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The terdiurnal tide in the MUAM circulation model
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Summary: The terdiurnal tide (TDT) in the mesosphere and lower thermosphere has
been simulated with a 3D mechanistic circulation model of the middle atmosphere. The
tidal temperature amplitude shows a clear seasonal cycle with peaks in the midlatitudes
and near the equator at equinox. Under solstice conditions maximum amplitudes occur
at 10° in the summer hemisphere and at 30-40° latitude in the winter hemisphere. The
vertical wavelengths are large at midlatitudes and small at the equator with about 15 km.
These characteristics are compared with SABER/TIMED satellite data from 2002-2009.
Especially for temperature amplitudes good agreement is visible. At 90 km, comparison
of the zonal wind TDT with radar observations from the literature also shows that the
model realistically simulates the seasonal cycle of the TDT.

Zusammenfassung: Die achtstiindige Gezeit (TDT) in der Mesosphire und unteren
Thermosphire wurde mit einem 3D mechanistischen Zirkulationsmodell der mittleren
Atmosphire modelliert. Die Amplitude der achtstiindigen Gezeit in der Temperatur
zeigt dabei eine klare saisonale Variabilitidt mit Maxima im Bereich der mittleren Breiten
und des Aquators withrend der Aquinoktien. Die vertikale Wellenlinge ist in den mitt-
leren Breiten gro und am Aquator mit ca. 15 km klein. Diese Strukturen werden mit
SABER/TIMED Satellitenmessungen der Jahre 2002-2009 verglichen. Vor allem fiir die
Amplituden in der Temperatur ist eine gute Ubereinstimmung zu erkennen. Ein Vergleich
der achtstiindigen Gezeit im Zonalwind in 90 km Hohe mit Radarmessungen aus der
Literatur zeigt, dass das Modell den Jahresgang realistisch simuliert.

1 Introduction

Mesosphere and lower thermosphere (MLT) large-scale dynamics are considerably in-
fluenced by atmospheric waves, including solar tides, which are inertial gravity waves
with periods of a solar day or its subharmonics. Solar tides are forced by absorption of
solar radiation mainly by ozone in the stratosphere and water vapor in the troposphere.
Atmospheric tides propagate in each spatial direction with vertical growing amplitudes
owing to the exponentially decreasing density with height. Therefore, tidal components
attain large amplitudes in the MLT (Chapman and Lindzen, 1970; Andrews et al., 1987).
In this article, the westward propagating TDT with a zonal wavenumber of s=3 (TW3)
is presented. The TW3 generally has smaller amplitudes than the semidiurnal (SDT)
and diurnal tide (DT). Beside solar heating, other formation mechanisms of terdiurnal
tides have been proposed, such as gravity wave breaking (Miyahara and Forbes, 1991)
and nonlinear interactions between DT and SDT (Teitelbaum et al., 1989). There have
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been several studies of terdiurnal signatures in radar and satellite measurements. Beldon
et al. (2006) were investigating horizontal winds, measured by a VHF meteor radar at
Castle Eaton, UK (52.6° N, 2.2° W), near 90 km in 1988-2004, found a clear seasonal
behavior with largest amplitudes in autumn and early winter. A similar seasonal cycle
was observed by Fytterer and Jacobi (2011) and Jacobi and Fytterer (2012) over Collm
(51.3°N; 13.0° E). In meteor radar measurements over Wakkanai (45.4° N; 141.7° E),
however, slightly larger amplitudes were observed in winter than in summer (Namboothiri
et al., 2004).

Yue et al. (2013) analyzed measurements by the Sounding of the Atmosphere using
Broadband Emission Radiometry (SABER) and the TIMED Doppler Interferometer
(TIDI) instruments onboard the Thermosphere-lonosphere-Mesosphere-Energetics and
Dynamics (TIMED) satellite from 2002-2009. TIDI horizontal wind measurements reveal
amplitudes of more than 16 ms~! at 50° N/S above 100 km and an additional peak of the
meridional component in ~82 km and 10-20° N is visible. SABER temperature terdiurnal
amplitudes match to the first real symmetric (3,3) mode with peaks up to 8 K above the
equator and at midlatitudes. SABER/TIMED data of 2002-2011 were also analyzed by
Moudden and Forbes (2013). Here, for an altitude of about 90 km, largest amplitudes
were found above the equator during equinox and at 60° N during May (~7 K) and 60° S
in October (up to 5 K). Generally, TDT amplitudes at midlatitudes tend to maximize
during equinox and in winter. Near the equator, there is an annual cycle with largest
amplitudes in summer.

Modeling of the TDT so far has mainly been focused on excitation mechanisms, in
particular direct solar heating and nonlinear interaction between DT and SDT. Huang et al.
(2007) developed a nonlinear numerical tidal model to investigate amplitude features
of the TDT excited by nonlinear interaction between DT and SDT. The results suggest
that the migrating TDT can be significantly excited by this mechanism in the MLT
region. Du and Ward (2010) analyzed CMAM Global Circulation Model results with
regard to correlations between TDT and DT/SDT on the short-term or seasonal time
scale. Correlation analysis indicated that nonlinear forcing is unlikely to be the source
of the migrating TDT in the CMAM. Akmaev (2001) concluded from circulation model
calculations that nonlinear interaction makes a contribution to the excitation of the TDT
at 95-100 km, particularly during equinox. Smith and Ortland (2001) performed similar
calculations as well as numerical runs in which the SDT forcing was removed from the
model in order to exclude nonlinear forcing as possible TDT source. The results indicate
that the direct solar heating is the main driver of the TDT at middle and high latitudes,
while nonlinear interactions contribute to the TDT at low latitudes.

In this paper we use the Middle and Upper Atmosphere Model (MUAM; Pogoreltsev
et al., 2007) to simulate TDT amplitudes and phases. The remainder of this paper is
organized as follows: In the following section 2 the model is described, in section 3 the
seasonal cycle of the tidal amplitudes in temperature and zonal wind at an approximate
height of 90 km are presented. Furthermore, altitude-latitude cross sections of terdiurnal
amplitudes and phases in zonal wind and in temperature are shown under equinox and
solstice conditions. Tidal structures in temperature are compared with observations,
in particular with SABER/TIMED temperature measurements between 2002-2009, as
presented in Pancheva et al. (2013). Section 4 concludes the paper.
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2 Model description

MUAM (Pogoreltsev et al., 2007) is a 3D nonlinear mechanistic grid point model which
generates atmospheric circulation self-consistently. The horizontal resolution in latitude
and longitude is 5° X 5.625°. In the vertical, a log-pressure height z = —H In(p/po)
with a constant scale height H of 7 km and a reference pressure pg = 1000 hPa is used.
Throughout the middle atmosphere, log-pressure heights and geometric heights do not
differ much. The 56 vertical layers extend to an altitude of about 160 km. For time
integration an Euler backward scheme after Matsuno (1966) is included with 16 time
steps per hour.

As lower boundary condition we assimilate zonally averaged geopotential and temper-
ature fields, and additionally, monthly averaged amplitudes and phases of the first three
harmonics as stationary planetary waves, both taken from ERA-Interim Reanalysis data
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Fig. 1: MUAM zonal mean background temperature (upper row) and zonal wind (lower
row) in March and December.
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(Dee et al., 2011) at 1000 hPa. We further nudge zonally averaged ERA-Interim Reanaly-
sis temperature data up to 30 km log-pressure height. Here, a 11-year monthly mean of
2000 to 2010 is applied.

Heating of the atmosphere due to absorption of solar radiation by ozone and molecular
oxygen are included according to Strobel (1978) and Mlynczak and Solomon (1993).
Heating rates of CO; are adjusted according to Liou (1992) and water vapor is included
after Freidenreich and Ramaswamy (1999). EUV-heating rates are parameterized after
Richards et al. (1994) and Roble (1995). Infrared cooling of CO; in the 15um band in the
stratosphere and lower mesosphere is calculated after Fomichev et al. (1998), cooling of
water vapor after Chou et al. (1993). Ozone infrared cooling, which is mainly dominant at
the lower mesosphere near the stratopause in the 9,6 um band, is applied after Fomichev
and Shved (1985). More specific information may be found in Lange (2001), section
2.1.2 and Frohlich et al. (2003).

In MUAM, water vapor and ozone fields are prescribed. While water vapor is given as
a simple zonal mean distribution, we use monthly means of ozone data by Stratosphere-
troposphere Processes and their Role in Climate Project (SPARC; Randel and Wu, 2015)
up to a height of 50 km log-pressure. That means that no secondary ozone maximum
is considered. CO; is included by monthly means of measurements by Mauna Loa
Observatory (Dlugokencky et al., 2014). For the presented climatology, measurements of
ozone and CO, in 2005 are used.

The model is initialized with a global uniform temperature profile and zero wind. In
a 120 model day spin-up phase, the mean wind fields are built up. In the course of this,
solar heating rates are averaged over longitudes, so that no tides are forced. After that
phase, during another 210 days the tides are formed by allowing longitudinal dependent
solar heating. Thereafter, for each model run, additional 30 model days are simulated
for January and July conditions with declination set to the respective month. Here, we
analyze the TW3 in temperature and zonal wind from these 30 model days here.

The model results for zonal mean background temperature and zonal wind are shown
in Figure 1. Altitude is given in geometric heights. Modeled background fields well
represent the mean climatology of the middle atmosphere as, e. g., given by the COSPAR
International Reference Atmosphere (CIRA; Chandra et al., 1990). In March zonal wind
reverses in an altitude of ~70-80 km and reaches 40 ms™! in 50 km altitude at ~60° N. In
December, the wind reversal occurs slightly higher at 80-90 km. Wind speeds range from
more than 40 ms~! westward to ~70 ms~! eastward.

3 Model results for the terdiurnal tide

To give an overview of the seasonal and latitudinal behavior, modeled tidal amplitudes in
temperature and zonal wind are shown in Figure 2 at 90 km. At low latitudes, amplitudes
are large during summer and the equinoxes. This pattern is also seen by Pancheva et al.
(2013) but for higher altitudes. At lower midlatitudes amplitudes are increased in winter
(~1 K). Weaker peaks are visible in June-July and August-September in the Northern
Hemisphere (NH) and April/September in the Southern Hemisphere (SH) (~0.75 K).
The SH winter maximum has also been modeled by Yue et al. (2013), while the pattern
in the NH has not been modeled by them. The equinox maxima, however, has been
observed by Pancheva et al. (2013) using SABER data. On the right panel in Figure 2
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Fig. 2: Latitude-time cross section of the terdiurnal amplitudes in temperature (left, in K)
and zonal wind (right, in ms™') at 90 km modeled with MUAM.

terdiurnal zonal wind amplitudes are presented. Similar to temperature amplitudes, peaks
in winter and, for the NH, during equinox are visible at midlatitudes and in summer at low
latitudes. This is in good agreement with TIDI TW3 amplitudes presented in Yue et al.
(2013). The equinox and winter maxima at NH midlatitudes have also been registered by
radar (Beldon et al., 2006; Fytterer and Jacobi, 2011). The equinox maxima, which are
clearly observed in satellite and ground-based data, are not observed in other models like
TIME-GCM (Yue et al., 2013) or the extended Canadian Middle Atmospheric Model
(CMAM; Du and Ward, 2010). We may conclude that the seasonal cycle of the TW?3
amplitudes in temperature and zonal wind can be well reproduced by MUAM. However,
modeled amplitudes are smaller than the observed ones by a factor of two at most.

In the following, we directly compare our modeled TDT amplitudes with SABER
analyses by Pancheva et al. (2013). The modeled tidal amplitudes during equinox
and solstice are presented in Figure 3 as black solid lines. SABER TW3 amplitudes
from Pancheva et al. (2013) are given in the figure as color coding. In order to allow
comparability with SABER observations that are only available up to 50° latitude, only
the region from 50° S to 50° N is shown here. During equinox (upper row) maxima in
the midlatitudes (~3-5K) and above the equator (~6 K) are visible. In June the tidal
amplitude shows peaks at 10° N (~7 K), 30° N (~4 K) and 40° S (~5 K). The amplitude
maximizes at 10° S (~9 K) and 30° N/S (~5 K) in December.

By comparing MUAM results with SABER measurements, the good general corre-
spondence between the latitudinal distribution of observed and modeled amplitudes is
striking. The observed amplitudes are slightly higher (~2 K), but the latitudinal and
seasonal structures are well reproduced by MUAM. Even the weak peak around 85-90 km
above the equator is evident in MUAM, though the modeled amplitudes are about 3 K too
small. Pancheva et al. (2013) claim that this peak corresponds to a trapped phase above
the equator. This can be seen in Figure 4, which presents a altitude-latitude cross section
of the tidal phase structure in SABER/TIMED measurements (color shaded) and MUAM
(black solid lines).
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Observed tidal phase shows large vertical wavelengths above the equator and small
ones in midlatitudes (e. g. from 70 km to 95 km at 40° S in March). Overall, a negative
phase gradient can be seen, which implies upward propagating energy. This is similar
to MUAM results. However, the modeled phases have shortest vertical wavelengths
above the equator with ca. 15 km in March and from 90 to 100 km above the equator in
October or at 10° S in June. In contrast, vertical wavelengths at midlatitudes are large.
The modeled phases in the NH and SH in summer and winter are similar, as is the case
with the amplitudes during solstice.

The modeled TW3 zonal wind amplitudes in March and December are displayed in
Figure 5. In March maximum values with up to 9ms~! are reached in the midlatitudes
and above the equator. In the SH peaks are slightly shifted to low and high latitudes in
December. Like TW3 temperature phases, shown in Figure 4, TW3 zonal wind phases
have large wavelengths above the equator and smaller ones in the midlatitudes.
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Fig. 3: Terdiurnal temperature amplitudes for equinox (upper row) and solstice (lower
row) conditions modeled with MUAM. Corresponding SABER amplitudes from Pancheva
et al. (2013) are added in color.
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Fig. 5: Terdiurnal zonal wind amplitudes (upper row) and phases (lower row) for March
and December modeled with MUAM.

4 Conclusions

We have analyzed the TW3 amplitudes and phases as simulated by the Middle and Upper
Atmosphere Model. For modeling the TW3 realistically, lower atmosphere circulation
has been included by assimilating 11-year mean ERA-Interim Reanalysis data from 2000-
2010. For appropriate heating rates ozone and CO; fields according to measurements in
2005 were included.

The seasonal cycle of TW3 temperature and zonal wind amplitudes are shown at
an altitude of ~90km. Good agreement with SABER and TIDI measurements (Yue
et al., 2013; Pancheva et al., 2013) is visible. In particular, the midlatitude peak during
equinox, which is well expressed in satellite but also in radar observations, is reproduced
by MUAM.
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Additional to latitude-time cross sections, the tidal structures in temperature are presented
for equinox and solstice conditions between 50° N/S in an altitude from 70 km to 110 km.
Largest amplitudes are found in December at 10° S and ~110 km with more than 9 K.
Another peak occurs at 30° N in December. Amplitudes in June are similar to those
in December mirror inverted to the equator. Under solstice conditions tidal amplitude
maximizes above the equator and at midlatitudes with up to 6 K. Modeled TW3 phases
have shortest vertical wavelengths above the equator from ~87 km to 100 km in March
and from 90 to 100 km in October or at 10° S in June. In contrast, vertical wavelengths at
midlatitudes are large.

These results were compared with SABER/TIMED satellite data (2002-2009). Ob-
served tidal phases show larger vertical wavelengths above the equator. One reason might
be that equatorial waves like the quasi-biennial oscillation or Kelvin-waves are not excited
in the presented model run. Good agreement in latitudinal structure and maximum values
of TW3 amplitudes was found. Even the weak peak at ~85 K above the equator could be
reproduced, however, the modeled amplitudes are too weak here.

Generally, the modeled amplitudes are smaller than observed. This might be due to a
too strong dissipative damping in the modeled mesosphere and thermosphere. Further
experiments will take that into account.
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