Extinction in the Stratosphere and Troposphere Retrieved
by Occultation (ACE-MAESTRO) NIcElroy et al, 2007).
4.3.2 SCISAT/ACE-FTS These observe the vertical profiles of @nd a myriad of
other trace gas constituents, temperature, and atmospheric
The Canadian-led science mission, the Atmospheric Chemextinction by aerosols.
istry Experiment (ACE) on the SCISAT satellte, was The ACE-FTS measures the absorption of solar in-
launched on 12 August 2003. The ACE satellite movesfrared radiation (750-4400 cm) with a high resolution of
along an orbit inclined at P4to the equator at 650km al- 0.02cnT?. It observes sunrise and sunset about 30 times
titude Bernath et al.2005. The ACE satellite has two in- (15+ 15) per day and measures from cloud top-ta50 km
struments: the ACE Fourier Transform Spectrometer (ACE-with a vertical resolution of about 3—4 km. The latitude range
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SMILES vs ACE-FTS(3.0); Distance <300 km, Time <12 hr
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Fig. 16.Comparison between SMILES and ACE-FTg p@ofiles. See Figl2 for the plot format.

covered by ACE-FTS extends from8S to 8% N, as given  4.3.3 ENVISAT/MIPAS
in Bernath et al(2005.

The retrieval method is based on the Levenberg—the Michelson Interferometer for Passive Atmospheric
Marquardt r?onlln'ear least-squares method. Detallgd '”for‘Sounding (MIPAS) is a mid-infrared emission spectrometer,
mation is given inBoone et al.(2009. The O vertical  \yhich was a core payload of the European ENVironmental
profiles are obtained from observed Gpectra in the fre-  gaTeliite (ENVISAT) launched on 1 March 200Figcher

quency region of 829 cmt, 923cnT?, 1027-1168¢m', ¢t al, 2009. ENVISAT moved at an altitude of 800 km and
2149 cn1+, and 2566-2673 crt. The retrieved data for®  had a sun-synchronous orbit with 98°56clination. The de-
have a vertical profile range from 10 km to> 90 km with scending equator crossing time was 10:00.

1 km spacing after interpolatioBoone et al.2005. MIPAS observed five mid-infrared spectral bands within
We compared the SMILES v2.1.5 data (Band-A and Band-ie frequency range 685 to 2410thy(14.6—4.15 pm) with
B) and the ACE-FTS version 3.0 data. The latest data versiony resolution of 0.0625 cnt (Cortesi et al.2007. From 6
of ACE-FTS (version 3.0) is being validated including com- 31y 2002 to 26 March 2004, MIPAS scanned 17 tangent al-
parisons with the previous version (version 2.2 QVay- tjtydes from 6 to 68 km with 3-8 km resolution. The spectral
mark et al, 201). ACE-FTS Q (version 3.0) profiles are  resolution was 0.025 cnt. At the end of March 2004, exces-
improved compared to the v2.2 update profiles, with a S—sjye anomalies observed in the interferometer led to tempo-
10 % decrease in VMR above 40 km. rary discontinuation. However, it started again in a new oper-
Comparison results between ACE-FTS and SMILES ation mode from January 2005. In this operational mode, M-
(Band-A and Band-B) are shown in Fig6. Criteria are  pas scanned at a reduced spectral resolution (0.062%xcm
set as 300km ane:12h to obtain a sufficient number of anq finer altitude grid. The latitudinal observation coverage
coincidences. 308 and 122 coincidences were obtained fofas from 87 S to 89 N. In the latter mode, MIPAS had
SMILES Band-A and Band-B, respectively. The SMILES O gyt 95 scans per orbit and conducted about 14.3 orbits per

profiles have smaller VMRs at all heights except at 10 hPayay around the Earth. Thus, about 1360 vertical profiles were
for the Band-A data. There is a difference-e15t0 —3%  recorded in a day.

for Band-B, andt1 % for Band-A at pressures of 40-1hPa.  an |2 process has two kinds of retrieval data: operational

The magnification of the difference is more significant than 4t and scientific dat&ischer et al.2008. The operational

that of MLS. This is mainly due to a larger observation time qata are generated by ESA and contain the vertical profiles

difference (12 h) in the coincidence search. of temperature and six trace gases. However, several types
of scientific data for trace gases exist that are not included
in the ESA operational data. In this study, we used version
V40 _03_202 of the MIPAS scientific data product, which is
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SMILES vs MIPAS(V40_03_202); Distance <300 km, Time <1 hr
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Fig. 17.Comparison between SMILES and MIPAS V40_03_20ppoofiles. See Figl2 for the plot format.

generated by Institut fur Meteorologie und Klimaforschung We performed the comparisons wih300 km in a great
(IMK) at Karlsruhe Institute of Technology (KITy6n Clar-  circle and+1 h, as mentioned in Sect.1 With these cri-
mann et al. 2009. This data product was retrieved using teria, 2485 and 2980 coincidences with MIPAS version
a Tikhonov-type regularization with a smoothing constraint V40_03_202 profiles were found for Band-A and Band-B,
(Steck and von Clarmang007). respectively. The results are shown in Flg. Comparison
MIPAS IMK-AAF (The Institute for Meteorology and Cli-  with MIPAS confirms the result of the SMILES validation
mate Research, the Atmospheric Aerosol Research) versiowith MLS and ACE-FTS that SMILES ozone mixing ra-
V30_03_7 data were compared with lidars, FTIR, balloon-tios are low, except for the Band-A at the 10 hPa level. It
borne instruments, and two satellite instruments (HALOEis shown that the absolute difference has a local minimum of
and POAM IIl) by Steck et al.(2007). According to that —1.2 ppmv around 3—4 hPa (about 40 km). This can be ex-
study, the mean relative differences for all instruments are beplained by the fact that the version of MIPAS data consid-
tween410 % above 18 km and 20 to 30 % below 18 km. In ered has a positive bias at these altitudes. If this localized
addition, the precision is 5-10 % betweer20 and 55km, bias of+0.9 ppmv for MIPAS S&tiller et al, 2012 is taken
and the accuracy is 15-20% between 20 and 55km. Thénto account, the difference between SMILES and MIPAS
first version of the reduced spectral resolution L2 data prod{V40) becomes-0.3 ppmv at the 3—4 hPa level. Compari-
uct, version V40 _03_202, was compared with measuremerngon with the other instruments used in this study, however,
data obtained by lidars, ozonesonde data, and satellite instrisuggest that the bias of MIPAS at this altitude is more likely
ments during the Measurements of Humidity in the Atmo- about +0.5 ppmv only and that the value of +0.9 ppmv as de-
sphere and Validation Experiments (MOHAVE) 2009 cam- termined from the MOHAVE intercomparisons might not be
paign Gtiller et al, 2012). According toStiller et al.(2012), representative for the wider range of atmospheric conditions
the differences between the MIPASz @nean profile and  encountered in this study. The comparison with the MIPAS
mean profiles of most instruments were withif®.3ppmv ~ V50_03_220 dataset is shown in FB. We found better
below 30km. These MIPAS ©profiles have a positive agreement at altitudes below 3 hPa, while differences remain
bias up to +0.9 ppmv at 37 km. Between 50 and 60 km, alarge at 2—-3 hPa.
—0.5ppmv difference is found in the comparison between
MIPAS profiles and ACE-FTS version 2.2@rofiles. How- 434 0Odin/OSIRIS
ever, the ACE-FTS version 2.2;Qlata have a positive bias

from 45 to 60km, as mentioned in Sedt3.2 The positive  ogin (vurtagh et al, 2002 is a scientific mission led by
MIPAS O; bias around 37 km has been largely reduced in thegyyegen partnered with France, Canada, and Finland, and
V50_03_220 version. The current status of the MIPAS data, 55 |aunched on 20 February 2001. Odin is in a circular

comparisons are reported hyeng et al(2013). 620 km altitude, sun-synchronous and near-terminator orbit
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SMILES vs MIPAS(V50_03_220); Distance <300 km, Time <1 hr
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Fig. 18.Same with Fig17 but using MIPAS V50_03_220 dataset.

with the ascending node near 18:00LT (local time). Its or-ference between the two datasets is less than 2 % between 18
bit is near-polar with an inclination of 97.8so the max- and 53 km. The standard deviation of the relative difference
imum coverage of the orbit plane ranges from 8A2to is approximately 5% between 20 and 50 km, while the re-
82.2 S. Two types of instruments are mounted on Odin: thesults show more than a 10 % low bias above 53 km and 10 %
Sub-Millimetre Radiometer (SMR) and the Optical Spec- high bias below 18 km.

trograph and InfraRed Imager System (OSIRISgellyn We performed the comparisons with300 km in a great

et al, 2004). They observe the molecules linked ta @e- circle and+1 h, as mentioned in Seet.1 With those crite-
pletion, such as § HNOs, NO, NO,, CIO, BrO, HO0, ria, 1623 and 1355 coincidences were found for Band-A and
HO,, H20,, OCIO, CO, HDO, and NO. OSIRIS measures Band-B, respectively. The results are shown in BEig.The
limb-scattered sunlight within the wavelength range of 280—SMILES Band-B data shows satisfactory agreement within
800 nm with a spectral resolution of approximately 1 nm. a 0—+2 % relative difference at the 20-10 hPa range. Below
For the retrieval of ozone, OSIRIS performs a vertical limb and above this range, the difference amplitude increases to
scan with a 1 km vertical field-of-view over the altitude range —15 % at 60 and 2 hPa levels.

of 7-65 km. Nominally OSIRIS generates approximately 30

O3 profiles per orbit over the sunlit hemisphere. However,4.35 Odin/SMR

two times a year 60 profiles are generated when Odin flies

near the orbital terminator. These times occur in late Febru—l—he Sub-Millimetre Radiometer (SMR) is the second instru-
ary to early March and through September and October. Wenent on board the Odin satellite. The Odin satellite is de-
used the latest version (version 5.07) of the @ata prod-  gcripeq in Sect4.3.4 Odin/SMR observes thermal emis-
ucts processed at the University of Saskatchewan (Saskasjon at the atmospheric limb using four channels between
toon, Canada). The abundance in this product was re- 4gg and 581 GHz. The measured receiver noise temperatures
trieved with the SaskMART Multiplicative Algebraic Recon- 4.e~. 3000 K for the submillimeter channelsl(rtagh et al,

struction Techniquelfegenstein et al2009 and the SASK- 5009 stratospheric @is measured in two bands centered at
TRAN radiative transfer modeBpurassa et al2007). This 501 g and 544.6 GHz. Measurements in this mode were per-
technique uses the Chappuis and Hartley-Huggins absorfymed on every third day starting at the beginning of this
tion bands measured within the limb-scattered spectra. Thignission and since 2007 on every other day. The atmosphere

retrieval algorithm obtains the Lprofiles from the cloud g scanned from about 8 to 70 km with a vertical scan speed of
top to 60 km. InDegenstein et (2009, they compared the ¢ 75km s and up to 1000 vertical profiles are obtained per

retrieved OSIRIS @ with coincident retrievals made using measurement dayerino et al, 2002 Urban et al, 2005.
measurements from the Stratospheric Aerosol and Gas EX- |, this study, we used the latest official version of the O

periment (SAGE) II. Their results show that the relative dif- 55 product, Version 2.1 (here after Chalmers-v2.1), which
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SMILES vs OSIRIS(SASKMART-5.01); Distance <300 km, Time <1 hr
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Fig. 19.Comparison between SMILES Band-A and OSIRIS. Same key as ini€ig.

is produced at the Chalmers University of Technology, Géte- SMR Chalmers-v2.1 and SMILES Band-B show an ex-
borg, Sweden. The Chalmers-v2.3 Qata were retrieved cellent agreement in the mean relative difference to within
from a weak @ line near 501.5 GHz. The retrieval is based 0-7 %. Relative differences increase with altitude and the
on the OEM methodRodgers2000. The 501.8 GHz v-2.1  largest values are found at the upper end of the vertical range
L2 product provides stratospherig@ata in the~ 12—-60km  (50-1 hPa). Differences with Band-A of up to 10 % are found
range with 2.5-3.5km vertical resolution and single-profile close to the ozone peak altitude.
precision of about 20 %. The systematic error is estimated to With this SMILES-SMR comparison, the mismatch be-
be smaller than 0.75 ppmU(ban et al. 2005 20086. tween the mean of absolute and relative differences are
Jones et al(2007) compared three versions of the SMR clearly illustrated. For example, the mean difference at 2 hPa
O3 data (Chalmers-v2.1, v1.2, and v2.0) to MIPAS measure-s almost 0 ppmv in the absolute difference butt5 % in
ments. The results of the comparison between MIPAS andhe relative one. Reminding our definition for the mean cal-
Chalmers-v2.1 are similar to the older versions in the alti- culation of absolute and relative differences (E2S8), such
tude range from 25 to 45 km (less than 10 % relative differ-a feature can be explained if SMILES tends to have a rel-
ence and 0.4 ppmv absolute difference), while the comparatively smaller @ volume mixing ratio compared to SMR
ison shows the smallest differences between 19 and 25kn(i.e., negative absolute difference) when either or both instru-
(0.25 ppmv and~ 5-7 %), compared to the older versions. ments measured a large @bundance (then, the relative dif-
The relative difference is about 25% near thg feak. ference is still negative but the amplitude becomes smaller).
Jones et al2007) also made comparisons with ozonesondes.Figure 21 shows the correlation between the measurgd O
These results are similar between 25 and 35&0.5 ppmv  volume mixing ratios and the corresponding absolute dif-
and approximately-10 %), but Chalmers-v2.1 shows small ference of SMILES-SMR comparison. It clearly shows that
differences (of~ 0.3 ppmv or less than 20% above 17 km) the SMR measured £abundance is distributed over a much
to MIPAS below 25 km. wider range compared to that of SMILES, which is due to
We made the comparisons withirdg800 km great circle  the lower sensitivity of the Odin/SMR instrument. Actually,
and with a time difference a1 h as mentioned in Seet.1 this is also shown in the standard deviation of the SMR O
According toUrban et al.(2009, it is recommended to use profile in the left panels of Fig20.
only data with measurement response larger thdn9 and
zero for the profile quality flag. With these conditions, 999 4.4 Balloon-borne instruments, TELIS
and 843 coincidences were found for SMILES Band-A and

Band-B, respectively. The results are shown in E@which  Tg| | (TErahertz and submillimeter Limb Sounder)
dep|cF a dl_ffere_nt feat_ure from all the previous comparisons;g 5 stratospheric balloon-borne cryogenic heterodyne
described in this section. spectrometer. The instrument utilizes state-of-the-art
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SMILES vs SMR(2.1); Distance <300 km, Time <1 hr
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Fig. 20.Comparison between SMILES Band-A and SMR. Same key as irnlbig.

superconducting heterodyne technology and allows limbmentation of MIRART (Modular InfraRed Atmospheric Ra-
sounding of the upper troposphere and stratosphere witldiative Transfer) $chreier and Schimp001). MIRART
1.5-2km altitude resolution. TELIS has three frequencyhas been thoroughly cross-validated against other radiative
channels: a tunable 1.8 THz chann@&uftiwong et al. transfer codes (e.gvon Clarmann et 812002 Melsheimer
2009 using a superconducting hot-electron bolometeret al, 2005. The inversion module is implemented within
(HEB) mixer with high sensitivity, a 480-650 GHz channel a constrained nonlinear least-squares optimization frame-
(de Lange et al.2010 based on superconducting integrated work. Multi-parameter Tikhonov regularization is utilized to
receiver (SIR) technology, and a highly compact 500 GHzstabilize the iterative process. Jacobians with respect to the
channel. The instrument has participated in three scientifianolecular concentration profiles are evaluated by means of
campaigns in Kiruna, Sweden, in Winter 2009, 2010, andautomatic differentiation.
2011 as a payload of the MIPAS-B gondola. O3 was retrieved from a limb scan in the TELIS 1.8 THz

The TELIS Level-1 data product consists of radiometric channel observed on 24 January 2010. Temperature and pres-
calibrated limb spectra, together with the geolocation infor-sure were taken from MIPAS-B retrieval§Vétzel et al.
mation, the sideband ratio and the antenna beam profile. Dur2012 and ECMWF, respectively.
ing flight, a short-term linear calibration approach is em- The retrieval is performed on an altitude grid discretized
ployed. An on-board blackbody unit is used as a hot sig-in 1.5 km between 16 and 32.5 km, which is equivalent to the
nal reference and the signal from pointing into deep space isangent spacing, and coarser steps above 32.5 km. I2Eig.
used as a cold signal reference. Nonlinearities present in ththe TELIS retrieval result and the corresponding averaging
TELIS intermediate frequency(lF) signal chain are characterkernel are shown. Two SMILES profiles are taken for com-
ized via gas cell measurements on ground and are correctguarison due to the close geolocation and time match. Large
for in the measured spectra in the radiometric calibration pro-discrepancies occur above 34 km due to the limited informa-
cess. The sideband ratio as well as the antenna beam profiléi®n obtained by the TELIS instrument above the observing
of each channel have been characterized in laboratory mealtitude. Apart from that, a rather good agreement between
surements and so far have been found to be stable over tim8MILES and TELIS is found between 16 and 31 km.
and during in-flight conditions.

The retrieval code PILS (Profile Inversion for Limb 4.5 Summary of the G VMR profiles comparison
Sounding) is currently used for TELIS L2 data processing
(Xu, J). The forward model is based on the line-by-line We compared the SMILES OVMR profiles (in Band-
program GARLIC (Generic Atmospheric Radiation Line- A and Band-B) with SMILES(JAXA) datasets, ozonesonde
by-line Infrared Code) that is a modern Fortran reimple- datasets, five satellite-borne instrument datasets, and one

balloon-borne instrument dataset. The overall profiles of the
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SMILES vs SMR(2.1); Distance <300 km, Time <1 hr Comparison for SMILES (NICT version 2.1.5) O, (Band-A)
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Fig. 22.Left panel: comparison of ozone retrieval between SMILES
and TELIS on 24 January 2010. The dashed horizontal maroon lin
indicates the observing altitude of TELIS. The geolocation infor-
mation is: 63 N, 24° E for SMILES-1, 64 N, 31° E for SMILES-
2,and 68 N, 27° E for TELIS. The time difference of the SMILES . .
and TELIS measurements was about 0.5 h. Right panel: the corre- From here, We_ discuss mainly SM”‘ES Band-B.Ohese
sponding averaging kernels for the TELIS retrieval. SMILES O3 profiles agreed well with other measurements

in the altitude region 50-8 hPa to within about 10% and

0.5ppmv as shown in Fige4. However, SMILES Q@ is

lower than other measurements at pressure less than 6 hPa
absolute and relative differences are shown in R2§and24 (32 km). The differences between the other satellite observa-
for Band-A and Band-B, respectively. Absolute and relative tions are about 10-30 % and increase with height. Although
differences were calculated by Eq®) &nd @), respectively. it was known that the MIPAS ©profiles have positive bi-
Total systematic error, from the error analysis in SB@. is ases 0.9 ppmv at a maximum) around 37 kit{ller et al,
shown as the dark gray region. 2012, the SMR Q dataset has about 5 to 7 % negative biases

There is a clear difference between SMILESi®Band-  between~ 20 and~ 40km Jones et a/.2007), and ACE-

A and Band-B as shown in Se@&. The result of validation FTS has a small positive bias left (private communication
with ozonesonde clearly shows that Band-B has better perafter Dupuy et al., 2009), SMILES {vas absolutely lower
formance in the 60—6 hPa (18-32 km) region. This fact sug-than all other measurements above 6 hPa (32 km). This neg-
gests that the nonlinearity correction on the radiance calibraative bias above 6 hPa (32 km) mainly arises from the tan-
tion of Band-B is better than that of Band-A. The difference gent height determination problem, which mostly originated
between ozonesondes and SMILESi®Band-B is lessthan in the uncertainties in the nonlinearity gain calibration. Un-
3% (0.1 ppm) in the 60—6 hPa (18-32km) region. The O certainties in the spectroscopic parameters and the response
SMILES v2.1.5 of Band-B is better than that of Band-A for function of the AOS spectrometer also affect the errors in
the absolute values of the scientific discussion. the G retrieval as described in Se@t3. These uncertainties

(%:ig. 24.Same as in Fig23, but for the SMILES Band-B compar-
sons.
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Fig. 26. Diurnal variation of @ VMR in ppmv in the stratosphere
and mesosphere are shown for the equatorial regiér5220 N.

of the spectral calibration, tangent height, and instrumentall h& SMILES profiles are binned to 1 h LST bins and plotted verti-

function of the spectrometer are planned to be improved irFally against pressure.

the L1b version 008 spectra.

In_su_mmgry, _the absolute \_/alue of Fhe SMILES Band8 O O3 reached to 6.5 ppmv between 01:00 and 04:00LST At
profile is scientifically useful in the altitude range between 60 : .
-~ ~-0.01hPa the systematic error is about 0.2 ppmv. The meso-
and 6 hPa (18-32 km). Above 6hPa (32km), the precision ISs heric diurnal variation of @was significantly larger than
good enough but the absolute value might be 10-30 % lower P 9 y'arg

error amount.
than the true value.

6 Conclusions
5 SMILES O3 diurnal variation

We performed observations of the ozong)® the height
Figure25shows SMILES @ observation locations on a lati- region of 250—0.0005 hPa at various local times using the Su-
tude vs. local solar time (LST) grid between 12 February andperconducting Submillimeter-Wave Limb-Emission Sounder
12 April 2010. The latitude range is limited to the equatorial on the Japanese Experiment Module on the International
region (20 S—20 N). The colors indicate the date in the two Space Station between 12 October 2009 and 21 April
month period when each measurement was taken. A perio2010. SMILES performed the {spectral observations at
of approximately two months is needed to obtain a homo-625.371 GHz with one order of magnitude better signal-to-
geneous sampling of data at each geolocation for 24 h. Weoise ratios than past space-based microwave instruments
can see two problems from Fig5, where (1) the data sam- due to the use of new 4K heterodyne receiver technology.
pling is not completely homogeneously distributed, and (2) The SMILES @ product (NICT L2 version 2.1.5) processed
the two-month period brings dynamical, seasonal, and latifrom the Band-A and Band-B measurements used the cali-
tudinal variations, particularly to stratospheric ozone. brated spectra, L1b version 007.

The diurnal variation of @ from SMILES Band-B is We assessed the SMILESz@roduct version 2.1.5 by
shown in Fig.26 for the stratosphere and mesosphere for theerror analysis, internal comparisons between three dif-
same period as Fi@5 (20° S—20 N). The SMILES profiles  ferent instrumental setups for the; ®25.371 GHz tran-
were binned into one-hour bins by LST as well 4ddtitude  sition, comparison between the two different algorithms
bins and then averaged, since the number of the observatiorfer the same SMILES © observation, and compari-
in one bin is not the same. As in Fig5 the LST is shifted son with ozonesondes, with other satellite observations
to place midnight in the center of the x-axis. Throughout theby ENVISAT/MIPAS, SCISAT/ACE-FTS, Odin/OSIRIS,
day the stratosphericgayer is continuous, showing no sig- Odin/SMR, and Aura/MLS for various local times, and with
nificant variation with LST. The inhomogeneous sampling of TELIS balloon observations.
the atmospheric composition is clearly shown. Error analysis the results of the error analysis for

Above 0.5hPa, in the mesosphere, SMILES observesSMILES v2.1.5 showed that the altitude sensitivity of the
increasing @ concentrations during the night. Reaching single scan measurement ranges fremi6 to ~ 90 km (~
as high as 90km, the secondary mesosphericntxi- 100-0.001 hPa) with a vertical resolution of 3—10km. The
mum is clearly shown. At 0.001 hPa, the peak maximum ofretrieval error due to the measurement noise is very low,
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smaller than 1% of the retrievedsGVMRs, at~ 20-50km  absolute value discussion because of the negative bias (10—
(40-1 hPa). The systematic error is estimated to be about 330 %) in this region.
8% in the stratosphere and increases to 10% in the meso- Diurnal variation of O3 in the stratosphere and meso-
sphere. In the mesosphere the spectral noise becomes a maghere an example of the diurnal variation of stratospheric
dominant error source than the model parameters, which imand mesospheric fOvertical profiles (100-0.001 hPa) for
plies that averaging of the profiles is required to have a betteSEMILES v2.1.5 was shown for the SMILES observation pe-
signal-to-noise ratio. riod. SMILES observations have unique sampling patterns,
SMILES internal comparisona comparison of the differ-  which should be carefully considered in the discussion of the
ent instrumental setups for the 625.371 GHzdbservation  diurnal variation.
was performed. It was clearly shown that SMILES kas SMILES v2.1.5 products are available to users from the
different performance in the Band-A and Band-B. The rea-website http://smiles.nict.go.jp/pub/data/index.html
son is that there is a calibration nonlinearity problem left in
the L1b spectrum. This affects especially lower stratospheric
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also humidity and ice cloud) is also considered in this newwas carried out under contract with the National Aeronautics
L2 processing by using a wider bandwidth of the measure-and Space Administration. The TELIS team at DLR would
ment spectra. like to thank Gerald Wetzel and Hermann Oelhaf for providing
Summary of the validation of SMILES v2.0% SMILES temperaturelprofiles from the MIPAS-B retrievgls. YKis suppor.ted
v2.1.5 G data are scientifically useful over the range 60 toPy @ Funding Program for Next Generation World-Leading
8hPa with an accuracy of better than 0.3 ppmv with verti- ReS€archers (NEXT Program) (No. GR101). TOS is supported by
cal resolution of 3-4 km. The random error for a single mea_a Grant in Aid for Research Felloyvshlp for Young S_(:lentlsts_DC1
. . . gNo. 23-9766) from the Japan Society for the Promotion of Science.
surement is kept lower than the estimated systematic error
at stratosphere, being 1% in the 40-1 hPa pressure region. ggited by: R. Eckman
We recommend the use of the SMILES @alues for pres-
sures less than 6 hPa only for the variation discussion and no
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