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[1] Considerable uncertainties remain in the global pattern of diurnal variation in
stratospheric ozone, particularly lower to middle stratospheric ozone, which is the principal
contributor to total column ozone. The Superconducting Submillimeter-Wave Limb-
Emission Sounder (SMILES) attached to the Japanese Experiment Module (JEM) on board
the International Space Station (ISS) was developed to gather high-quality global
measurements of stratospheric ozone at various local times, with the aid of
superconducting mixers cooled to 4K by a compact mechanical cooler. Using the SMILES
dataset, as well as data from nudged chemistry-climate models (MIROC3.2-CTM and
SD-WACCM), we show that the SMILES observational data have revealed the global pattern
of diurnal ozone variations throughout the stratosphere. We also found that these variations
can be explained by both photochemistry and dynamics. The peak-to-peak difference in the
stratospheric ozone mixing ratio (total column ozone) reached 8% (1%) over the course of
a day. This variation needs to be considered when merging ozone data from different
satellite measurements and even from measurements made using one specific instrument at
different local times.
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1. Introduction

[2] Stratospheric ozone plays a crucial role in the climate
system through radiative processes, and the resulting dy-
namical processes, such as maintenance of the stratospheric

thermal/wind structure and the excitation of solar thermal
tides [Chapman and Lindzen, 1970]. Study of diurnal varia-
tions in ozone concentration is important not only to improve
our understanding of the processes involved but also to
improve estimation of inter-annual variations and long-term
trends based on measurements from different locations and
different local times or measurement with a local time that
changes during the monitoring period.
[3] Diurnal variations in the upper stratosphere and meso-

sphere have been extensively studied because of their large
amplitude (>10% to the daily mean) [Vaughan, 1982;
Zommerfelds et al., 1989; Ricaud et al., 1996; Marsh
et al., 2002; Schneider et al., 2005; Huang et al., 2008;
Dikty et al., 2010]. At these altitudes, ozone levels show a
strong depletion during the daytime but then recover at
night. This day-night contrast is explained by diurnal varia-
tions in the photochemically driven partitioning of O and O3

[e.g., Vaughan, 1982; Zommerfelds et al., 1989].
[4] In contrast, few studies have considered diurnal varia-

tions in the lower to middle stratosphere that contribute
mainly to variations in total column ozone (see below). In
the stratosphere, diurnal ozone variations are almost the
same as those seen in odd oxygen (Ox=O+O3), because
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[Ox] is approximately equal to [O3] at this altitude. The
photochemical lifetime of ozone (odd oxygen) is a few
weeks at 30 km, and decreases exponentially to around
1 day at 40 km, and a few hours at 50–60 km [Brasseur
and Solomon, 2005]; consequently, both photochemistry
and dynamics are expected to contribute to diurnal ozone
variations in the stratosphere.
[5] In terms of photochemistry, Pallister and Tuck [1983]

used a 1-D photochemical model to investigate diurnal
ozone variations at the spring equinox in the middle to
upper stratosphere at latitude 34.3�N. They found that below
42 km, ozone reaches a minimum (approximately �1%)
after sunset due to NOx chemistry and is at its maximum
concentration (approximately +4%) in the afternoon due
to photolysis of molecular oxygen, while above 42 km,
ozone levels are lowest (approximately �5%) around noon
due to HOx chemistry.
[6] In terms of dynamics, vertical transport due to atmo-

spheric tides is expected to contribute to diurnal ozone varia-
tions at altitudes where background ozone levels have a
sharp vertical gradient. This contribution can be roughly
estimated from diurnal temperature variations using the
following linearized equation [cf. Huang et al., 1997] in
log-pressure coordinates (z*):
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[7] where [Ō3] is the daily-mean ozone mixing ratio,
[O3]’D_VT is the daily-anomaly ozone mixing ratio caused
by vertical transport, t is time, w* is vertical velocity,
R (=287 J kg�1 K) is the gas constant for dry air, H is the
scale height (approximately 7 km), N2 is the static stability
(approximately 4.0� 10�4 s�2 in the stratosphere), T’ is the
daily temperature-anomaly temperature (temperature tides),
and J is the diabatic heating rate (K s–1). Sun-synchronous
diurnal temperature variations (i.e., the diurnal variations that
propagate westward with the apparent motion of the Sun) in
the lower stratosphere were investigated by Zeng et al.
[2008] and Sakazaki et al. [2012], who showed that the
amplitude of temperature variations (T’) in the lower strato-
sphere is around 0.5K at 25 km in the tropics. Sakazaki et al.
(Interpretation of the vertical structure and seasonal variation
of the diurnal migrating tide from the troposphere to the lower
mesosphere, manuscript in preparation, 2013) showed that J is
negligible (<20%) compared with @T’/@t for this altitude
region. Thus, assuming that @[Ō3]/@z is 1 ppmv km–1 in the
lower stratosphere (Figure 4f), the diurnal ozone variation
caused by vertical transport ([O3]’D_VT) can be estimated,
using equation (1), to be around 0.05 ppmv in amplitude
(the value relative to the daily mean is approximately 1% for
the typical daily-mean ozone mixing ratio of approximately
4 ppmv at 25 km). Vertical transport may also contribute in
the upper stratosphere where the negative gradient of back-
ground ozone is large; however, quantitative estimation is
difficult because J is non-negligible in this region.
[8] While previous studies have used models or a theoret-

ical approach to consider diurnal ozone variations in the
lower to middle stratospheres, few direct observational data
have been obtained, and this is partly because these varia-
tions have such a small amplitude and therefore are difficult

to detect. Haefele et al. [2008] examined diurnal ozone
variations in the stratosphere using data from both ground
radiometer measurements at Payerne (47�N, 7�E) and two
chemical climate models (CCMs). They found that in the
middle stratosphere, ozone levels peak during the afternoon
(approximately 3%) possibly due to photochemical factor
and that this variation agrees well with the results from the
CCMs. They attributed the afternoon maxima to the photol-
ysis of molecular oxygen. In contrast, variation in the lower
stratosphere did not agree with the results from the CCMs.
Two non–Sun-synchronous satellites, i.e., the Upper Atmo-
sphere Research Satellite (UARS)/Microwave Limb Sounder
(MLS) [Huang et al., 1997; Huang et al., 2010] and the Ther-
mosphere Ionosphere Mesosphere Energetics and Dynamics
(TIMED)/Sounding of the Atmosphere using Broadband
Emission Radiometry (SABER) [Huang et al., 2010], were
also used to analyze diurnal variations in stratospheric ozone
in particular latitude bands (28�N in Huang et al. [1997];
40�S, 0�N, and 40�N in Huang et al. [2010]). The variations
in the middle and upper atmospheres were essentially similar
to those reported byHaefele et al. [2008]. Huang et al. [2010]
showed that the maximum appears in the afternoon between
~30 km (10 hPa) and ~45 km (1 hPa) while above ~45 km,
the afternoon values become smaller than the nighttime
values. They also showed that these features are seen both
in the tropics (0�N) and in mid-latitudes (40�S, 40�N). These
variations were mostly attributed to photochemistry, while
Huang et al. [1997] also inferred that dynamics might be a
contributory factor in the upper stratosphere. However, it
should be noted that in the lower stratosphere, these satellite
observations (both MLS and SABER) indicated considerably
large amplitudes (approximately 10% to the nighttime value)
[Huang et al., 2008], which is too large when compared with
our estimation above.
[9] Consequently, the global pattern of diurnal variations in

stratospheric ozone is yet to be established, including the
detailed latitude and altitude dependency, particularly in the
lower stratosphere. In addition, the underlying mechanism,
including the relative contributions from photochemistry and
dynamics, remains uncertain throughout the stratosphere.
[10] The Superconducting Submillimeter-Wave Limb-

Emission Sounder (SMILES) attached to the Japanese
Experiment Module (JEM) on board the International Space
Station (ISS) made global observations of the minor consti-
tuents in the middle atmosphere (e.g., O3, HCl, and ClO), in
the 600 GHz region between October 2009 and April 2010.
One of the important aspects of these measurements was
their high sensitivity, which was facilitated by the supercon-
ducting mixers cooled to 4K by a three-stage mechanical
cooler [Kikuchi et al., 2010]. In addition, SMILES measured
the atmosphere at different local times because of the non–
Sun-synchronous nature of the orbit of the ISS. This dataset
provides unprecedented opportunities to study diurnal ozone
variations throughout the stratosphere.
[11] In this study, SMILES data were analyzed to quantify

diurnal variations in stratospheric ozone, while two CCMs
(MIROC3.2-CTM and SD-WACCM) whose dynamical
variables were nudged toward global (re)analysis data were
used to supplement our results. Hereafter, these nudged
CCMs are simply referred to as chemistry-transport models
(CTMs) to emphasize the point that unlike CCM data,
CTM data can be compared with observational data on a
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specific date and time. We demonstrate that the SMILES
observations have revealed the global pattern of diurnal
variations in stratospheric ozone and also the resulting
stratospheric column ozone, without, at least in low-latitude
regions, being affected by sampling issues related to inho-
mogeneous measurements. The contributions from photo-
chemistry and dynamics are examined by analyzing CTM
results. The remainder of the manuscript is organized as
follows. Sections 2 and 3 describe the datasets and analysis
methods, respectively. Section 4 describes the diurnal varia-
tions in stratospheric ozone levels and total column ozone
and considers the controlling processes, while section 5
summarizes our main findings.

2. Data Description

[12] We analyzed the ozone mixing ratio between 20 and
60 km during the SMILES observation period from October
2009 to April 2010 using three observational/model datasets

as follows: (1) SMILES Version 2.0 Level 2 products, (2)
MIROC3.2-CTM, and (3) SD-WACCM data. These data-
sets are described below.

2.1. SMILES

[13] SMILES observed the Earth’s limb from the ISS at a
typical altitude of between 350 and 400 km. The ISS orbit is
circular, with an inclination of 51.6� to the equator, so that
the highest latitude reached by the ISS is at 52� north and
south. At the same time, since the antenna beam is deflected
45� to the left from the direction of orbital motion, SMILES
nominally covered latitudes from 38�S to 65�N on each orbit
within a period of 93min, while the latitudinal coverage was
temporarily changed to the region from 65�S to 38�N during
the following three periods: 19–24 November in 2009, 10–19
February in 2010, and 7–17 April in 2010. Figure 1 shows the
SMILES measurement tracks with the color indicating the
measurement local time on 13 October 2009. The ISS is not
in a Sun-synchronous orbit, and its orbital plane rotates
every 60 days (i.e., the local time of measurement changes
by 24/60 = 0.4 h per day); thus, the observations cover a full
diurnal cycle over 30 days from the ascending/descending
nodes. Figure 2 shows the time series of measurement local
time at the equator for the ascending and descending nodes,
as averaged over longitude at the equator for each day. The
period when SMILES viewed the Southern Hemisphere is
shown by horizontal arrows.
[14] The SMILES has three specified detection bands within

the submillimeter-wave region: 624.32–625.52 GHz (Band
A), 625.12–626.32 GHz (Band B), and 649.12–650.32 GHz
(Band C). The brightest ozone emission is the line at 625.37
GHz, which is located in Bands A and B [Kikuchi et al.,
2010]. The SMILES Version 2.0 Level 2 products [Takahashi
et al., 2010, 2011; Mistuda et al., 2011] include the retrieved
ozone profiles for the altitude region of 8–85 km, but we used
data from above 20 km because the accuracy of SMILES data

Figure 1. SMILES measurement tracks on 13 October
2009. Color indicates the measurement local time (see the
color bar on the right-hand side).

Figure 2. Measurement local time at the equator for ascending node (open blue circles) and descending
node (open red circles). The region between the two dashed lines denotes the periods when the SMILES
observed the Southern Hemisphere.
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in the troposphere is low due to the uncertainty associated with
the continuum emission by water vapor and scattering by
clouds [Takahashi et al., 2010]. The vertical resolution of
the Level 2 data is 2 km for altitudes between 20 and 58 km,
and 3 km above 58 km. Band A data were used in the present
study, but we also found that that Band B data generated
similar results.
[15] Imai et al. [2012a] compared ozone profiles measured

by the SMILES with those obtained from worldwide ozone-
sonde stations and found good agreement at middle to high
latitudes of within 6% to 8% between 20 and 30 km, but at
low latitudes, the difference increased to around 7% to
20%; however, part of this increase (~up to 7%) may result
from bias in the ozonesonde measurements due to the
response time issue. Imai et al. [2012b] compared the ozone
distributions obtained from the SMILES with those obtained
from the following five satellite measurements: the Micro-
wave Limb Sounder (MLS) on the Earth Observing System
(EOS) Aura satellite, the Michelson Interferometer for
Passive Atmospheric Sounding (MIPAS) on the Envisat
satellite, the Submillimeter Radiometer (SMR) on the Odin
satellite, the SABER on the TIMED satellite, and the Atmo-
spheric Chemistry Experiment-Fourier Transform Spectrome-
ter (ACE-FTS) on the SCISAT-1 satellite. They revealed that
the agreement with these satellite measurements was gener-
ally within 10% in the stratosphere.

2.2. MIROC3.2-CTM and SD-WACCM

[16] The MIROC3.2-CTM was developed at the National
Institute for Environmental Studies (NIES), Japan, and
incorporates the chemical module of CCSR/NIES CCM
[Akiyoshi et al., 2009] into the MIROC3.2-GCM. The calcu-
lation was performed with horizontal winds nudged toward
ERA-Interim reanalysis data [Dee et al., 2011]. The SD-
WACCM [Kunz et al., 2011] is another CTM simulation that
uses the Whole Atmosphere Community Climate Model
Version 4 (WACCM4) with temperature, horizontal winds,
and surface pressure nudged toward the Goddard Earth
Observing System-5 (GEOS-5) analysis data [Rienecker
et al., 2007]. These CTMs were constrained by meteorolog-
ical conditions with an hourly time scale so that they could
be directly compared with the observation data, even at spe-
cific times. For the MIROC3.2-CTM (SD-WACCM), the
horizontal resolution was 2.8� (2.5�) in longitude and 2.8�
(1.9�) in latitude; the vertical resolution was approximately
1 km (approximately 1km) in the upper troposphere and
lower stratosphere, and 1–3 km (1–2 km) in the stratosphere;
the temporal resolution of output data was 0.5 h (0.5 h).
[17] For these CTMs, we prepared and analyzed a subset

of the data that was sampled at the nearest time and grid
point to the SMILES measurements; these data are referred
to as CTM-SMILES. SMILES data were provided at geo-
metric altitudes with a vertical resolution of 2–3 km, while
the CTM datasets were provided primarily in pressure
coordinates, which were used after being interpolated onto
the SMILES altitude levels using the cubic spline method.
To convert pressure levels into altitude (z) levels, we used
the relationship between geopotential height (H) and
altitude derived by Mahoney [2008, available from the
web site http://mtp.mjmahoney.net/www/notes/pt_accuracy/
ptaccuracy.html] is used:

z H ;fð Þ ¼ ð1þ 2:373�10�3� cos 2fð Þ�H
þ 1þ 8:6476�10�3� cos 2fð Þ� �� H2

6:356:6818

(2)

where H is in kilometer and ’ is the latitude.

3. Data Analysis Methods

3.1. Extraction of Diurnal Variations

[18] We examine the Sun-synchronous diurnal variations
(i.e., the diurnal variations that propagate westward with
the apparent motion of the Sun, that is, the diurnal variations
as a function of local time) for each latitude grid (5�) and
every altitude level (every 2 or 3 km). For temporally contin-
uous data such as the full-grid CTM dataset (see the next
paragraph), a simple local time composite during the analy-
sis period can be used to extract the diurnal variations. How-
ever, for the satellite data such as the SMILES data, only two
data at corresponding two local times are obtained for each
day at each grid point (one is from ascending node and the
other is from descending node). This means that background
ozone changes (i.e., seasonal changes) could contaminate
the diurnal variations if obtained from the simple composite
analysis. To avoid these sampling issues, we extracted the
diurnal variations from SMILES and CTM-SMILES follow-
ing the method proposed by Forbes et al. [2008].
[19] First, as described in section 2.1 and shown in

Figure 1, the difference in measurement local time over the
longitude (within a day) is less than 0.4 h. Thus, we
extracted the data at the two local times (one is for ascending
node and the other is for descending node) for each day, by
averaging the original data for ozone over the longitude for
each node independently. Figure 3a shows the time series
of the daily ozone mixing ratio at 44 km above the equator,
with the color indicating the measurement local time. On the
other hand, the measurement local time changes day by day
as shown in Figure 2. Thus, daily anomalies (anomalies
from the daily mean) were obtained by subtracting the
30 day running mean as calculated with both ascending
and descending nodes (solid curve in Figure 3a) from the
original time series (circles and crosses in Figure 3a). We
selected 30 days here because the diurnal cycle (24 local times)
is covered by ascending and descending nodes over 30 days
(Figure 2), so that the 30 daymean can be regarded as the daily
mean. Finally, the daily anomalies were binned and averaged
in 1 h local-time bins over the SMILES observation period,
which were taken to represent the Sun-synchronous diurnal
variations in this study. Figure 3b shows the residuals sorted
by local times (colored closed circles and crosses) and the
obtained hourly diurnal variations (black open circles) at the
equator at an altitude of 44 km as in Figure 3a. It should be
noted that in this study, we show the 6month mean diurnal
variations and that we were unable to determine the seasonal
dependence within this 6month period using SMILES data
due to the small amount of data available and the occurrence
of periods when no data were collected (Figure 2). However,
the seasonal dependence is briefly discussed, using the CTM
data (see section A for details).
[20] For the CTMs, we also extracted the Sun-synchronous

diurnal variations using the full-grid datasets (referred to as
CTM-ALL data) using a simple composite analysis as men-
tioned above. First, for the MIROC3.2-CTM (SD-WACCM),
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by averaging the data for the SMILES observation period,
mean 0.5 hourly (3 hourly) (in universal time (UT)) data were
calculated at each longitude-latitude-altitude grid point. Using
this data set, the daily anomalies from the daily mean were
extracted. In contrast to the SMILES and CTM-SMILES, here
we calculated the daily mean and the daily anomalies aver-
aged over the analysis period. Then we binned and averaged
the 0.5 hourly (3 hourly) anomaly data in hourly “local time”
bins for MIROC3.2-CTM (SD-WACCM) to extract diurnal
variations as a function of local time for each latitude-altitude
grid point (i.e., Sun-synchronous diurnal variations). That is,
the calculation was made using the daily-anomaly data over
24 h in UT, and over 360� in longitude, on the latitude circle;
for example, the data at 06:00 UT at 50�E (i.e., 09:33 LT)
were binned into the hourly bin of 09:00–10:00 LT. The diur-
nal variation from the CTM-ALL data will be compared with
that from CTM-SMILES data to evaluate the sampling issues
in CTM-SMILES data (and thus SMILES data itself) that may
remain even after removing the 30 day running mean (e.g., a
contamination of day-to-day scale changes).

[21] Diurnal variations in the stratospheric column ozone
were also calculated. For SMILES and CTM-SMILES data,
the variations in diurnal ozone number density were obtained
at each latitude grid point, and at each altitude level, using the
same method as for the mixing ratio, and those variations
were vertically integrated from 20 km to 64 km. For the
CTM-ALL data, we calculated the total column ozone from
the surface to the top level.

3.2. Photochemical and Dynamical Diurnal Variations
of Ox in MIROC3.2-CTM

[22] In section 4.2, we will discuss diurnal variations in
ozone in terms of those in odd oxygen (Ox=O+O3). The
mixing ratio of odd oxygen ([Ox]) changes due to dynamical
transport and its chemical production or loss (S) and can be
expressed as follows:

@ Ox½ �
@t

¼ �u�r Ox½ � þ S (3)

where t is time and u is the 3-D wind. MIROC3.2-CTM
provides [Ox], as well as u and S. Diurnal variations in [Ox]
were first obtained ([Ox]’) using the [Ox] data. At the same
time, we extracted the diurnal variations of S (S’), and then
S’ was integrated over the course of a day to obtain diurnal
[Ox] variations caused by photochemistry only ([Ox]’C). The
dynamical [Ox] variations ([Ox]’D) were estimated as the dif-
ference between the total variations ([Ox]’) and the photo-
chemical variations ([Ox]’C) (i.e., [Ox]’D= [Ox]’� [Ox]’C).
Finally, we also estimated vertical transport due to the
Sun-synchronous diurnal variations of vertical winds (w’)
([Ox]’D_VT) by integrating the following equation:

@ Ox½ �’D VT

@t
¼ �w’

@ Ox
�½ �
@z

(4)

where z is altitude and [Ōx] is the daily and zonal mean over
the analysis period. The contribution from diurnal and semi-
diurnal components to w’ was examined using harmonic
analysis. When we consider the nth harmonic component
of [Ox]’D_VT (xn=Re[Xn exp (iont)]) and w’ (wn=Re[Wn

exp (iont)]) for equation (4) (Re[*] indicates that we take
the real part of *), the following relationship is obtained:

Xn ¼ i onð Þ�1Wn
@ Ox
�½ �
@z

(5)

where Xn and Wn are the complex amplitudes, i= √–1, and
on = 2pn/24 (h–1) is the frequency. Here n = 1 and 2 corre-
spond to the diurnal and semidiurnal harmonic components,
respectively.

4. Results

[23] As described in section 3.1, we derive and discuss
diurnal ozone variations averaged over the SMILES obser-
vation period, i.e., approximately a half year in the Northern
Hemisphere winter. The seasonal dependence of diurnal
variations within this 6month period is estimated using the
CTMs, which will be validated by SMILES throughout this
study (see section A for details). We found that the timing of
maxima/minima associated with diurnal variations do not
change over the 6month period in the latitude region of
40�S–40�N, although the amplitude could change by up to

(a)

(b)

Figure 3. (a) Daily time series of ozone mixing ratio at the
equator averaged over the longitude at an altitude of 44 km,
as observed by the SMILES. Closed circles and crosses denote
ascending and descending nodes, respectively, with the color
indicating the measurement local time (see the color bar on
the right-hand side). Black solid curve shows the 30 day run-
ning mean. (b) The residual from the 30 day running mean
sorted by local times. Open circles denote the hourly daily-
anomaly component averaged over the analysis period.
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~50% over the period. Therefore, the 6month mean is quite
a good representative of the qualitative features during the
analysis period for the region of 40oS–40oN. The following
discussion is restricted to this latitude region.

4.1. Diurnal Variations in Stratospheric Ozone

[24] Figure 4 shows diurnal ozone variations at 24 km,
34 km, 44 km, and 54 km based on data from SMILES and
the CTMs averaged over 10�S–10�N. For the CTMs, we pres-
ent two sets of results, i.e., CTM-SMILES and CTM-ALL.
Results from SMILES show distinct diurnal variations that
are dependent on altitude. These features are reproduced rea-
sonably well by CTM-SMILES at all levels, although the
amplitudes in the CTMs at 54 km are 2 or 3 times larger than
those in SMILES. Furthermore, the results from CTM-
SMILES and CTM-ALL are in good agreement, indicating
that the sampling issues caused by inhomogeneous SMILES
measurements have been almost completely removed with
our analysis method and are negligible (Figure 5).

[25] To demonstrate the altitude dependency more clearly,
Figure 5 shows vertical distributions of diurnal ozone
variations averaged over 10�S–10�N. The SMILES results
(Figure 5a) show clear diurnal variations, which are reproduced
quite well in the CTM-SMILES data (Figures 5b and 5c). Also,
the small difference between the CTM-SMILES (Figures 5b
and 5c) and CTM-ALL data (Figures 5d and 5e) indicates neg-
ligible sampling issues. At 20–30 km, the ozone levels show a
maximum in themorning and aminimum in the late afternoon,
with an amplitude of 0.05 ppmv (1%). At 30–40 km, this situ-
ation is reversed: ozone levels are at their lowest just after
dawn and increase toward a maximum in the afternoon, while
they change little during the night. The amplitude reaches 0.15
ppmv (2% to 3%). At 40–50 km, we observed negative values
in the period 00:00–06:00 LT, slightly positive values between
06:00 and 09:00 LT, a minimum of 0.1 ppmv (3% to 4%) at
about noon, and an enhanced maximum of 0.1 ppmv (3% to
4%) in the late afternoon (around 18:00 LT). These regime
shifts with altitude produce an apparent upward (downward)
phase progression of the positive (negative) anomaly at around

(a)

(b)

(c)

(d)

Figure 4. Diurnal ozone variations averaged over 10�S–10�N at altitudes of (a) 54 km, (b) 44 km, (c) 36 km,
and (d) 24 km. Black solid curves are SMILES data, while vertical bars show the 95% confidential
level for the hourly composite value (t-test). Orange (green) solid curves show the results from
MIROC3.2-CTM (SD-WACCM) at SMILES observation locations and times. Orange (green) dashed
curves show the results from the full-grid MIROC3.2-CTM (SD-WACCM) dataset. The daily-mean
values (the average for the analysis period) for SMILES, MIROC3.2-CTM, and SD-WACCM (full-grid
datasets) are shown with the same color allocation as the line plots.
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40 km; i.e., the center of the positive (negative) anomaly is
15:00 LT (09:00 LT) at 35 km and shifts with altitude, reach-
ing 20:00 LT (05:00 LT) at 45 km (Figure 5). Above 50 km,
ozone is depleted after dawn and recovers after sunset, and
the amplitudes associated with this simple day-night contrast
increase with altitude. Note that the lower limit of the domi-
nance of these diurnal variations is located at 50 km for the
SMILES data but at about 46 km for the CTM data. This
results in smaller amplitudes in the SMILES data than in the
CTMs at 50–60 km (Figure 5; also see Figure 4a), while the
agreement between SMILES and the CTMs (particularly
SD-WACCM) is again reasonable above 65 km (not shown).
These differences may result from some uncertainties in the
photochemistry within the CTMs that determines the day-
night contrast (partitioning within the odd oxygen).
[26] Figure 6 shows the latitude distributions of the diurnal

variations from SMILES and the CTMs at different altitudes.
Again, we confirmed that the SMILES results are reproduced
quite well by CTM-SMILES and also that the effects of any
sampling issues were negligible at 40�S–40�N (not shown).
At 24 km, we see that the distinct variations are confined to
the tropics. At 34 km, the variations are seen at all latitudes,
but only during the daytime, while the amplitude is larger in
the Southern Hemisphere (summer hemisphere) than that in

the Northern Hemisphere. At 44 km, the variations are again
broadly uniform at all latitudes but locally enhanced in the
tropics (e.g., 18:00–20:00 LT at the equator). These local
peaks correspond to the enhanced maxima in the late
afternoon seen in Figure 4b. At 54 km, a distinct day-night
contrast is seen with larger amplitudes in the Northern
Hemisphere (winter hemisphere).
[27] We will now briefly compare our findings with previ-

ous studies. The day-night contrast seen from the upper strato-
sphere to the lower mesosphere is already well known [e.g.,
Vaughan, 1982; Huang et al., 1997; 2010], but the maximum
during the late afternoon in the tropics (40–50 km) has been
identified for the first time here. In the middle stratosphere
(30–40 km), the afternoon maximum is consistent with recent
results from ground-based [Haefele et al., 2008] and satellite
measurements [Huang et al., 1997, 2010], but the minimum
after sunset (clearly seen here) was not mentioned in these ear-
lier researches. In the lower stratosphere (20–30 km), previous
observational studies did not provide robust results (as men-
tioned in section 1); however, this study has obtained the first
observational results that are consistent with models (CTMs)
and that can be quantitatively interpreted (section 4.2).
[28] We also analyzed SABER data from the SMILES

observation period and compared the results with those from

(a) (b) (c)

(d) (e)

(f)

Figure 5. Vertical distribution of diurnal ozone variations averaged over 10�S–10�N derived from (a)
SMILES, (b) MIROC3.2-CTM at SMILES observation locations and times, (c) SD-WACCM at SMILES
observation locations and times, (d) full-grid MIROC3.2-CTM dataset, and (e) full-grid SD-WACCM
dataset. Contour interval: 0.05 (ppmv); color scale bar is shown. A low-pass filter (three-point running
mean in both the time and vertical domains) was applied to Figures 5a–5c to improve the presentation;
e.g., the data at (01:00 LT, 22 km) is the average of the following five data points: (00:00LT, 22 km),
(02:00LT, 22 km), (01:00LT, 20 km), (00:00LT, 22 km), and (01:00LT, 24 km). (f) Daily-mean values
for (black curve) SMILES, (red curve) MIROC3.2-CTM, and (blue curve) SD-WACCM.
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the SMILES and CTMs. Our comparison showed that at
20–30 km, the amplitude derived from SABER is signifi-
cantly larger than that from SMILES and the CTMs, while
the phase is roughly consistent among the datasets. This
considerably larger amplitude has been reported previously
[Huang et al., 2008]. In contrast, the diurnal variations at
30–50 km derived from SABER data during this period
are found to be affected by sampling issues because SABER
requires data from a period of 60 days data to cover an entire
diurnal cycle and, consequently, is more easily affected by
background changes (in this case, by the changes associ-
ated with the semi-annual oscillation (SAO)). The section
B provides a detailed comparison of the SMILES, SABER,
and CTM datasets.

4.2. Photochemical and Dynamical Contributions to
Diurnal Ozone Variations

[29] We will now consider the underlying mechanisms
associated with the observed stratospheric diurnal ozone

variations in terms of photochemistry and dynamics (transport).
As diurnal ozone variations in the CTMs have been validated,
the CTM results can be further analyzed to examine the under-
lying mechanism. Figure 7a shows the diurnal Ox variations
from the MIROC3.2-CTM full-grid dataset (i.e., CTM-ALL
data). Comparing Figure 5d with Figure 7a shows that the di-
urnal ozone variations are very similar to those of Ox below 48
km (i.e., Ox�O3). Above this level, diurnal variations in
ozone are predominantly caused by partitioning between O
andO3 [Vaughan, 1982; Zommerfelds et al., 1989], as outlined
in section 1.
[30] Figure 7b shows the diurnal Ox variations caused by

photochemistry (section 3.2). Below 42 km, odd oxygen
shows a minimum after dawn and a maximum in the after-
noon, while above 42 km, it shows a maximum after dawn
and a minimum in the afternoon. These photochemical
variations are qualitatively consistent with the results of
photochemical modeling work [Pallister and Tuck, 1983;
Huang et al., 1997] and are thought to be caused by a

(a) (b) (c) (d) (e)

(f) (g) (h) (i) (j)

(k) (l) (m) (n) (o)

Figure 6. Latitudinal distribution (40�S–40�N) of diurnal ozone variations at (a, f, k) 24 km, (b, g, l) 36 km,
(c, h, m) 44 km, and (d, i, n) 50 km, from (top) SMILES, (middle) MIROC3.2-CTM with full-grid data, and
(bottom) SD-WACCM with full-grid data. A low-pass filter (three-point running mean in both the time and
latitude domains) was applied to improve the presentation in the top panels (SMILES). The latitude region for
SMILES observation is indicated by the green square. The equator is represented by a purple dashed line.
Contour interval: 0.02 ppmv for (a, e, i) and 0.04 ppmv in the other panels. (e, j, o) Daily-mean values at
24 km (solid curve), 34 km (long-dashed curve), 44 km (short-dashed curve), and 54 km (dot-dashed curve).
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combination of the Chapman mechanism and the NOx/HOx

chemistry. Below 42 km, the afternoon maximum is caused
by the production of odd oxygen through the photolysis of
molecular oxygen [Pallister and Tuck, 1983; Huang et al.,
1997], while the dawn minimum may be partly attributed
to the depletion of odd oxygen associated with the NOx

chemistry [Pallister and Tuck, 1983]. The minimum around
noon above 42 km may be partly caused by the depletion
of odd oxygen due to the HOx chemistry [Pallister and
Tuck, 1983].
[31] Figure 7c shows diurnal Ox variations caused by all

dynamical effects ([Ox]’D), i.e., horizontal and vertical trans-
port (section 3.2), and those that are related solely to vertical
transport of daily-mean Ox by diurnal wind variations (tidal
winds) ([Ox]’D_VT) are shown in Figure 7d. The variations in
Figure 7d are dominated by the diurnal harmonic component
(wave number 1 component) and are reasonably consistent,
quantitatively, with the results based on the all dynamical
effects (Figure 7c). This suggests that vertical transport by
the diurnal tide, which is mainly generated in the troposphere
and propagates into the stratosphere [Chapman and Lindzen,
1970; Sakazaki et al., 2012, Sakazaki et al., manuscript in
preparation, 2013], is the major dynamical factor. The domi-
nance of the diurnal harmonic component (Figure 7d) is
explained by the fact that the variations are inversely propor-
tional to the frequency (equation (5)), although the diurnal
and semidiurnal harmonic amplitudes of vertical winds are
comparable between 20 and 50 km (Figure 7e). This dynami-
cal variation is largest at around 25 km (0.05 ppmv) and 40 km
(0.1 ppmv), where the vertical gradient of Ox, |@[Ox]/@z|, is
relatively large (Figure 7e). It may be worth noting that the
observed amplitude in the lower stratosphere agrees with
our estimation based on temperature tides (section 1). Figure 8
shows the latitudinal structure of the photochemical/
dynamical contributions at 44 km and 24 km. As tidal vertical
winds have large amplitudes in the tropics associated with the
characteristic Hough mode structures [Chapman and Lindzen,
1970; Sakazaki et al., 2012], their effects appear mainly at
low latitudes (Figures 8c and 8d). In contrast, the photochem-
ical contribution essentially extends across all latitudes,

although the phase differs between low-middle latitudes and
high latitudes at 44 km (Figure 8b). Thus, the tidal contribu-
tion explains the enhanced diurnal ozone variations in the
tropics at these altitudes (Figure 6).
[32] To summarize, we have shown how the observed

diurnal ozone variations can be explained by a combination
of photochemical and dynamical processes. In a broad sense,
the variations at 20–30 km are caused by dynamics, those at
30–40 km by photochemistry, and those at 40–50 km by
both dynamics and photochemistry. These three different
regimes create a distinct altitude-latitude dependency in the
amplitude and phase of the diurnal ozone variations in the
stratosphere. The existence of tidal transport has been
suggested previously [Huang et al., 1997; Haefele et al.,
2008], but it has been confirmed and quantified for the first
time here.
[33] It should be noted that the controlling processes do

not change over the 6month period, because the qualitative
features of diurnal ozone variations do not change during
the 6month period as noted earlier in this section (see also
section A). In fact, we checked the discussion here (Figures 7
and 8) on a monthly basis and confirmed that our conclu-
sions do not depend on month. The magnitudes of photo-
chemical and/or dynamical contributions, in contrast, could
change with season in a quantitative way. For example, a
marked seasonal variation in tides [e.g., Sakazaki et al.,
2012] could result in that in amplitude of diurnal ozone var-
iations in the lower and upper stratospheres where dynamics
is important.

4.3. Diurnal Variations in Total Column Ozone

[34] In this section, we investigate the contribution of
diurnal variations in stratospheric ozone to those in the total
column ozone. Figure 9 shows the latitudinal distribution of
diurnal variations in column ozone between 20 and 60 km
based on data from SMILES and the CTMs. As was seen
in the vertical/latitudinal structure (Figures 5 and 6), the
SMILES results are reproduced well by CTM-SMILES.
Apart from the regions poleward of 30�N/S, where the
results are affected by sampling issues as inferred from the

(a) (b) (c) (d) (e)

Figure 7. As for Figure 5 but for (a) odd oxygen, (b) odd oxygen caused by photochemistry, (c) (a) minus
(b), and (d) estimate of odd oxygen caused by vertical transport by tidal winds, derived from MIROC3.2-
CTM full-grid data. Contour interval: 0.05 (ppmv). (e) Vertical profiles of [Ox] (purple curve) and the
amplitude of diurnal (green solid curve) and semidiurnal (green dashed curve) vertical wind, as averaged
over 10�S–10�N. X axis showing amplitude of vertical winds is a log scale. See text for details.
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(a) (b) (c)

(d) (e)

(f)

Figure 9. Latitude distributions of diurnal variations in the stratospheric column ozone (DU) calculated
using data from (a) SMILES at 20–64 km, (b) MIROC3.2-CTM at SMILES observation locations and
times at 20–64 km, (c) SD-WACCM at SMILES observation locations and times at 20–64 km, (d)
MIROC3.2-CTM with full-grid data between 1000 and 0.1 hPa, and (e) SD-WACMM with full-grid data
between 992 and 6� 10–6 hPa. A low-pass filter (three-point running mean in both the time and latitude
domains) has been applied to Figures 9a–9c to improve the presentation. The latitude region for SMILES
observation is indicated by the green square. The equator is represented by a purple dashed line. Contour
interval: 0.5 DU. (f) Daily-mean values.

(a) (b) (c) (d)

Figure 8. As for Figure 7 but for latitudinal structure at altitudes of (top) 44 km and (bottom) 24 km.
Contour interval: 0.02 ppmv.
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difference between the CTM-SMILES and CTM-ALL data,
we see semidiurnal variations in total ozone in the tropics,
with an amplitude of about 1 DU (approximately 0.5% to
the total column ozone), in both the SMILES and CTM data.
Again, the above results do not change considerably over the
6month at 40�S–40�N (section A and Figure A2).
[35] Figure 10 shows the vertical distributions of varia-

tions in diurnal ozone number density, which contributes
to the total column ozone, averaged over 10�S–10�N. We
see that the variations at 20–45 km contribute most to varia-
tions in the total column ozone. As discussed in the previous
section, the variations at 20–30 km are largely driven by
dynamics, while those at 30–45 km are largely related to pho-
tochemistry. The total column ozone maximum (minimum) at
about 15:00 LT (09:00 LT) in the tropics is caused by the
variations at 30–45 km, while the secondary maximum
(minimum) at about 01:00 LT (20:00 LT) is caused by varia-
tions at 20–30 km. Consequently, the superposition of the two
different diurnal processes, with a phase shift of approxi-
mately quarter of a cycle, produces the semidiurnal variations
in total column ozone.

5. Summary and Implications

[36] The high-quality observations made by SMILES have
provided observational evidence of the global pattern of
diurnal ozone variations throughout the stratosphere. Sam-
pling issues related to inhomogeneous measurements were
negligible, at least in low latitude regions. The peak-to-peak
difference in the stratospheric ozone mixing ratio (total
column ozone) may reach 8% (1%) over the course of a
day. These variations are in good agreement with those from
the CTMs. Analysis of the CTM data showed that these
diurnal variations are caused by both photochemistry and
vertical tidal transport. This study considers the 6month
mean diurnal variations during the SMILES observation
period. In fact, the 6month mean shows a good representa-
tive of the qualitative features (timing of maxima/minima)
during the period for the latitude region of 40�S–40�N. In

contrast, CTM results indicate that the amplitude of the
variations may change by up to 50% with month. A further
investigation of seasonal dependence is a future study.
[37] Generally, extant ozone datasets are obtained at differ-

ent local times depending on the measurement method. When
these datasets are merged to create a unified, homogeneous
time series that can be used for trend analysis [WMO, 2011],
the correction of bias caused by diurnal variations between
different instruments may need to be taken into account. For
example, the measurement local times for the Total Ozone
Mapping Spectrometer (TOMS) and the Ozone Monitoring
Instrument (OMI) were 11:30 LT and 13:30 LT, respectively;
the corresponding bias in ozone level due to diurnal variations
is estimated to be 0.5 DU (0.1% to 0.2%) for the average
between 60�S and 60�N, although it may not be discernible.
Furthermore, the diurnal variations may need to be considered
even when using one specific instrument/satellite. For exam-
ple, data from the Stratospheric Aerosol and Gas Experiment
(SAGE) has a bias between sunrise and sunset: the ozone
level at sunset is higher than that at sunrise by around 10% at
40–50 km in the tropics [Mclinden et al., 2009]. This may be
explained in part by diurnal variations that result in a difference
of 0.15 ppmv (5%) between sunrise (approximately 06:00 LT)
and sunset (approximately 18:00 LT) (Figures 4b and 5). Also,
some satellites are subject to orbital drift during operation,
resulting in changes in the local time of the measurements.
For example, the measurement local times of the Solar
Backscatter Ultra Violet (SBUV) on board NOAA satellites
change by about 10 h over a decade [DeLand et al., 2012]. This
change corresponds to that in the stratospheric ozone mixing
ratio (total column ozone) of around 8% (0.5% to 1%) at the
maximum due to diurnal variations, which, consequently, must
be removed to avoid “spurious” inter-annual variability.
[38] From the dynamical and radiative perspectives, it

should be noted that in many climate models and global rea-
nalyses, ozone amounts are treated as constant throughout
the day. However, this study suggests that diurnal variations
should be taken into account when attempting to calculate
radiative processes to an accuracy of less than a few percent.

(a) (b) (c)

Figure 10. Vertical distribution of variations in diurnal ozone number density (molecules cm–3) at 10�S–10�N,
derived from (a) SMILES, (b) full-grid MIROC3.2-CTM dataset, and (c) full-grid SD-WACCM dataset. A
low-passfilter (three-point runningmean in both the time and altitude domains) has been applied to Figure 10a
to improve the presentation. Contour interval: 0.01� 1012 cm�3; color scale bar is shown.
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[39] Another important outcome of this study is that
chemistry-climate models (CCMs) with constraint of the
meteorological fields such as temperature and winds, and
probably chemistry-transport models (CTMs) involving the
data assimilation system, may be able to accurately represent
the space-time structure of minor species and, possibly, the
resulting radiative processes. This indicates that the most
important parameter to be determined should be the atmo-
spheric temperature for chemical processes and the derived
wind fields for transport processes. To date, there are some
temperature measurements up to the upper stratosphere,
while almost no operational observations are made in the
mesosphere. We believe that accurate temperature measure-
ments for the whole middle atmosphere such as SABER
and MIPAS, combined with use of the chemistry-transport
model, may be able to provide realistic assessments of the
space-time variations of minor species such as ozone.
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Appendix A: Seasonal Dependence of Diurnal
Variations Within the SMILES Observation Period

[41] As noted in section 3.1, this study investigates the
diurnal variations averaged over the 6month period for the
SMILES observation. This section briefly examines the sea-
sonal dependence within the 6month, using the CTM data
which have been validated thorough this study.
[42] Figure A1 shows the latitude distributions of diurnal

ozone variations from MIROC3.2-CTM data at different
altitudes for November 2009, January 2010, and March
2010, as well as the results averaged over the 6month (the
same as Figure 6). The whole latitude region from 90�S to
90�N is shown. SD-WACCM basically shows similar results
(not shown). It is found that for the altitude region where
photochemistry is important (34 km, 44 km, 54 km), a
strong seasonal dependence is seen for the latitude region
poleward of 40� where the local time of sunset and sunrise
changes significantly with month. For example, at 34 km,
not only the amplitude but also the phase (timing of
maxima/minima) at 40�S–80�S and 40�N–80�N changes
considerably between November–January and March.

[43] In contrast, the results for the latitude region of
40�S–40�N do not change within the 6month period in a
qualitative way; the timing of maxima and minima changes
little (<1 h). This finding suggests that the controlling pro-
cess as discussed in section 4.2 does not depend on season
at least for this latitude region. Here it may be worth noting
that the amplitude has a seasonal dependence of up to
~50% at some locations. The difference from the 6month
mean is up to 0.01 ppmv at 24 km and up to 0.05 ppmv
at 34 km, 44 km, and 54 km (the typical amplitude of
diurnal variation is 0.05 ppmv at 24 km, 0.15 ppmv at
34 km, 0.1 ppmv at 44 km, and 0.1 ppmv at 54 km). For
example at 44 km, we see in Figure A1 that the local max-
imum at 18 LT, 0�N is ~0.15 ppmv in January while it is
~0.08 ppmv in March. Section 4.2 shows that this maxi-
mum is caused by vertical transport by tidal winds. In fact,
this seasonal dependence is consistent with that of tides as
reported, e.g., by Sakazaki et al. [2012] who showed that the
tidal amplitude is up to ~50% larger in January–February and
in July–September than that in other months.
[44] Figure A2 shows the latitude distributions of the

diurnal variations in total ozone from MIROC3.2-CTM for
November 2009, January 2010, and March 2010, as well as
the results averaged over the 6month (the same as Figure 9).
As inferred from the results in ozone mixing ratio (Figure A1),
the timing of maxima/minima do not change considerably
with season for the latitude region of 40�S–40�N. The
detailed seasonal dependence will be studied in a future work.

Appendix B: Comparison of the SMILES, SABER
and CTM Datasets

[45] We also analyzed TIMED/SABER Version 1.07 data
from the 9.6 mm O3 band [Russell et al., 1999; Rong et al.,
2009]. As is the case for SMILES, SABER is in a non–
Sun-synchronous orbit, and a full diurnal cycle is covered
by collecting 60 days worth of data. The latitudinal coverage
is 52�S–52�N, while the vertical coverage is 20–120 km.
Note that because there are a large number of outliers in
the data from the lower stratosphere [Rong et al., 2009],
we screened the data prior to the further analysis described
below. That is, we first removed extreme values (>100
ppmv). Next, we calculated the median at each altitude level,
and values that deviated from the median by> 3s were
regarded as outliers; this process was repeated until no
outliers remained (Figures B1 and B2).
[46] Using datasets corresponding to the SMILES obser-

vation period, we extracted the Sun-synchronous diurnal
variations using the same method as for SMILES, except
that the 60 day running mean was subtracted from the origi-
nal time series in advance (note: the 30 day mean was used
for SMILES). For the two CTMs, we prepared and analyzed
a subset of the data that was sampled at the nearest time and
grid point to the SABER measurements; these datasets are
referred to as CTM-SABER.
[47] Figure A1 is the same as Figure 4 but shows the

results from SABER, CTM-SABER, and CTM-ALL.
SMILES results from Figure 4 are also shown. Note that
the y axis range is larger than that in Figure 4. At 44 km,
the SABER results are reasonably consistent with those from
CTM-SABER, but there is a large difference in the results
obtained from CTM-SABER and CTM-ALL/SMILES. This
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finding indicates that sampling issues are non-negligible at
this altitude. In fact, we confirmed that the variations associ-
ated with the stratospheric semi-annual oscillation (SAO) in
the tropics are not completely removed with the 60 day
mean, and so they contaminate the diurnal variations. Note
that this may be the primary cause of the considerable differ-
ence between CTM-SMILES in Figure 4 and CTM-SABER
in Figure A1, while the CTM-ALL data are, by definition,
the same in both Figures 4 and A1. At 24 km and 34 km,
the phase in the SABER results is roughly consistent with

those in SMILES and the CTMs. However, there is a
significant difference in amplitude between SABER and
CTM-SABER/CTM-ALL/SMILES; i.e., the SABER ampli-
tude is more than 5 times larger than the others at 24 km.
Huang et al. [2010] also reported similar amplitude and
phase at 20–30 km.
[48] Considering that diurnal ozone variations in the lower

stratosphere are controlled by tidal transport (section 4.2), it
may be argued that the vertical tidal winds in the CTMs could
be underestimated. To investigate this issue, we compared the

Figure A1. As for Figure 6 but for the whole latitude region at (from bottom to top) 24 km, 34 km, 44 km,
and 54 km, as derived from MIROC3.2-CTM data. Left panels show the results averaged for the
6month period during the SMILES observations (the same as in Figure 6), while middle-left, middle-
right, and right panels show the results averaged for November 2009, January 2010, and March 2010,
respectively. Contour interval is 0.02 ppmv for 24 km and 0.04 ppmv for 34 km, 44 km, and 54 km.
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vertical winds in the CTMs with those in the global reanalysis
data from the Modern Era Retrospective analysis for Research
and Applications (MERRA) [Rienecker et al., 2011].
Sakazaki et al. [2012] report that MERRA reproduces strato-
spheric diurnal temperature tides well. Also, in this study, we

confirmed that diurnal temperature tides in MERRA are con-
sistent with observational data from GPS radio occultation
(GPS-RO) measurements with the Constellation Observing
System for Meteorology, Ionosphere, and Climate (COSMIC)
[Anthes et al., 2008] (not shown). Figure A2 shows vertical

Figure A2. As is for Figure A1 but for the diurnal variations in total ozone as derived fromMIROC3.2-CTM
data. Contour interval is 0.5 DU.

(a)

(b)

(c)

(d)

Figure B1. As for Figure 4 but showing a comparison between SABER and CTMs. Solid curves show
SABER results, while orange (green) solid curves show the results from MIROC3.2-CTM (SD-WACCM)
at SABER observation locations and times. SMILES results from Figure 4 are also shown by thin solid
curves for reference. Note that the y axis range is larger than that in Figure 4, indicating SABER’s
larger amplitudes.
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profiles of the amplitude and phase of the diurnal component
in vertical wind from different datasets during the SMILES
observation period for altitudes between 20 km and 40 km,
averaged over 10�S–10�N. We see that the amplitudes and
phases in the CTMs are both consistent with those in
MERRA, although the amplitude in MIROC-3.2 is around
30% smaller than MERRA in the lower stratosphere. It should
be noted that even if this underestimation is taken into
account, the amplitudes in the SABER data, being more
than 5 times larger than those in the CTMs, are still too
large to be interpreted.
[49] Therefore, we conclude that the significant difference

in the amplitude of diurnal ozone variations in the lower
stratosphere cannot be attributed to the performance of the
CTMs and that SABER data may not be appropriate for this
kind of analysis at altitudes below 40 km at least during this
analysis period.
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