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Abstract By analyzing data from satellite measurements, a reanalysis, and a chemistry-climate model, we
found clear zonally uniform tidal signals in the tropical stratosphere, particularly during the Northern
Hemisphere summer. Antisymmetric components with respect to the equator are dominant and are
characterized by a vertical wavelength of ~15 km and a diurnal frequency. The temperature and vertical
wind diurnal amplitudes in the stratosphere are 0.2-1Kand 1-7 mm ™', respectively. The latter is generally
larger than the climatological ascent motion in the stratosphere. The observed latitudinal and vertical
structures can be explained by the second, propagating, antisymmetric Hough mode. These tidal oscillations
should be carefully considered in analyses of zonal mean fields at a particular universal time.

1. Introduction

Atmospheric tides are global-scale waves that are driven by the diurnally varying diabatic heating rate in the
troposphere and the stratosphere [Chapman and Lindzen, 1970]. Although tidal variations are dominant in
the mesosphere and lower thermosphere (MLT) regions, they also have a significant amplitude in the strato-
sphere [e.g., Sakazaki et al., 2012]. Stratospheric tides change the distribution of atmospheric minor constitu-
ents [Sakazaki et al.,, 2013al, while the accurate estimate of tides is important for the correction of “diurnal
drift effects” in satellite measurement data [Zou et al., 2014].

The present study focuses on one of the nonmigrating (non-Sun-synchronous) tidal components, the zonally
uniform tides (i.e., tides with zonal wave number 0), since they are crucial for meteorological analyses from a
practical perspective. That is, stratospheric general circulation, such as Brewer-Dobson circulation (BDC), is often
assessed by means of the climatological (e.g., monthly) zonal mean field. Diurnal variations in the zonal mean
field, if any, should be carefully removed to obtain accurate estimates. Seviour et al. [2012] noted that the zonal
mean vertical velocity, and consequently the residual circulation, is strongly correlated with the universal time
(UT). Although they did not examine the responsible phenomena in detall, it is expected that zonally uniform
tides have a significant amplitude in the stratosphere. Note that all other components, including migrating
(Sun-synchronous) tides, are identically zero when the zonal mean is taken at a particular UT.

Previous studies of zonally uniform tides mostly considered the MLT [e.g., Hagan and Roble, 2001; Oberheide
et al,, 2002; Forbes and Wu, 2006]. In the stratosphere, Lieberman [1991] first detected diurnal, zonally uniform
tides using data from the Nimbus 7 Limb Infrared Monitor of the Stratosphere. Note that the original analysis
of Lieberman [1991] was restricted to the period from October to April and seasonality was not examined.
Lieberman and Leovy [1995] showed that the observed features could be reasonably reproduced by classical
tidal modeling. Zonally uniform tides appearing in a general circulation model (GCM) were examined by
Chiba and Shibata [1992] and Kuroda and Chiba [1995]. Recently, Sakazaki et al. [2015] (hereafter S15) demon-
strated the full picture of nonmigrating tides in the tropical stratosphere. They found clear gravity wave pat-
terns emanating from the two major continents, Africa and South America. In addition, the potential
energy (PE) associated with the zonally uniform diurnal tides is strong, particularly during the Northern
Hemisphere (NH) summer; however, the corresponding signals were not clear in the nonmigrating tides
extracted and averaged between 10°S and 10°N (i.e., the symmetric components with respect to the equa-
tor; see their Figure 6). These apparently contradictory results may indicate that the antisymmetric compo-
nents attain a significant amplitude in the context of zonally uniform tides.

The purpose of this study is to investigate the zonally uniform tides in the tropical stratosphere, including
their latitudinal-vertical structures and their seasonality, using satellite measurements, reanalyses, and a
chemistry-climate model (CCM). We demonstrate that zonally uniform tides are clearly observed, particularly
during the NH summer season, with characteristic latitudinal and vertical structures. The remainder of this
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paper is organized as follows. Section 2 describes the data sets used and analysis methods employed. Section 3
presents the results and discusses their relationship to tropospheric diabatic heating. Finally, the main findings
are summarized in section 4.

2, Data and Analysis Methods
2.1. Data Sets

Data from two independent satellite measurements, a reanalysis (JRA-55) and a CCM (WACCM), were analyzed
for the period 2008-2010.

As for the satellite measurements, we analyzed temperature data from the Sounding of the Atmosphere using
Broadband Emission Radiometry (SABER) instrument on board the Thermosphere-lonosphere-Mesosphere
Energetics and Dynamics satellite [Russell et al., 1999] and from Global Positioning System radio occultation
measurements of the Constellation Observing System for Meteorology, lonosphere, and Climate (COSMIC)/
FORMOSAT-IIl mission [Anthes et al, 2008]. As regards SABER, version 2.0 temperature data on pressure levels
were analyzed for the latitude region between 50°S and 50°N; as for COSMIC, dry-temperature data on geometric
altitude levels, compiled by the COSMIC Data Analysis and Archival Center (CDAAC), were analyzed.

JRA-55 is the second Japanese global atmospheric reanalysis conducted by the Japan Meteorological Agency
(JMA) [Kobayashi et al., 2015]. Data are provided 6-hourly for 37 pressure levels between 1 hPa and 1000 hPa,
with a horizontal spacing of 1.25°x 1.25°. JRA-55 products are considerably better than the JRA-25 product,
which was the first version of the JMA reanalysis [Onogi et al., 2007]. Note that COSMIC data are assimilated
into the JRA-55 system, whereas SABER data are not.

For JRA-55, diabatic heating rates for 2008 were also analyzed. The heating rates include heating by convection,
large-scale condensation, solar and long-wave radiation, and vertical diffusion processes. Data are provided
4 times daily, as averages for 0000-0600 UTC, 0600-1200 UTC, 1200-1800 UTC, and 1800-2400 UTC. For the
classical tidal modeling approach (section 3.2), the data below 500 hPa level were assumed to decrease
linearly to zero at 1000 hPa level.

The National Center for Atmospheric Research (NCAR) Whole Atmosphere Community Climate Model, version 4
(WACCM4), is a comprehensive numerical model spanning the range of altitude from the Earth’s surface to
the thermosphere [Marsh et al., 2013]. WACCM4 is based on the framework of the NCAR Community
Atmosphere Model, version 4 (CAM4), and includes all of the physical parameterizations of CAM4 [Neale
et al, 2013]. In this study, model results are used for the 2008-2010 period based on the Chemistry
Climate Model Initiative REFC1 scenario [Eyring et al., 2013]. Model results are provided at 3 h intervals
on 66 sigma-pressure (o-p) levels between the surface and 5.96 x 10~ hPa. The horizontal resolution used
for this work is 1.9°x 2.5°.

2.2. Analysis Methods

We extracted zonally uniform tides averaged for each month or for each season (i.e., December-January-February
(DJF), March-April-May (MAM), June-July-August (JJA), or September-October-November (SON)) using the
3year data set.

The analysis procedure adopted for JRA-55 and WACCM is as follows. Six-hourly (for JRA55) or 3-hourly
(for WACCM) daily anomaly components were extracted by taking averages at each UT, followed by subtrac-
tion of their daily mean values. The zonally uniform tides were then extracted by taking the zonal mean of the
daily anomaly for each latitude band at each UT. The uncertainty is also estimated (see Text S1 in the supporting
information for details).

Our analysis of the SABER data basically followed the method adopted by S15. We derived hourly daily-anomaly
components in bins of 24° in longitude, 5° in latitude, and 2 km between 20km and 120 km in vertical
log-pressure coordinate. Note that background-temperature changes were removed before analysis (see S15
for details). Then, zonally uniform tides were extracted by taking the zonal mean of the daily anomalies.

Finally, because the measurement locations and times are random, COSMIC data were averaged in bins of
5°in latitude, 2 km in geometric altitude below 35 km, and 3 h in time (UT). The daily mean was calculated
at each grid point by averaging the data over 24 h. Then, the daily mean was subtracted from the original
3-hourly data, so that 3-hourly zonally uniform tides were obtained.
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Figure 1. Longitude-altitude distribution of all nonmigrating temperature tides at 0000 UTC in July, averaged between (a) 20°S and 0°N/S and (b) 0°N/S and 20°N, as
derived from WACCM data for 2008-2010.

For the 3-hourly WACCM data, all nonmigrating tides, including the zonally uniform tides, were also extracted using
the method proposed by S15. In the application of this method, nonmigrating tides are obtained in physical space
by taking the difference between all tidal components and the migrating tidal components (see S15 for details).

3. Results and Discussion

3.1. General Characteristics

Figure 1 shows the longitude-altitude distribution of all nonmigrating tides in temperature in July, averaged
between 20°S and 0°N (Figure 1a) and 0°N and 20°N (Figure 1b), derived from WACCM data. Zonally uniform
patterns are clear, in addition to the gravity wave-like pattern emanating from the two major continents
(Africa and South America) that was discovered by S15. For the zonally uniform pattern, the phase is almost
opposite between the NH and the Southern Hemisphere (SH); e.g., positive (negative) values prevail at 10 hPa
in the NH (SH), indicating a strong antisymmetric structure with respect to the equator (hereafter, these are
simply called antisymmetric components). Note that S15 revealed a picture of nonmigrating tides averaged
over the latitudinal band between 10°S and 10°N (Figure 6 of S15), so that any “antisymmetric” components
were not clear, while the PE averaged over the same region attains large values.

In the following, the zonally uniform tides are extracted and discussed. Figure 2 shows the latitude-altitude dis-
tribution of zonally uniform tides in temperature and vertical wind in log-pressure coordinate, from several data
sets obtained during JJA. All data sets are in good agreement in the sense that the antisymmetric components
are dominant, thus creating a patchy pattern. Note that meridional wind shows a symmetric structure (not
shown), being consistent with the finding in a GCM study by Kuroda and Chiba [1995]. The diurnal amplitudes
for temperature and vertical wind are found to be 0.2-1K and 1-7 mm s, respectively, although there is a
difference in vertical wind amplitude (1-2mms™") in the upper stratosphere between WACCM and JRA-55.
The 95% significance level for the deduced amplitude in temperature (vertical wind) is £0.05 K (£0.7 mm s
at 100 hPa, +0.06 K (£0.5mms~") at 10hPa, and +0.13K (+1.7mms~") at 1 hPa, at 10°N for JRA55. The phase
pattern shows a clear downward progression with time (not shown), indicating upward energy propagation.
The variations in temperature precede those in vertical wind by a quarter cycle, satisfying the thermodynamic
equation for the adiabatic case. The vertical wavelength (/) is estimated at ~15 km in the stratosphere.
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Figure 2. Latitude-altitude distribution of the zonally uniform tidal temperature (color shading) and the vertical wind in
log-pressure coordinate (contours) at 0000 UTC during JJA, as derived from (a) WACCM, (b) JRA-55, (c) SABER, and (d) COSMIC
data. For Figures 2a and 2b, the contour interval for the vertical wind is 1 mm s Zonally uniform tides at (e) 70 hPa and
(f) 100 hPa at 10°N during JJA, as derived from JRA55 data. Black and blue solid curves are for temperature and vertical velocity
in log-pressure coordinate, respectively. Dashed curves denote best fits to the diurnal harmonic component. The horizontal
bars denote 95% confidence levels with t test (see text for details).The zonal mean and climatological mean vertical velocities
are also shown in each panel.

Figures 2e and 2f show the time series of zonally uniform tides at 100 hPa and 70 hPa, respectively, for the
temperature and vertical wind at 10°N during JJA. These pressure levels are important for BDC as the “gate”
to the stratosphere [Fueglistaler et al., 2009]. The peak-to-peak difference for the temperature is ~0.2 K (0.4 K)
at 100 hPa (70 hPa) and that of the vertical velocity is 2 mm s 1 (2.5 mms~") at 100 hPa (70 hPa). As regards the
vertical velocity, the diurnal variations are larger than the climatological mean values (1.03 and 0.46 mm s
at 100 and 70 hPa, respectively), which means that even its sign (i.e, ascending or descending) changes
within a day. Note that Seviour et al. [2012] speculated that the semidiurnal component is dominant, based
on their finding that the sign of the vertical wind is opposite between 0600 and 1200 UTC at 70 hPa
(cf., Figure 2e). The present results, however, reveal that the diurnal component is dominant, as shown by
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Figure 3. As for Figure 2b, but for (a) the annual mean, (b) DJF, (c) MAM, (d) JJA, and SON during 2008-2010, as derived from JRA-55 data.

the curve fitted to the diurnal harmonic (dashed curve); the opposite sign occurs owing to the diurnal
component. Consequently, the diurnal component is considered later, in section 3.2.

Results for other seasons are shown in Figure 3, based on JRA55 data. The other data sets yield similar results
(not shown). The zonally uniform tides are strongest during JJA and weakest during DJF. During MAM and
SON, the amplitude is weaker than that during JJA, but the antisymmetric components are still dominant.
Note that annual mean zonally uniform tides (Figure 3a) are also characterized by antisymmetric components,
reflecting strong signals during JJA.

3.2. Hough Mode Decomposition

Hough mode decomposition is a useful tool for understanding the latitude-altitude structure of the tides. The
zonally uniform tides characterized by the diurnal frequency (D0) are expressed through a superposition of
Hough modes,

T=> Ci(2)0,(0)expliot), m

where C, is the complex coefficient, @, is the nth Hough function (which is a function of latitude, 6), w is the
diurnal frequency, and t is UT.

Figure 4a shows the shapes of the propagating Hough modes for the DO tide. Here we consider propagating
modes, because we focus on clear signals in the tropics. The first and second modes for each of the symmetric
and antisymmetric modes are shown. In the following, we express the ith propagating (trapped), symmetric
(antisymmetric) mode as “P(T)-S(A)-i mode.” Figure 4b shows the zonally uniform tidal temperature at
0000 UTC, 5 hPa in July, derived from JRA-55 data. The observed latitudinal structure can be approximately
explained by the P-A-2 mode, as shown by the best fitting curve for this single mode. This is consistent with
the finding by Kuroda and Chiba [1995]. The observed vertical wavelength (~15 km) is also consistent with the
theoretically predicted wavelength for the P-A-2 mode of ~15 km (equivalent depth, h,, ~0.23 km) in the case
of N*=4.0x10"* and H=7km, where N and H are the Brunt-Viisild frequency and the scale height,
respectively.
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Figure 4. (a) Propagating Hough modes for the diurnal, zonally uniform (wave number 0) tide. Red and blue curves denote
symmetric and antisymmetric components, respectively. Solid and dashed curves denote the first and second modes,
respectively. (b) Temperature of zonally uniform tides at 0000 UTC at 5 hPa in July (black curve), derived from JRA-55 data
obtained during 2008-2010, and best fitting curve to the second, antisymmetric Hough mode (blue dashed curve).

Figure 5a shows the seasonal variation of the amplitude of the Hough mode coefficient (i.e., |C,| in
equation (1)) at 5hPa during 2008, as derived from the JRA55 data. As expected from Figures 3 and
4, the P-A-2 mode attains a maximum during the NH summer. The amplitude is 2-3 times larger than
that of the other modes. During the NH winter, in contrast, all modes have comparable amplitudes.
This finding is consistent with the results of Lieberman [1991], who considered the period from
October to April. This study demonstrates that the P-A-2 mode plays a critical role in the stratosphere
during the NH summer.

Finally, we discuss the relationship between tides and diabatic heating. Figure 5b shows the seasonal
variations of the Hough modes in terms of the diabatic heating rate averaged between 500 hPa and
100 hPa. Symmetric modes attain maxima at equinox, while antisymmetric components become maxi-
mal during the NH summer. Convection and solar heating mainly contribute to the total heating rates
(not shown). Zonally uniform heating may be partially explained by Sun-synchronous heating, with its
amplitude modulated by the land-sea distribution with a wave number of 1 (e.g., S15). Another possible
candidate for the generation of the convective heating rate is the difference in precipitation patterns
between land and ocean. Precipitation maxima occur in the afternoon/evening over continents and
early in the morning over the oceans [e.g., Dai et al,, 2007], possibly generating a zonally uniform pattern
on a UT basis.

We investigate how a very simple model based on classical tidal theory [Chapman and Lindzen, 1970]
can capture the observed features, when it is driven by the prescribed heating rate from the JRA55.
The vertical structure equation is solved for each Hough mode in the region between 0 km and 200 km
altitude in log-pressure coordinate, with a vertical interval of 100m. A static, frictionless atmosphere
is assumed. The background-temperature profile is the average in the region between 30°S and 30°N
up to 1hPa, derived from the JRA-55 data. Above 1 hPa, the temperature is assumed to remain constant
and identical to that at 1hPa. The JRA55 heating rates in the troposphere (up to 20km) are used as
driving forces, with a zero stratospheric heating rate. Note that JRA55 heating rate is a function of altitude
for each Hough mode.

Figure 5c shows the simulated seasonal variations in Hough mode amplitude. It is shown that even this simple
classical model reproduces the dominance of P-A-2 mode during the NH summer. Thus, the dominance of
the P-A-2 mode can be understood in terms of the excitation efficiency [e.g., Horinouchi and Yoden, 1996].
The theoretical vertical wavelengths of the P-S-1, P-S-2, P-A-1, and P-A-2 modes are 26 (52) km, 11 (22) km,
103 (206) km, and 15 (30) km, respectively, for N> =4.0 x 10~% (1.0 x 107%) in the stratosphere (troposphere).
Thus, tropospheric heating with a depth of ~15 km efficiently excites the P-A-2 mode.

At the same time, we see a significant discrepancy between the observations and the model. While the
observed P-A-2 amplitude during DJF is much smaller than that during JJA (Figure 5a), the simulated
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Figure 5. Seasonal variation in 2008 for the propagating Hough mode amplitude (i.e., |C,| in equation (1)) of the zonally
uniform, diurnal tide for (a) temperature at 5 hPa and (b) diabatic heating rate averaged between 500 hPa and 200 hPa,
derived from JRA-55 data. (c) As for Figure 5a but for the classical tidal model (see text for details). “S” and “A” denote
symmetric and antisymmetric modes, respectively.

amplitude during DJF is comparable to that during JJA (Figure 5c¢). The seasonality of the diurnal migrating tides
in the tropical stratosphere is affected by the latitudinal shear of the background zonal wind, which attains a
maximum at solstice [Sakazaki et al, 2013b]. In the MLT, nonlinear interactions are thought to be important
as an excitation mechanism of zonally uniform tides [e.g., Kuroda and Chiba, 1995; Hagan and Roble, 2001]. A
more realistic simulation including such “nonclassical” effects would be necessary in the future.

4. Summary

We have found significant zonally uniform tidal signals in the tropical stratosphere during the NH summer.
The zonally uniform tides have a diurnal frequency and strong antisymmetric components with respect to
the equator, with a vertical wavelength of ~15 km. These characteristics can be approximately explained by
the dominant presence of a single Hough mode; i.e., the second, antisymmetric, propagating mode. The
dominance of this mode during the NH summer can be roughly explained by the excitation efficiency,
but a more realistic simulation is required to understand the significant seasonality.

Zonal mean quantities, such as the BDC, are often examined in climatological studies. The present study
suggests that zonally uniform tides should be considered carefully in such studies. In particular, the amplitude
of the vertical wind variation (1mms™" at 70 hPa) is larger than the climatological ascent motion in the
stratosphere (0.5mms™" at 70 hPa), which means that the vertical wind changes its sign within a day. As
noted by Seviour et al. [2012], the daily mean should be used for the accurate estimation of climatological
zonal mean fields. One should also be careful when developing a zonal mean climatology from temporally
sparse observational data.
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