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Abstract

Spectrum width and intensity of ozone (O3) observed in the MLT region behaves

quite differently than in the stratosphere for submillimeter-wave limb emission

spectroscopic observation. For example, O3 spectra in the stratosphere are

stronger during the day than at night. Conversely, spectra in the MLT re-

gion at night are stronger than those occurring during the day due to diurnal

variations in O3 behavior. These opposing behaviors cause problems, includ-

ing oscillations and inaccuracies particularly for O3 vertical profiles in the MLT

region retrieved with an application of one retrieval procedure for the entire ver-

tical range (stratosphere to thermosphere). Recently, we developed an optimal

retrieval method for O3 in the MLT region for spectra, observed by the Super-

conducting Submillimeter-Wave Limb-Emission Sounder (SMILES) instrument

on the International Space Station. Optimizations were performed for frequency

window range, retrieval vertical range, vertical grids, and a priori information

for O3 and temperature. Precision and accuracy were evaluated by error anal-

ysis and comparisons with previous products. The random error was estimated

to be about 5% and 35% in the mesosphere and lower thermosphere, respec-

∗Corresponding author
Email address: ykasai@nict.go.jp (Y. Kasai)

Preprint submitted to Journal of Quantitative Spectroscopy and Radiative TransferJanuary 16, 2017



tively, for nighttime O3 profiles in the MLT region. The total systematic error

was about 6% in the MLT region. Certain improvements for both random noise

(from 50% to 35%) and systematic error (from 10% to 6%) were obtained. We

succeeded in revealing the positive correlation between O3 and ClO at night-

time in the upper mesosphere using the optimized O3 profiles; furthermore, its

chemical mechanism was explained quantitatively.
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1. Introduction

Ozone (O3) plays important roles as a major absorber of UV-VIS radia-

tion in the Earth’s middle atmosphere and as a thermal infrared cooler in the

mesosphere [1, 2]. Observations of mesospheric O3 have been reported since the

1970s [3], and there are many studies of mesospheric O3 using satellite mea-5

surements over the past decade [4, 5, 6]. The O3 in the mesosphere and lower

thermosphere (MLT) region shows a diurnal variation: an enhancement at the

beginning of night but a decrease during the day [7, 8]. This behavior in the

MLT region is opposite to that which occurs in the stratosphere. A quantitative

understanding of the chemical, dynamical, and radiative behavior of O3 is still10

needed to improve the understanding of the atmospheric system in the MLT

region.

The former O3 profiles retrieved from submillimeter-wave limb emission

spectra have large errors and oscillations in the MLT region, compared with

those in the stratosphere. For example, O3 profiles retrieved from the spectra15

by the Earth observing system microwave limb sounder on the aura Satellite

(Aura/MLS) have a precision of 0.15% and 150% at the pressure height of 5

and 0.05 hPa, respectively [9]. There are two main reasons for this; firstly, the

conditions of the retrieval procedures were optimized for the stratospheric O3.

Secondly, all of the former O3 profiles were obtained by the application of a20

one-retrieval procedure, with the same conditions from the stratosphere to the

lower thermosphere. There had been no O3 retrieval procedures optimized for
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the MLT region.

In this study, we optimized an O3 retrieval method for O3 profiles in the

MLT region using spectra observed by the Superconducting Submillmeter-Wave25

Limb-Emission Sounder (SMILES) instrument on the Japanese Experiment

Module (JEM) of the International Space Station (ISS) by improving of the

frequency window range, the retrieval vertical range, the vertical grids, and the

a priori profiles of O3 and temperature. Error analysis and comparison with past

retrieval results were performed to evaluate the precision and accuracy. Further-30

more, we showed the positive correlation between chlorine monoxide (ClO) and

O3 in the polar region, and quantitatively explained the chemical mechanism

using accurate measurements of O3 in the MLT region for the first time.

A description of the MLT optimal retrieval method is given in Sect. 2,

including the SMILES O3 observation characteristics (Sect. 2.1). MLT O335

profiles are evaluated in Sect. 3 with an error analysis (Sect. 3.1), an internal

comparison (Sect. 3.2), and a comparison with previous products (Sect. 3.3).

Section 4 demonstrates the scientific application using evaluated O3 profiles in

the MLT region. A summary of the work is presented in Sect. 5.

2. Optimization of retrieval method for the O3 profiles in the MLT40

region

Section 2.1 describes the observation of O3 in the MLT region, including the

unique nature of the SMILES instrument from the ISS. The optimal retrieval

method, with an MLT condition of vertical range, vertical grids, and frequency

window is provided in Sects. 2.2 and 2.3. The a priori profiles and their co-45

variance setups, such as O3, temperature, and pressure, are described in Sect.

2.4.

2.1. SMILES O3 spectrum observation and retrieval procedure in general

We performed O3 measurements over a wide vertical region, covering the

upper troposphere to the lower thermosphere. Measurements were taken using50
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the SMILES instrument from the ISS between October 12, 2009, and April

21, 2010. The ISS has a non-sun-synchronous circular orbit that allows us to

obtain the diurnal variations of observed atmospheric compositions with zonal

mean averages. The inclination angle of orbit is 51.6o to the equator. The

nominal latitudinal coverage was 38o S to 65o N, since SMILES antenna tilted55

45o from the forward direction. The coverage between 65o S and 38o N occurred

three times in total, for about 3 weeks during the observation period when the

ISS performed a yaw maneuver by 180o. The number of global measurements

was about 1630 vertical limb scans per day. The JEM/SMILES mission is

a joint project of the National Institute of Information and Communications60

Technology (NICT) and the Japan Aerospace Exploration Agency (JAXA).

The SMILES instrument employs a 4 K superconductive heterodyne re-

ceivers and the system noise temperature is about 330 K (single-side-band con-

dition). This is about 10–40 times lower than similar space instruments: for

example, 3000 K (single-side-band condition) for the Sub-millimetre and Mil-65

limetre Radiometer (SMR) on The Odin satellite [10], and 12,000 K (double-

side-band condition) for Aura/MLS [11]. This low system noise temperature

provides spectra with a 3–6 times better signal-to-noise ratio (SNR) than these

other instruments. SMILES O3 measurements have been investigated in previ-

ous research [12, 13, 14, 15, 16], and the details of the SMILES O3 measurement70

have been given by Kasai et al. [17].

The SMILES O3 observation in the MLT region includes the center fre-

quency of the O3 spectrum at 625.371 GHz, which quantum numbers of rota-

tional transition denoted (J,Ka,Kc) = (15, 6, 10)− (15, 5, 11) [18]. The 625.371

GHz O3 was measured in two SMILES observation frequency bands, Band-A75

(624.32–625.52 GHz) and Band-B (625.12–626.32 GHz). The SMILES instru-

ment employs two Acousto-Optical Spectrometer (AOS) with a bandwidth of

1.2 GHz and a frequency resolution of about 1.4 MHz, which are denoted as

AOS1 and AOS2 in this study. There are three instrumental configurations for

the measurement of the 625.371 GHz O3 transition; (1) Band-A with AOS1,80

(2) Band-A with AOS2, and (3) Band-B with AOS2. Kasai et al. [17] provide
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more detailed explanations of the instrumental configuration and observation

sampling patterns of the SMILES measurements.

The SMILES operational products were developed by both NICT and JAXA.

The details of the operational retrieval algorithms of NICT and JAXA were85

given by Baron et al. [19] and Takahashi et al. [20], respectively. The latest

products included NICT-SMILES Level-2 product version 2.1.5 (v215), version

3.0.0 (v300), and JAXA-SMILES Level-2 product version 2.4 (v2.4). We used

the SMILES L1b version 008 calibrated spectra [21].

The algorithm for the retrieval used is based on the NICT-SMILES level 290

retrieval algorithm version 2.1.5. In each retrieval process, a solution of the re-

trieval state vector x of nx elements is determined by the maximum a posteriori

(MAP) method of the non-linear Gaussian case. It is equal to minimizing the

following cost function χ2:

χ2 =
(y −F(x, b))TS−1

y (y −F(x, b)) + (xa − x)TS−1
a (xa − x)

ny + nx
, (1)

where y is the measurement vector of ny elements. F(x, b) is the forward model95

depending on x and the known model parameter b. Sy is the covariance matrix

of the measurement noise and used as a diagonal matrix with elements (0.5K)2

for the retrieval. Lastly, xa is the a priori value of x, and Sa is the a priori

covariance matrix.

The solution that minimizes χ2 was determined by a Gauss-Newton iterative100

procedure:

xr+1 = xr + (KT
r S−1

y Kr + S−1
a + γD)−1

[
KT

r S−1
y (y −F(xr))− S−1

a (xa − xr)
]
, (2)

where r indicates the number of iterations, Kr is the weighting function at rth

state xr, γ is the Levenberg-Marquardt parameter, and D is the diagonal matrix

with the diagonal elements of Sa. A detailed description for the NICT-SMILES

v215 product and its performance can be found in Baron et al. [19] and Kasai105

et al. [17].
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2.2. Optimization of retrieval vertical range and grid for the MLT region

In all of the previous SMILES products, the retrieval procedure to obtain

vertical profiles of O3 was applied from the upper troposphere to the lower ther-

mosphere. With the large differences between the stratosphere (15–50 km) and110

mesosphere (50–80 km), and given the intensity and width of the O3 spectrum,

we found that an application of one retrieval procedure for the entire vertical

altitude was not appropriate for O3 in the MLT region. The full width at half

maximum (FWHM) of the O3 spectrum at the frequency of 625.371GHz during

the night is about 120 and 2 MHz at about 30 and 60 km, respectively. Also,115

O3 in the stratosphere is abundant during the day and depleted at night, but

the opposite is true in the MLT region [5]. This is one of the reasons for the

oscillation of the O3 profiles in the MLT region.

The usage range of the spectra was optimized for O3 in the MLT region to

a tangent height range between 45 and 110 km. Figure 1 shows an example of120

the O3 spectra in the MLT region from a single scan measurement observed by

SMILES in the daytime (left panel) and in the nighttime (right panel). The

horizontal axis is the frequency grid which is offset to the 625.371 GHz O3

transition, and the vertical axis is the Brightness Temperature (BT). As shown

in Fig. 1, there is a difference in the BT value at 0 MHz, between daytime125

and nighttime, due to the diurnal variation of O3. The SNR of the SMILES

spectrum was calculated from the value of the BT value at 0 MHz for use as the

signal, and the median value of the BT above 10 MHz and under -10 MHz was

used as the noise. The typical SNR of the SMILES spectrum in the daytime

is smaller than 1.0 above a tangent height of 80.0 km. Hereafter we name this130

product “SMILES v310”.

Optimization of the forward and inversion calculations for the MLT region

are: 1) vertical range of O3 is 50-110 km; 2) vertical grids were 4-km and 2-

km for 50–84 km and 84–100 km, respectively. The grid spacing of 2-km in

the altitude range 84-100 km was optimized to the secondary ozone maximum135

around 95 km.
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Figure 1: An example of the ozone spectrum observed by SMILES from a single scan measure-

ment in the daytime (left) and nighttime (right). Tangent heights are about 65, 80, and 95

km. An offset of 2.5 and 5.0 K is added for the two lower tangent height spectra, respectively.

The frequency axis is shown as an offset from the frequency of the 625.371 GHz O3 transition.

2.3. Optimization of retrieval frequency window configurations for MLT O3

We set the frequency windows between 625.3 and 625.45 GHz (120 MHz) and

retrieved only ozone in the MLT region, since the line width of the 625.371 GHz

ozone spectrum becomes narrower than the SMILES spectral resolution (1.4140

MHz) above the upper mesosphere (∼75 km). A lack of contamination species

was confirmed in the O3 window. The former NICT-SMILES O3 retrieval cal-

culation used spectrum windows with 625.042 and 625.612GHz (570MHz) in

both Band-A and Band-B, and retrieved several other parameters, including

atmospheric continuum, humidity, hypochlorous acid, ozone isotopomers, and145

temperature, simultaneously. Moreover, the JAXA-SMILES O3 retrieval calcu-

lation used a spectrum window with all of observed frequency ranges for each

Band-A and Band-B and simultaneously retrieved more parameters than any of

the former NICT-SMILES products.

These vertical and frequency optimizations allow for the calculation speed150
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to be increased by more than a factor of 15.

2.4. Improvement of a priori information for diurnal variation of O3

We improved the usage of a priori profiles by using three-dimensional model

calculations in the MLT region.

2.4.1. O3 vertical profiles155

The former v215 retrieval calculation used the unique profile from the God-

dard Earth Observing System Model version 5.2 (GEOS-5.2) [22] for the meso-

sphere. This profile was extrapolated to the lower thermosphere. There was

no diurnal variation, zonal change, or secondary ozone maximum. The v300

and v2.4 retrieval calculations used a monthly average for 2005–2007 from the160

Aura/MLS v2.2 [11, 23] data with diurnal and zonal trends.

Here, we used a priori profiles of O3 from the Whole Atmosphere Commu-

nity Climate Model version 4 (WACCM4) driven with specified dynamical fields

(SD-WACCM) calculations [24, 25]. The specified dynamical fields mean that

the meteorological fields in the troposphere and stratosphere are constrained to165

the Global Modeling and Assimilation Office Modern-Era Retrospective Anal-

ysis for Research and Applications [26]. The reasons why we used the SD-

WACCM calculations were that it has a vertical grid from surface to 150 km

and these calculations well validated the data in the MLT region obtained by

comparing Sounding of the Atmosphere using Broadband Emission Radiometry170

instruments on the Thermosphere Ionosphere Mesosphere Energetic Dynamics

satellite (TIMED/SABER) [6]. It was reported that the SD-WACCM O3 Vol-

ume Mixing Ratio (VMR) at the secondary ozone maximum in the nighttime

was about 2 times smaller than the O3 VMR observed by TIMED/SABER,

although the day/night differences were well simulated.175

The latitudinal variations in the O3 VMR for both daytime and nighttime

were calculated using the SD-WACCM results during the SMILES observation

period. The numbers of the SD-WACCM O3 profiles were averaged for each 10o

latitudinal bin. Nighttime and daytime is defined as occurring when the solar
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zenith angle (SZA) is smaller than 75.0o and larger than 105.0o, respectively.180

These latitudinal variations were interpolated linearly for each SMILES obser-

vation point and time from the nearest zonal position and SZA to provide the

applicable profile.

The a priori covariance matrix Sa in Eq. 1 was calculated from the following

equation:185

Sa[i, j] = εa[i]εa[j]exp

[
−|h[i]− h[j]|

hc

]
, (3)

where i and j in square brackets indicate the index of a matrix of a vector. h is

the vector of the altitude, and the correlation length hc was set to be 3km. εa

is a variation in the a priori profiles and was calculated as follows:

εa[i] = 0.5× xa + 3.0× 10−7. (4)

We used Sa as tuning parameters to obtain a stable retrieval.

2.4.2. Temperature and pressure profiles in the MLT region190

All previous SMILES O3 products used the climatology datasets and extrap-

olated from the stratospheric GEOS-5.2 reanalysis meteorological datasets. The

climatology datasets used in the MLT region were Mass Spectrometer and Inco-

herent Scatter (MSIS) [27] for the SMILES O3 products v215, and Aura/MLS

climatology for v300 and v2.4. A non-smoothing profile and far-from-the-right195

temperature and pressure provided the oscillated O3 profile in the MLT region.

We continuously smoothed the temporal and spatial change profile of tem-

perature by using a modeling profile for the global atmosphere in its entirety,

from the ground to the ionosphere, called the Ground-to-topside model of At-

mosphere and Ionosphere for Aeronomy (GAIA). By using GAIA temperature200

values, we could conserve the internal consistency between altitude and tem-

perature. The details of the GAIA model are described in Jin et al. [28]. The

pressure profile in the MLT region used the hydrostatic equilibrium using the

GAIA model data and the reference altitude set to 40 km.

A summary of the optimization of the v310 O3 product compared with205

previous products is shown in Table 1.
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Table 1: Summary of the retrieval configuration of the NICT-SMILES products and the

JAXA-SMILES product.

Versions v310 v215 v300 v2.4

L1b version 008 007 008 008

Altitude range [km] 45–110 16.5–100 16.5–100 7.5–120

Altitude step [km]

-Mesosphere 4.0 4.0 4.0 2.5

-Lower thermosphere 2.0 6.0 6.0 2.5

Frequency range [GHz] 625.3–625.45 625.042–625.612 625.042–625.612 624.26-625.59

625.06-626.38

Target Species O3 O3, 18OOO, O17OO, HNO3, CH3CN,

HOCl, H37Cl, H37Cl, BrO, HO2, Temperature

Temperature GAIA GEOS-5.2 + MSIS GEOS-5.2 + MLS GEOS-5.2 + MLS

a priori of O3 SD-WACCM GEOS-5.2 MLS MLS

2.5. O3 profile in the MLT region from the v310 products

Figure 2 shows an example of the O3 profile in the MLT region from the v310

products. The left panel shows the retrieved O3 profile from the single scan

measurement with information on the 1σ retrieval error and vertical resolution.210

The retrieval error is the root sum of squares of the measurement noise and

smoothing errors. The vertical resolution is estimated from the half-width full

maximum of the averaging kernel profile (A):

A = (KTS−1
y K + S−1

a )−1KTS−1
y K, (5)

where K is the weighting function at the final iteration step. A describes the

sensitivity of the retrieved O3 profile to the true state. The vertical resolution215

of the v310 products for single-scan measurements is about 4 km, 10 km, and 7

km in the mesosphere, mesopause, and the lower thermosphere, respectively.

The right panel shows A and the measurement response (m) from a single
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scan measurement. m is calculated from A as follows:

m[i] =
∑
j

|A[i, j]|. (6)

The unique values of m indicate contributions coming from the retrieved state220

and a no a priori state.

We assessed the quality of the retrievals using the goodness of the fit based

on χ2 in Eq. 1 and m in Eq. 6; χ2 smaller than 1.2 is the data selection

threshold for removing poorly-fitted scans; m[i] is larger than 0.8 and smaller

than 1.2 for each altitude. The flag of the field of view conditions is smaller than225

32. This flag indicates there were obstructions to the SMILES field of view by

the ISS solar paddles. These criteria provided a useful range of the v310 ozone

products from a single scan measurement as 50-101 km and 50–92 km for the

nighttime ozone and daytime ozone, respectively.

The measurement response used here has a strong correlation with this max-230

imum tangent height. Since the vertical range of scanning of the SMILES limb

observation was random [17], the mean value and standard deviation of the

maximum tangent height was given as 97±4 km (1σ).

3. Evaluation of O3 profiles in the MLT region

We evaluated O3 profiles in the MLT region (v310 products) by an error anal-235

ysis, an internal comparison, and a comparison with previous SMILES products.

3.1. Error analysis

Error sources for the O3 retrieved vertical profiles can be separated into

systematic and random errors. Systematic errors come from parameterization

of instrumental function, radiative transfer calculations, and also physical pa-240

rameters that constrain the retrieval procedure. Random errors come from the

measurement noise and a priori covariance. The SMILES O3 spectrum has a

SNR of more than 100 in the stratosphere and systematic errors are the major

error source [17]. SMILES O3 spectrum in the MLT region has a small SNR

(about 4 around 80 km in the nighttime) as shown in Fig. 1.245
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Figure 2: An example of the ozone retrieval from a single-scan measurement in the nighttime.

The left panel shows the retrieved ozone profile with vertical and horizontal bars indicating

the vertical resolution and the measurement error, respectively. The right panel shows the

averaging kernels of the retrieval (colored lines) and the measurement response (thick black

line).

Systematic error of SMILES stratospheric O3 was estimated by perturbation

error analysis with one to two major parameters [29, 17, 30] since random error

was not a major error source for the good SNR. We evaluated the systematic

error value by developing the statistically significant perturbation method for

SMILES O3 in the MLT region spectra to see the effect of the sum of the250

spectrum noise (averaged the random error).

In the statistically significant perturbation method, the perturbed profiles

are calculated from the inversion process with the assumed perturbation param-

eter using N number of observed spectra as follows:

xk
p = I(yk

obs, b+ ∆b). (7)

Where xk
p is the perturbed profiles at kth of the N number of observed spectra255

used, I is the inversion function, and ∆b is the perturbed model parameter.
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The spectra used in the statistically significant perturbation method were

extracted in the equatorial region (5o S – 5o N) in all SMILES observation

periods. These spectra numbered about 4,000 and 3,000 for the nighttime and

daytime, respectively. We considered that these numbers were enough for the260

statistically significant condition to reduce the effect of random errors.

The relative difference δrel between xp and the v310 standard profiles xs

was calculated as follows:

δrel =
xp − xs

(xp + xd)/2
, (8)

where xp and xs satisfy the quality of the retrievals defined at the beginning of

Sect. 3. The systematic errors were estimated from the median and the median265

absolute difference (MAD) of δrel values.

The conditions of the error analysis for the systematic errors were selected

on the basis of the previous analysis and summarized in Table 2. It should be

noted that Sect. 2.4 describes a large relative difference of about 30% between

the SD-WACCM calculations and the TIMED/SABER measurements at the270

secondary ozone maximum. We used the value of 50% as the perturbation

parameter to evaluate the effect on a priori usage.

Figures 3 and 4 show the systematic errors estimated for the v310 O3 prod-

ucts in the nighttime and in the daytime, respectively. These figures also plot

the median values of the smoothing error and measurement noise error for a275

single scan observation. The total systematic error, labeled as “Total” in Figs.

3 and 4, was calculated as the root sum of squares of all error factors. We

performed the same analysis for Band-B and other latitudinal ranges, and the

results showed agreements within the MAD values of systematic errors.

The total systematic errors in the nighttime were about 6% in the MLT re-280

gion, excluding the mesopause (∼ 80.0 km). The total systematic error around

the mesopause was about 10%. We used an uncertainty value of 50% for the a

priori profiles above 85 km, and the a priori systematic errors in the nighttime

were evaluated to be about 6% in this altitude region. The total systematic er-

rors were about 6% for daytime conditions in the lower and middle mesospheres.285

13



Table 2: Systematic errors and their perturbations considered in this study.

Error source Perturbation

Spectroscopic parameters of O3

Air pressure broadening, γ 3%

Temperature dependence, n 10%

Instrumental functions

AOS response function width 5%

A priori of O3

below 85 km 15%

above 85 km 50%

The total systematic error was about 8% and 12% in the upper mesosphere and

lower thermosphere, respectively.

The smoothing error and the measurement noise error were relatively larger

than the systematic errors for a single scan in the region of the upper mesosphere

and the lower thermosphere. In the altitude region where the smoothing error is290

larger than 40%, the total systematic errors become larger than other altitude

region in both of the daytime and nighttime. This means that profile averaging

does not provide a sufficient effect to reduce the smoothing error in the case of

small amounts of O3, related to small SNRs in the O3 spectrum.

3.2. Internal comparison for two different spectra obtained by the same obser-295

vation condition

SMILES observed the ozone 625.371 GHz transition by two differential fre-

quency ranges, as we described in Sect. 2.1. We compared two ozone profiles

retrieved from Band-A and Band-B, both of which observed the same atmo-

spheric air mass.300

Figure 5 shows the comparison of the O3 profiles between Band-A and Band-

B using the measurements of the Band-A + Band-B configuration with the

median absolute difference. The data are from the latitudinal range of 30o S

– 30o N in December 2009, for day and night conditions, in order to obtain
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Figure 3: Systematic errors estimated for O3 in the MLT region (v310 product) in the equato-

rial region (5o S – 5o N), using all SMILES observation periods from Band-A in the nighttime.

The left panel shows the median O3 profiles retrieved with each error source. The number of

data points with good quality criteria is plotted in the left panel. The right panel shows the

relative errors for the systematic errors with the median values of the smoothing error and

measurement noise error for a single scan. The error sources and the estimated uncertainties

are listed in Table 2.

continuous SMILES spectrum under the continuous measurements of the Band-305

A + Band-B configuration. The median and the median absolute difference of

the absolute and relative differences are also plotted in Fig. 5. Note the relative

difference is defined as the ratio to the reference ozone profile, which is the mean

of the two compared profiles.

The relative differences between Band-A and Band-B in the MLT region310

are within about 3%, indicating that the different values are smaller than the

estimated systematic errors shown in Figs. 3 and 4. We consider that these

relative differences between Band-A and Band-B are caused by spectrum noise.

We performed the same analysis for other latitudinal and time ranges, and
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Figure 4: Daytime values for Fig. 3.

there were the agreements within the MAD values of the relative differences.315

Hereafter, we use O3 profiles from both Band-A and Band-B.

3.3. Comparison with previous SMILES products

We performed a comparison of the v310 O3 profiles with those retrieved by

the previous NICT and JAXA products. The NICT products used both v215

and v300 since we did not report the error of the v300, and the JAXA products320

are from v2.4 which is the final version from JAXA. The differences in retrieval

conditions are summarized in Table 1. The differences in the processing between

v215 and v2.4 are described in Kasai et al. [17] and Imai et al. [13], and the O3

profiles retrieved by v2.4 processing are compared with other measurements in

Smith et al. [15].325

The quality selection criteria for v215 and v300 products are a measurement

response larger than 0.8 and smaller than 1.2, the goodness of fit is smaller

than 1.2, and the flag of the field of view conditions is smaller than 32 [12]. The
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Figure 5: Comparison of the O3 profiles retrieved from Band-A and Band-B when these

frequency bands were operated simultaneously in the daytime (top) and nighttime (bottom).

The left panels show the median VMR profiles for ozone from Band-A (red) and Band-B (blue).

The value of the median absolute deviation is represented by the shaded area. The center and

right panels are the absolute and relative differences, respectively, of the O3 retrieved from

Band-A and Band-B. The shaded area represents the value of the median absolute deviation

of the absolute and relative differences.

quality selection criteria of the v2.4 are the status flag is equal to zero and the

estimated precision is larger than zero [13].330

Figure 6 shows the comparison of O3 profiles between v215, v300, v2.4, and

v310 using the median absolute difference. The data are from a latitudinal range

of 30o S and 30o N in December 2009 for day and nighttime conditions. The

v310 product with good quality criteria is plotted. The median and the median

absolute difference of the absolute and relative differences are also plotted in335

Fig. 6. The v310 products with good quality criteria are also plotted in Fig. 6.

The other products were interpolated to the altitude grid of v310 to calculate
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the relative and absolute differences.

The v310 O3 profiles in the MLT region show good agreement with those

from v300 and v2.4 in the daytime and nighttime within the variability of the340

median absolute difference. There is a difference between v215 and the other

datasets. The major reason is caused by the difference of the L1b spectrum

version and the method of the determination of the tangent height, as described

in Kasai et al [17]. The tangent height was retrieved from the O3 spectra and was

used to retrieve O3 profiles in v215, which were very sensitive to the accuracy345

of non-linear gain calibration and introduced unwilling systematic errors. The

tangent height information improved for L1b 008 using the neighboring Monitor

of All-sky X-ray Image instrument from the SMILES instruments on the ISS.

The useful altitude ranges of the daytime ozone profiles were up to 92.0

and 97.5 km for the NICT-SMILES products and the JAXA-SMILES products,350

respectively. We found that the set-up of the a priori covariance matrix Sa

used in the retrieval procedure caused differences in the upper limit of the O3

amount. The value of a priori covariance was, e.g., 100 and 0.3 ppm2 for JAXA-

SMILES and NICT-SMILES, respectively, for the O3 amount of 0.5 ppm at 95

km. The large variance of a priori covariance (20 times greater than the real355

profile) did not constrain a retrieval solution, particularly for the case spectrum

SNR smaller than 1.0 around a tangent height above 90 km.

For the nighttime ozone profiles, useful altitude ranges were up to 92 km,

92 km, 101 km, and 100 km for v215, v300, v310, and v2.4, respectively. The

reason for the difference between the NICT-SMILES products is caused by the360

difference in the window configurations as shown in Table 1. In the v310 O3

profiles, the number of data at 101 km was less than at lower altitudes, and this

corresponds to the maximum tangent height of the SMILES spectrum.

The random error was calculated from the sum of squares of the smoothing

error and noise errors. The median percentage value of the random error for365

v310 nighttime ozone is about 5%, 50%, and 35% in the mesosphere, mesopause,

and lower thermosphere, respectively. These values are almost the same with

those in v215 and v300, but 30% smaller than that of v2.4. The random error
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Figure 6: Comparison of the O3 profiles retrieved from NICT-SMILES v310, v300, v215, and

JAXA-SMILES v2.4 in the daytime (top) and nighttime (bottom). The left panels show the

median VMR profiles for O3 from NICT-SMILES v310 (black), v215 (blue), v300 (green),

and JAXA-SMILES v2.4 (red). The shaded area represents the value of the median absolute

deviation. The center and right panels are the absolute and relative differences, respectively,

of O3 between NICT-SMILES v310 and previous products. The shaded area represents the

value of the median absolute deviation of the absolute and relative differences.

was reduced by the improvement of a priori information for the temperature,

which maintained the continuous smooth change and internal consistency with370

altitude.

One of the improvements resulting from comparing the ozone profiles of the

v310 products with previous SMILES products, is the nighttime O3 profiles with

the altitude step of 2 km around the secondary ozone maximum (95 km) with

a random error of 35%. In addition, the quality criteria in the v310 processing375

forces omission of poor data, which were retrieved under low SNR conditions or

low tangent heights of the SMILES spectrum.
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4. Correlation of amount of O3 and ClO at the polar region after

sunset when ClO is enhanced

A scientific application of v310 O3 profiles is shown in this section. In 2012,380

we noticed ClO enhancement around 70 km (ClO third peak) in a latitudinal

range of 50o N – 65o N after sunset, in the polar region in the time range between

January and February 2010 [30]. We found the correlation between xClO (v215)

and xO3 (v310) shows a positive trend, as shown in Fig. 7 (a), at 72.5 km in

the latitudinal range of 50o N – 65o N in the SZA range of 90o – 135o in the385

time range between January and February 2010. The quality selection criteria

included, where m is larger than 0.8 and smaller than 1.2, the χ2 is smaller

than 1.2, and the flag of the field of view conditions is smaller than 32 [12, 30].

The ClO (v215) was well validated already by Sato et al. [30] and Sagawa et al

[31]. The systematic and random errors of v215 ClO products are about 10%390

and 100% around 70 km, respectively.

On the other hand, in the middle stratosphere, it is well-known that cor-

relation between ClO (v215) and O3 (v215) demonstrate a negative trend, as

shown in Fig. 7 (b) at 32.5 km in the latitudinal range of 50o N – 65o N in the

time range between January and February 2010, in the daytime. The negative395

correlation in the stratosphere is because of the well-known ClO catalytic cycle

depleting O3 by the reactions of Cl + O3 → ClO + O2 and ClO + O→ Cl + O2.

In both atmospheric systems in the stratosphere and upper mesosphere, the

amount of ClO is generally described as follows:

d[ClO]

dt
= k1[Cl][O3] + k2[ClO][O]. (9)

Where the brackets represent the number density, and k1 and k2 are the reaction400

rates of Cl + O3 → ClO + O2 and ClO + O→ Cl + O2, respectively.

We tried to understand the chemical mechanism of this enhancement of ClO

with a positive trend of O3 by an estimating of the correlation between O3 (v310)

and ClO (v215) from two-error regression treatments [32] using the following
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regression line:405

xClO = α× xO3
+ β, (10)

where α is the slope and β is the intercept; xO3
is the v310 O3 VMR, and xClO

is the v215 ClO VMR. The total errors were calculated to be the root sum of

the squares of the retrieval errors and systematic errors for two-error regression

treatments. The regression line calculated from estimated α and β is plotted

in Fig. 7 (b) (thick red line); α and β were estimated to be 5.9× 10−5 ± 0.4×410

10−5(1σ) and 12.0± 3.6(1σ) [ppt], respectively.

What is the meaning of α? Assuming d[ClO]/dt = 0 as steady state, then

Eq. 9 can be written as

[ClO] =
k1[Cl]

k2[O]
[O3]. (11)

The α value will be equal to the value of k1[Cl]/k2[O] in this assumption.

Here, we calculate αt = k1[Cl]/k2[O] value theoretically using the values415

taken from SD-WACCM model calculations for the SMILES observation condi-

tion at 72.5 km in the latitudinal range of 50o N – 65o N in the SZA range of 90o

– 135o in the time range between January and February 2010. Following values

were used to provide αt: k1 = 9.2×10−12 [cm3 molecule−1 s−1], k2 = 4.1×10−11

[cm3 molecule−1 s−1], [Cl] = 9.4 × 104 [molecule cm−3], and [O] = 1.1 × 109420

[molecule cm−3].

The theoretical αt value becomes 1.9 × 10−5, and agrees well with the one

directly derived from the SMILES observation (5.9 × 10−5 ± 0.4 × 10−5(1σ)).

This means that the simple chemical mechanism shown in Eq. 11 quantitatively

described the enhancement of ClO VMR associated with the O3 at 72.5 km in425

the latitudinal range of 50o N – 65o N in the SZA range of 90o – 135o in the

time range between January and February 2010 well.

5. Conclusion

We have developed an optimal retrieval method for O3 in the MLT region

for submillimeter-wave limb emission spectra from space. We applied it to the430
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Figure 7: (a) The scatter plot displays the association between xClO (v215) and xO3 (v310)

at 72.5 km in the latitudinal range of 50o N – 65o N in the SZA range of 90o – 135o in the

time range between January and February 2010. The regression line, plotted as a thick red

line, was calculated from estimates of α and β. (b) The scatter plot displays the association

between xClO (v215) and xO3
(v215) at 32.5 km during the daytime in the latitudinal range

of 50o N – 65o N in the time range between January and February 2010.

SMILES spectra and named SMILES v310 O3 products. The optimal method

included changes to the following retrieval configuration: 1) The retrieval ver-

tical range is between 50 and 110 km, 2) The frequency window range is 120

MHz, 3) The vertical grids were 4-km and 2-km for 50–84 km and 84–101 km,

respectively, and 4) Appropriate temporal-spatial maps of a priori profiles were435

provided, with O3 coming from SD-WACCM model calculations, and pressure

and temperature profiles provided from GAIA model calculations.

An evaluation of the ozone profiles for the v310 products was performed by

error analysis, internal O3 comparison, and comparisons with previous SMILES

products. The relative difference between Band-A and Band-B is smaller than440

about 3% at all retrieved altitude grids. The estimated total systematic errors in

the nighttime were about 6% in the MLT region excluding the mesopause. The

total systematic error for the mesopause in the nighttime was about 10%. The

random error was estimated at about 5%, 50%, and 35% in the mesosphere,

mesopause, and lower thermosphere, respectively for nighttime ozone profiles445

in the MLT region. For daytime conditions, the total systematic errors were

about 6% in the lower and middle mesospheres. The total systematic errors

were about 8% and 12% in the upper mesosphere and lower thermosphere,
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respectively. The random error was estimated about 5%, 50% below and above

the middle mesosphere. We found that averaging the profiles does not provide450

a sufficient effect necessary to reduce the smoothing error in the case of small

amounts of O3, related to small SNR in the O3 spectrum. A comparison of

ozone profiles was conducted between the v310 and previous SMILES products.

It was confirmed by comparisons and error analysis that the optimized retrieval

method successfully produced SMILES O3 (v310) in the MLT region.455

For the v310 products, the useful altitude range was up to 92.0 km for the

daytime ozone profiles, which was related to the SMILES spectrum with an SNR

smaller than 1.0 around the tangent height above 90 km. That of the nighttime

was 101.0 km with the altitude step of 2-km around secondary ozone maximum,

with a random error of 35%. The v310 products achieved more fine-grid and460

lower random error compared with the previous SMILES products. In addition,

the quality criteria in the v310 processing force the omission of the poor data,

which were retrieved under low SNR conditions or low tangent heights of the

SMILES spectrum.

A scientific application was also performed. We found a positive correlation465

between O3 and ClO for the first time at nighttime in the upper mesosphere

using the optimized O3 vertical profile. The slope α was estimated to be 5.9×

10−5±0.4×10−5(1σ) from the positive correlation between O3 and ClO at 72.5

km in the latitudinal range of 50o N – 65o N in the SZA range of 90o – 135o in

the time range between January and February 2010.470

Furthermore, we were successful in quantitatively explaining the chemical

mechanism. We assumed α value is equal to the value of k1[Cl]/k2[O] in the

pure reaction system Cl + O3 → ClO + O2 and ClO + O → Cl + O2, the αt

value, calculated theoretically, was to be 1.9×10−5, and agree well with the one

directly derived from the SMILES observation. The simple chemical mechanism475

quantitatively well described the enhancement of ClO VMR associated with O3.

Concerning future research, it will be important to reveal the diurnal and

seasonal behaviors of ozone in the MLT region.
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