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Abstract The characteristics of the diurnal, semidiurnal, and terdiurnal tides (zonal wave numbers —5 to +5
in temperature and zonal wind) in the polar mesosphere and lower thermosphere region as simulated by the
extended Canadian Middle Atmosphere Model are examined. The most significant diurnal, semidiurnal, and
terdiurnal tides in the polar regions are Ds0, Dw1, and De1; Sw3, Sw2, Sw1, Ss0, Se1, and Se2; and Tw3, Ts0, and
Tw1, respectively, and their latitudinal structures, seasonal variations, and hemispheric asymmetries noted.
Of these components, Ds0, Tw1, Ts0, and Tw3 exhibit a seasonally symmetric variation with both hemispheres
strengthening simultaneously. On the other hand, Dw1 strengthens asymmetrically so that when one
hemisphere is strong, the other is weak. The remainder show no seasonal tendency but vacillate on shorter
than seasonal time scales in a symmetric or antisymmetric manner at different times of the year. Global-scale
correlations of the amplitudes of the migrating tides Dw1/Sw2 and the stationary planetary wave 1 and the
assumed “child” nonmigrating tides are also examined. The results indicate that the correlations are highly
time scale-dependent and the significant correlations seen with the original time series are mainly due to
longer-term variations (>18 days). There are no consistent global correlations associated with the short-term
variations (<18 days) among these waves.

1. Introduction

The polar regions (>60°N/S) in the mesosphere and lower thermosphere (MLT) are the site of unique and rich
tidal features. In combination, they are the primary driver of the large-scale dynamical structure and the
variability in this region. Although aspects of individual tidal components have been observed and discussed,
there are no papers that discuss the role and impact of these components as a whole. This paper takes on this
task using output from a realistic general circulation model (GCM). The intent is to provide the general
perspective from the model in order to encourage observational progress in their validation and to further
work on the examination of the role of these tides in the MLT and above. Earlier theoretical and observational
studies have shown that the tidal wind field in the vicinity of the geographical poles possesses a zonal wave
number 1 structure, while the structure of scalar variables (such as temperature, density, and pressure) has a
zonal wave number O character [Hernandez et al., 1992a, 1992b; Portnyagin et al., 1998; Forbes et al., 1999].
Other than these zonal wave number 0 and 1 tides, many other tidal components contribute to the tidal
fields in this region. Some maximize within the polar regions and others maximize at low and/or middle
latitudes but still have significant amplitudes in the polar regions [Du et al., 2007; Du and Ward, 2010].

There have been extensive polar tidal studies of the neutral MLT region from the ground-based observations
in the Southern Hemisphere (SH) high latitudes centered around the South Pole, based on optical observations
of the winds and OH-emission rates [Hernandez et al., 1993, 1995; Fraser et al, 1995], and radar observations
[Forbes et al., 1995; Portnyagin et al., 1997, 1998; Baumgaertner et al., 2005, 2006; Murphy et al., 2006]. Ground-
based wind measurements have also been made at various locations in the Arctic [Oznovich et al., 1997;
Hocking, 2001; Fisher et al., 2002; Kishore et al., 2002; Mitchell et al., 2002; Aso, 2003; Wu et al., 2003; Portnyagin
et al., 2004; Merzlyakov et al., 2005; Nozawa et al., 2005; Singer et al., 2005; Hoffmann et al., 2007; Manson et al.,
2006, 2009]. Several satellite data sets [Angelats i Coll and Forbes, 2002; Manson et al., 2004; Forbes and Wu, 2006;
limura et al., 2009, 2010] and a few models [Miyahara et al., 1999; Yamashita et al., 2002; Angelats i Coll and
Forbes, 2002; Mayr et al., 2005; Aso, 2007; Du and Ward, 2010] have also been employed to study the structure of
specific tidal components in the high-latitude MLT region.
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In previous studies, the nonmigrating Sw1 tidal component has received the most attention. (Throughout
the remainder of this paper, we utilize the notation Dws or Des to denote a westward or eastward
propagating diurnal tide, respectively, with zonal wave number s. The standing oscillations are denoted as
Ds0. Of these tidal components, Dw1 is the migrating tides and the rest are nonmigrating tides.). In the SH,
the associated wind field was found to dominate poleward of 75°S with a distinctive seasonal variation with
maxima during nonwinter months [Forbes et al., 1995, 1999; Portnyagin et al., 1998; Lau et al., 2006]. The
mechanism responsible for the existence of this oscillation has also been extensively studied using
correlations between various diagnosed components in observed time series [Forbes et al., 1995; Baumgaertner
et al., 2005, 2006; Murphy et al., 2006; Smith et al., 2007; Xu et al., 2009] and model analyses [Hagan and
Roble, 2001; Angelats i Coll and Forbes, 2002; Yamashita et al., 2002; Aso, 2007; Chang et al., 2009; Liu et al.,
2010]. Most of the above studies attribute the source of Sw1 to nonlinear interactions between the
migrating semidiurnal tide Sw2 and the stationary planetary wave 1 (SPW1), although a couple of authors
note the potential of zonally asymmetric thermal forcing in the troposphere as another mechanism [Forbes
et al., 1999; Hagan and Forbes, 2003].

Recent analyses from radar measurements at multiple stations on the coast of Antarctica by Murphy et al.
[2006] determined that the semidiurnal tidal wind field is a mixture of Sw1, Sw2, Sw3, and Ss0. Portnyagin
et al. [2004] concluded that the migrating tides are dominant for both diurnal and semidiurnal oscillations in
the southern Arctic (65-70°N) during all months, but with some indications of nonmigrating tides in May-June.
Manson et al. [2009], based on analysis of the Svalbard and Eureka tides during 2006/2007, showed that at
latitudes near 80°N, the semidiurnal migrating tide Sw2 is dominant in summer, while the nonmigrating Sw1
and Sw3 occur most often during equinoctial or early summer months. Forbes and Wu [2006] discussed the
global tidal field (80°S-80°N), using temperatures from Microwave Limb Sounder (MLS)/Upper Atmosphere
Research Satellite (UARS) (1991-1997) at heights of 25-86 km. Their study confirmed the presence of Sw1 and
Sw3 in the polar regions. Using TIMED Doppler Interferometer (TIDI)/Thermosphere lonosphere Mesosphere
Energetics and Dynamics (TIMED) satellite wind measurements, limura et al. [2009] presented evidence for the
existence of Sw1 in the Antarctic MLT meridional wind field prior to the austral summer solstice. This wave
achieves peak amplitude near 20 m/s at 90 km and extends latitudinally from the pole to 60°S. Significant
though weaker SsO and Sw3 amplitudes were also found. In a companion paper, using the same data set, limura
et al. [2010] found the existence of the same nonmigrating semidiurnal tides over the Arctic, although Sw1
exhibited different features between the poles. These differences are thought to result from differences in
excitation mechanisms and their efficiency and/or in variations in the propagation conditions between the
Arctic and Antarctic.

In contrast to the semidiurnal tides, reports on diurnal and terdiurnal tidal components in the polar regions
are relatively rare. The migrating diurnal tide Dw1 seems to be a dominant feature in the ground-based
wind observations in the Antarctic all year round [Portnyagin et al., 1998; Murphy et al., 2006; Liibken et al.,
2011]. For the Arctic, Manson et al. [2009] found that the nonmigrating DsO and Dw2 components
dominate the migrating diurnal tide Dw1 during the nonsummer months. Using MLS/UARS temperature
data, Forbes and Wu [2006] confirmed the presence of Dw1, Ds0, and Dw2 and proposed that the latter
might be generated by nonlinear interactions between Dw1 and SPW1.

There are only a handful of reports on the terdiurnal tides in the polar regions from ground-based observations
in the Arctic [Oznovich et al., 1997; Younger et al., 2002], satellite observation [Forbes and Wu, 2006], and
modeling studies which mainly focus on the migrating terdiurnal tide Tw3 [Akmaev, 2001; Smith and
Ortland, 2001]. A recent study by Du and Ward [2010] presented the morphology of the terdiurnal tides
(including the migrating and 10 nonmigrating components) in the MLT region as diagnosed from the
extended Canadian Middle Atmospheric Model (eCMAM). The migrating terdiurnal tide Tw3 maximizes at
middle/high latitudes with significant amplitudes in the upper MLT region and distinctive seasonal
variations at different height ranges. The nonmigrating terdiurnal components Te2, Te1, TsO, Tw1, and Tw2
maximize in the polar regions (centered on ~65°-75°) in both hemispheres with amplitudes between 2 and
10 m/s for the zonal wind.

In this paper, we use the third year of a 4 year run of the eCMAM to summarize the significant migrating and
nonmigrating diurnal, semidiurnal, and terdiurnal tides in the polar regions. The eCMAM is a three-
dimensional GCM with a well-resolved troposphere and an upper boundary at 2 x 10~ mbar (~210 km)
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[Beagley et al., 2000; Fomichev et al., 2002]. Previous studies have shown that this eCMAM run is in good
qualitative agreement with Wind Imaging Interferometer (WINDII) and High Resolution Doppler Interferometer
(HRDI)/UARS observations of the mean winds and the Dw1 [Beagley et al., 2000; Fomichev et al., 2002;
McLandress, 2002]. The model includes realistic tidal forcing due to radiative heating, convective processes,
and latent heat release (see Scinocca and McFarlane [2004] for details) and uses the gravity wave breaking
parameterization of Hines [1997a, 1997b]. These processes have been shown to provide the forcing
necessary to generate the migrating and nonmigrating tides [McLandress, 1998, 2002; Ward et al., 2005;
Du et al., 2007; Du and Ward, 2010].

This particular model run has also been extensively validated against recent tidal observations from ground-
based and satellite instruments and other model simulations [Du et al., 2007; Zeng et al., 2008; Du, 2008; Ward
et al., 2010; Du and Ward, 2010; Chang et al., 2012; Davis et al., 2013]. It has been shown that eCMAM can
resolve latitudinal structures and seasonal variations that are consistent with observations for most tidal
components. Exact duplication of observed tidal features is not achieved with this model run (to date, no free
running GCM achieves this) but the similarities are sufficient for the purposes of this paper. The tidal variability
and relationships among waves are self-consistently generated within the model so that the global aspects
of the tidal fields can be explored and a basis for comparisons with observations provided.

The analysis of the tidal fields proceeds as follows. Spatial spectral analysis (as described by Ward et al.
[2005], Du et al. [2007], and Du and Ward [2010]) is applied to the modelled temperature and horizontal
wind fields to obtain the amplitudes and phases of the diurnal, semidiurnal, and terdiurnal tides for zonal
wave numbers —5 to +5. The significant tidal components in the polar regions generated by the model are
then identified and their seasonal variability examined. Correlations between waves (which have been
used as a sign of nonlinear interaction in previous works) are calculated to examine the extent to which
these proposed interactions are present in the model in a global sense.

This study has several objectives.

1. One objective is to broaden the general appreciation for the complexity of the tides in the polar regions.
We provide an overview of the polar tides (diurnal, semidiurnal, and terdiurnal tides from zonal wave
number s = —5 to +5) based on our model results and substantiated through comparisons with published
studies. To our knowledge, there have not been any reviews of polar tides over the past three decades
with the extent and detail provided here. The model results reveal some tidal characteristics that have not
previously been reported. We also identify tidal signatures in the lower thermosphere (to a height of
135 km), since these components will influence geomagnetic conditions and be of interest to the
ionospheric community. We hope that our presentation of the character of the polar tides will stimulate
more complete observations and further modeling studies.

2. The second objective is to identify topics that need to be further studied in order to better understand the
tidal seasonal variability. Latitudinal symmetries and asymmetries are observed with different compo-
nents and the cause of these variations remains to be determined.

3. The third objective is to refine the manner in which correlation analysis is used as an indicator of nonlinear
interactions. Correlations between the amplitudes of two proposed pairs of waves (Dw1 + SPW1 produce Ds0
+ Dw2; Sw2 + SPW1 produce Sw1 + Sw3) are examined. Strong correlations are found with the full time series.
However, after applying a high-pass filter to the time series, the correlations over short time scales are not
found to be significant. More discussion on the interpretation of time scale-dependent correlations as
indicators of nonlinear interactions is needed.

Given these objectives (the purpose of this paper is not the generation of a climatology of polar tidal
signatures), 1 year of data from the model is a suitable platform for revealing the features and dynamical
properties of the tides necessary for the above purposes.

The paper is organized as follows. We begin by briefly describing the eCMAM and our data analysis
procedures in section 2. In section 3, we first identify significant polar tidal components in the winds and
temperature fields and then present their annual mean latitudinal structures. The seasonal variations of the
significant tides in the polar regions are provided in section 4. Section 5 presents the global correlation
analysis of the total time series and the time series after the high-/low-pass filter between the assumed
parent waves Dw1/SPW1 and their child waves Dw2/Ds0, and the assumed parent waves Sw2/SPW1 and
their assumed child waves Sw1/Sw3. The conclusions of this study are provided in section 6.
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2, Description of the eCMAM and Data Analysis Method

The eCMAM and the particular model run used for the present study have been extensively described by the
model developers [Beagley et al, 2000; Fomichev et al, 2002] and in previous studies [McLandress, 2002; Ward
et al., 2005; Du et al., 2007; Du and Ward, 2010]. Here we only give a brief description of the model and data
analysis method.

The eCMAM is a global, three-dimensional spectral GCM extending from the Earth’s surface to about 210 km.
It has 70 vertical layers and the latitudinal-longitudinal resolution is ~6° X 6° near the equator. The vertical
resolution in the MLT region is ~ 3 km. Physical parameterizations appropriate to the MLT region (e.g., EUV, SR-
band radiation, CO, nonlocal thermal equilibrium (LTE) effects, parameterized chemical heating, molecular
viscosity, molecular thermal diffusion, ion drag, and modified gravity wave parameterization) have been
implemented. Tidal oscillations are generated self-consistently through internal processes associated with
absorption of short- and long-wave radiation, large-scale condensation, and convective heating.

Output from the third year of a 4 year run is used for this study. The model sampling time interval for the
run is 3 h and the model output is expressed as frequency/zonal wave number (o/s) fields. By summing over
the spatial part of the spherical harmonics, complex amplitudes as a function of frequency are obtained
at each latitude and height for each time step. Fourier transformation of windowed time series of these
amplitudes is used to generate the tidal components presented in this paper. For the present study,
temperature and horizontal winds from the model run are analyzed to delineate the character of diurnal,
semidiurnal, and terdiurnal tides for s= —5 to +5.

Although the terdiurnal tidal period is close to the Nyquist period of our sampling (3 h), the tidal estimates
presented in this paper are representative of the actual tidal components. The spectral power in the model
decreases rapidly for higher frequencies so aliasing is minor. This was verified using spectral analyses of a
run with half-hour sampling. The spectra obtained using the half-hour sampling are marginally different
from the spectra obtained using a degraded sampling of 3 h for the same run (details of this comparison
are provided in Du and Ward [2010]). Furthermore, the model effectively samples the wind and temperature
fields from 60 longitudes (equivalent of 60 ground-based stations) at each latitude circle and each longitude
(station) is sampled eight times a day. The 3 h sampling frequency from the model is sufficient to study the
terdiurnal tide.

3. Significant Polar Tides and Their Latitudinal Structures

The latitudinal form of the significant tidal components determines the meridional structure of the net tidal
field. To characterize this structure, the significant diurnal, semidiurnal, and terdiurnal components in polar
regions are identified using annual means of the horizontal wind and temperature. Included are
components which maximize in the polar regions and those which maximize elsewhere but have significant
polar extent. Previous studies have shown that eCMAM simulations generate latitudinal structures of the tides
which compare well with observations and other models [Du et al, 2007; Du, 2008; Chang et al., 2012]. The
annual mean latitudinal structure is calculated with monthly mean amplitude information only, phase is not
considered since it varies with time. Averaging amplitude over time with phase information included can cause
amplitude cancelation and is not suitable for our purposes here. The figures in this section will be focused on
zonal wind, similar figures for meridional wind and temperature are provided as supporting information (note
that the significant components are different depending on the parameter being considered).

3.1. Significant Polar Tidal Components

For this paper, 11 components for each tidal period were analyzed (from s= —5 to +5). The wave numbers
identify tidal “components” or “tides”; and positive (negative) zonal wave numbers imply westward
(eastward) propagation. Figure 1 shows the relative significance of the various diurnal, semidiurnal and
terdiurnal components and their variability with height in the polar regions for zonal wind (U). The annual
“maximum” amplitudes (m/s) of the tidal components over the Southern Polar Region (SPR: 60°S-90°S;
Figure 1) and the Northern Polar Region (NPR: 60°N-90°N; Figure 1) are presented as a function of zonal
wave number and height (from 60 to 120 km). The annual maximum amplitudes for a tidal component are
sought over its 12 monthly mean amplitudes in the SPR and NRP, respectively. The top row of Figure 1 is
for the diurnal tide and the middle and bottom rows are for semidiurnal and terdiurnal tides, respectively.
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Figure 1. Annual “maximum” zonal wind (U) tidal amplitudes (m/s) as a function of zonal wave number (from —5 to +5)
and height (from 60 to 120 km) in the Southern Polar Region (SPR) and the Northern Polar Region (NPR). Positive wave
numbers are for the westward propagating components, and negative wave numbers are eastward. (top row) Diurnal,
(middle row) semidiurnal, and (bottom row) terdiurnal tides.

The color scale for both polar regions is the same, so that the maximum amplitude for the same tidal
component can be directly compared.

The most significant diurnal component for zonal wind (Figure 1, top row) is Dw1 (10-15 m/s). Other
significant components include De1 (below 100 km), DsO (above 100 km) in both polar regions, and De3
and De2 (70-90 km) in the SPR. Meridional wind (Figure S1b in the supporting information) shows similar
components as the zonal wind. For the diurnal temperature field in both polar regions (Figure S1a), Ds0 is
the most significant component. Considering both the temperature and wind fields, the most significant
diurnal tidal components in both polar regions are DsO, Dw1, and De1. One interesting feature is the
stronger presence of De3 (70-90 km) in the SPR and its relative absence in the NPR.

For the zonal wind semidiurnal tides in the polar regions (Figure 1, middle row), the most significant
components are Sw2 and Sw1 (both ~15 m/s). SsO and Se1 are slightly weaker, with their amplitudes being
greater in the SPR (12 m/s) than the NPR (8 m/s). Above 100 km, Sw3 and Se2 have significant amplitudes
(>8 m/s). The same components are dominant in the temperature field (Figure S1a) but with different
relative amplitudes than in the wind fields. The SsO maximum amplitude is stronger than Sw1 and the maximum
amplitude of Se2 is comparable to that of Sw2, Ss0, and Se1. Overall, the most significant semidiurnal tidal
components in the polar regions are Sw3, Sw2, Sw1, Ss0, Se1, and Se2.

The polar terdiurnal tidal components in the zonal wind are presented in Figure 1 (bottom row). The dominant
components are Tw3 (>15 m/s) and Tw1 (15 m/s in the NPR and slightly weaker in the SPR). The amplitude of
Tw2, TsO, Tel, Te2, and Te5 is also significant, with stronger maximum amplitude in the NPR (8-10 m/s) than
the SPR (5-7 m/s). TsO and Tw3 are the most significant components for the temperature field (Figure S1a).
Overall, we consider Tw3, Ts0, and Tw1 as the most significant terdiurnal components in the polar regions.

3.2. Latitudinal Structure of the Significant Polar Tides

The latitudinal structure of the significant diurnal and semidiurnal components in the polar regions is presented
in Figure 2. Included are the annual mean amplitudes of the diurnal tidal components De1, Ds0, and Dw1
(Figure 2, top row) and the semidiurnal tidal components Sw1, Sw2, Sw3 (Figure 2, middle row), and Se1,
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Figure 2. Annual mean latitudinal structures of the zonal wind (U) amplitude (m/s) for the (top row) diurnal tidal components
De1, DsO, and Dw1, the (middle row) semidiurnal tidal components Sw1, Sw2, and Sw3, and the (bottom row) semidiurnal
tidal components Se1, SsO, and Se2 from eCMAM. The height range is from 75 to 130 km and the latitude range is
from —85.7° to 85.7° (SH latitude is negative and NH latitude is positive).

Ss0, Se2 (Figure 2, bottom row) as a function of latitude and altitude for zonal wind (U). The latitudinal
structure for the meridional wind and temperature fields for these components is provided as Figures S2a
and S2b in the supporting information. The annual mean amplitudes of the terdiurnal tidal components
Tw3, Ts0, and Tw1 have been presented in Du and Ward [2010]. The altitude range is limited to 70-135 km
and the latitude range is from —85.7° to 85.7° (SH latitude is negative and NH latitude is positive). Note
that the amplitude color scales in Figure 2 (and Figure S2) are different for the various zonal wave
number components. The salient features of these structures are discussed below.

For the De1 U field (Figure 2, top row), two maxima (7-8 m/s) are symmetrically located in the low and middle
latitudes (10°-50°) of each hemisphere, centered on 30°-40°. The maximum in the SH is located between
90 and 105 km while the feature in the NH splits into two maxima with a minimum amplitude at ~90 km.
An interesting feature is the difference in latitude structure above and below 90 km in all three fields

(this is more obvious in the meridional wind and temperature fields provided in Figure $2) which suggests
that different Hough modes are associated with this tidal component in these two regions. There are
secondary maxima around the poles with much weaker amplitude (3-4 m/s) for the winds.

The overall latitude structure of the DsO0 fields is similar to that of the De1 fields but with broader features
which extend into the polar regions. A change in structure at 100 km also occurs with this component
(more obvious in the Vand T fields; see Figure S2). The DsO component is more asymmetric than De1. The U
maximum (7-9 m/s) in the SH is located between 30° and 40°S, and 95 and 110 km, whereas the maximum
(7 m/s) in the NH is located in a smaller latitude band and around 90 km. The hemispheric asymmetry is also
present for the Tand V fields (Figure S2).

Below 100 km, the migrating Dw1 component conforms to the now well-known structure [Hagan and
Forbes, 2001; Zhang et al., 2006]. Here there are two maxima (>30 m/s for U and >50 m/s for V)
symmetrically located between 10°-50° in each hemisphere and centered at 30° (20°) for U (V). Again, there
is a change in structure above 100 km: Dw1 has two maxima (>20 m/s for both winds) symmetrically
located over the polar regions of each hemisphere with amplitude increasing with height. These are likely
excited locally by the EUV absorption. The T field (Figure S2a) maximizes (amplitude > 20 K) in the
equatorial region, between 100 and 110 km and has two secondary maxima (>5 K) in the subtropics at
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similar altitudes. This structure extends to about 120 km. Above 120 km, there are two broad features
symmetrically locating between 10°N(S) and the poles of both hemispheres with maxima (>25 K)
centered at 30-40°N/S. The amplitudes associated with the features above 120 km increase with height.

For the Sw1 U field (Figure 2, middle row), the maximum annual mean amplitudes (8-10 m/s) are located in the
polar region of each hemisphere between 100 and 110 km. The amplitude in the NH is slightly stronger than that
in the SH. Besides the polar maxima, there are weaker secondary maxima (3-5 m/s) in the subtropics for the V
field (Figure S2b). The temperature field (Figure S2a) has a different latitudinal structure than the winds with
broad features extending between the poles with three peaks greater than 3 K (one at the equator and two in the
midlatitudes of each hemisphere).

For the migrating semidiurnal Sw2 U field, a region of significant amplitude extends from pole to pole with
maxima in both hemispheres in the middle to high latitudes. The maximum amplitude (>25 m/s) in the SH
is located at 50° at 105 km. Above 110 km, the feature becomes broader than below and is centered at 40°S.
The NH maximum is much more compact, stronger, and at lower altitudes than its SH counterpart. The
maximum (>30 m/s) is located between 50° and 55°N, and 95 and 110 km. The V field (Figure S2b) has a
similar latitudinal structure as the U field except that the V field has an extra subtropical maximum in the
NH. The Sw2 T latitudinal structure (Figure S2a) is quite different from the winds with a broad feature
ranging from 60°N and 60°S with significant hemispheric asymmetry (the maximum of > 25 K is located
between 5°N and 20°S, and 110 and 130 km).

The latitudinal structure of the Sw3 U field has two maxima located in the middle and high latitudes of each
hemisphere. The SH maximum (>9 m/s) is located between 10° and 60°S and centered at 45°S and 100-110 km.
The NH maximum is located slightly higher (centered at 40°-45°N and 120 km) and weaker (7 m/s) than the
SH counterpart. The Sw3 V field (Figure S2b) is very similar to the U field in terms of both its latitudinal
structure and amplitude. There is a broad region of enhanced amplitude in the T field (Figure S2a)
extending from 70°N to 70°S with the maximum amplitude (7-9 K) located in the equatorial region and
centered at 10°N above 110 km.

The Se1 U field (Figure 2, bottom row) maximizes in the middle/high latitudes (30°~70°) of each hemisphere
with the SH maximum (>5 m/s) being stronger than the NH one (3 m/s). The maxima are centered at 50°N/S
and between 90 and 110 km, with the NH maximum located slightly higher than the SH maximum. The V field
latitudinal structure and characteristics (Figure S2b) are very similar to those of the U field, but with the
maxima located slightly closer to the equator at 40°N/S. The amplitude of the T field (Figure S2a) is significant
from pole to pole and includes three peaks. One peak (3-4 K) is located in the SPR centered on 60°S, the
second peak (3 K) is located in the NH middle and high latitudes centered on 50°N, and the third (2-3 K) is
located in the equatorial region.

The Ss0 U field maximizes in the polar regions (5-8 m/s). The SH maximum is centered at 70°S and between
100 and 110 km. The NH maximum is centered at the same height but at a slightly equatorward latitude (60°N).
The Vfield (Figure S2b) is very similar to the U field but with stronger annual mean amplitude (7 m/s as opposed
to 5 m/s for U) and the NH maximum is located at 50°N. The T field (Figure S2a) is characterized by a broad
structure from pole to pole with maxima in amplitude (5-6 K) located in the polar regions and secondary
maxima (2-3 K) in the midlatitudes of each hemisphere.

The Se2 U field has two maxima located symmetrically in the middle and high latitudes of each hemisphere
and centered at 30°-40°N/S. The NH maximum (7-9 m/s) tends to be slightly stronger than the SH
maximum (7 m/s). The T field (Figure S2a) has a similar latitudinal structure as the U field and the hemispheric
asymmetry is more obvious than in the U field. The Se2 V field (Figure S2b) is very different from the Uand T
fields, with a maximum (9-10 m/s) in the equatorial region centered at 10°N and ~ 120 km.

The latitudinal structures of the terdiurnal tidal components Tw3, TsO, and Tw1 have been presented in
Figure 2 of Du and Ward [2010]. Here only the main features of these components are summarized. For the
Tw3 U field, two maxima are symmetrically located in the middle/high latitudes of each hemisphere,
centered at 40°-50°. The Tw3 V field has a broad region of significant amplitude ranging from 85°N to 85°S
with three peaks (centered on 40°N, 10°N, and 50°S, respectively). Maximum amplitudes reach > 15 m/s
above 110 km for both winds. The T field has significant amplitude from 80°N to 80°S with two maxima
symmetrically located in the low and middle latitudes (10°-50°) of each hemisphere and centered at 30°-40°.
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The maximum amplitudes increase with height and are <10 K below 110 km and increase to >15 K above
120 km.

For both the TsO and Tw1 U fields, there are maxima located in the polar regions with maximum amplitudes of
2-3 m/s and 5-8 m/s, respectively. The V field of TsO and Tw1 maximizes in the polar regions as well with
maximum amplitudes of 4-5 m/s. For the Tw1 T field, the temperature amplitude remains significant from
pole to pole above 100 km with peaks (2-4 K) in the polar regions, especially in the NPR. TsO maximizes at
both poles with amplitudes of 6 K.

A significant number of components contribute to the tidal fields in the polar regions. Their structures and
amplitudes vary. Tides which maximize within the polar regions include Dw1 winds above 100 km, Sw1
winds, and Ss0, Tw1, and TsO temperature and winds. Tidal components which maximize in nonpolar
latitudes but have significant amplitudes in polar regions include De1, Ds0, and Se2 temperature and
winds; Dw1, Sw1, Sw2, Sw3, and Tw3 temperature; and Dw1 winds below 100 km. A number of components
maximize at the edge of the polar regions (50-60°N/S) and decrease in amplitude toward the pole. These include
Sw2, Sw3, and Tw3 winds; Se1 temperature and winds; and Tw3 winds. Given these amplitude variations with
latitude, the significant contributors to the tidal field in polar regions vary with latitude and are much more
complex than the assumption made in earlier theoretical and observational studies that the winds have zonal
wave number 1 structure and the temperatures zonal wave number 0 structure.

4. Seasonal Variability of the Polar Tides

Ground-based observations conducted in Antarctic and Arctic latitudes and in the height range of 80-100 km
have shown that variability over a range of time scales (short-term, seasonal, and interannual variation) is
typical. Of these, the seasonal variation is the most extensively discussed [Forbes et al., 1995; Baumgaertner
et al., 2006; Murphy et al., 2006; Manson et al., 2009].

Seasonal variations of the significant polar tides identified from the model are presented as a function of height
and month for the SPR and the NPR (Figures 3a-3d). The seasonal variation of tidal amplitudes is determined as
the area-weighted mean over each polar region (this is a suitable measure since seasonal variations for a
particular tide is similar throughout each polar region). The mean seasonal variation over the polar regions is
calculated with amplitude information only. The temporal window for the seasonal variation plots is monthly
mean. The discussion of the seasonal variation is undertaken using only the zonal wind field. The seasonal
variations of the temperature and meridional wind are similar to those of the zonal wind, although their
latitudinal structures can be very different. The four seasons in the NH are defined as spring (April-June),
summer (July-September), autumn (October- December), and winter (January—March); the seasons in the SH
are opposite to those of the NH; for example, the SH summer corresponds to the same months as the NH
winter. Of particular note in this analysis is the hemispheric symmetry or asymmetry between the two polar
regions (i.e, whether the component is enhanced in both hemispheres at the same time or same season).

Figure 3a shows the seasonal variations (height-month distributions) of the three diurnal tidal components
(De1, DsO, and Dw1) in the SPR and NPR. For the De1 component, there is hemispheric asymmetry between
the polar regions. In both polar regions, the maximum amplitudes occur during the respective summer
months. The SPR amplitude maximizes during summer (November-February) at the height range of 75-90 km
and above 120 km. There is a secondary maximum during June and July in the height range of 100-110 km.
The De1 component in the NPR also maximizes (mean amplitude of 6 m/s) during the summer months
(May-August) below 100 km. There is a secondary maximum above 105 km during the winter (December
to February), which matches the height range and time of its SPR counterpart.

For the Ds0 U field (Figure 3a, middle row), the maximum occurs symmetrically in both polar regions during
May to September, with the maximum in the SPR being slightly stronger and lasting longer (into October). The
area-weighted mean amplitude is 4-5 m/s. The temperature field (figures not shown) for this component is
much stronger than the wind fields in the polar regions, with maximum amplitude greater than 10 K at 60°N/S.

The seasonal variation of the Dw1 polar zonal wind component is characterized by an annual variation with a
maximum during April-October in the NPR and October—April in the SPR and hence has hemispheric
asymmetry. This is in contrast to the well-known semiannual variation for the equatorial and low-latitude
maxima associated with this component [Burrage et al., 1995; McLandress et al., 1996]. The area-weighted
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Figure 3. Seasonal variations of zonal wind (U) amplitude (m/s) for (a) De1, Ds0, and Dw1; (b) Sw1, Sw2, and Sw3; (c) Se1,
Ss0, and Se2; and (d) Tw1, TsO, and Tw3 over the Southern Polar Region (SPR) and the Northern Polar Region (NPR) from
eCMAM. The height range is from 75 to 130 km and the amplitudes are area-weighted mean over each polar region.

maximum amplitude is over 25 m/s for both polar regions. Of note are the bimodal maxima associated with
each hemisphere above 100 km (SPR: March and November; NPR: May and August).

Figures 3b and 3c present the polar seasonal variations of the semidiurnal tidal components (Sw1, Sw3, and Sw2
in Figure 3b and Se1, Ss0, and Se2 in Figure 3c). In contrast to the diurnal components, the semidiurnal
components are quite variable with most components exhibiting several maxima during the year. Du et al. [2007]
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Figure 3. (continued)

compared the seasonal variations at 95 km between 45°S and 45°N of all the semidiurnal tidal components
except SsO and Sw1 from eCMAM with TIDI/TIMED measurements. The polar seasonal behavior presented
here differs from that noted for the equatorial and midlatitude region in Du et al. [2007] for most of the
semidiurnal tidal components and the seasonal variations vary with height.

There are respectively four and five peaks in the SPR and NPR Sw1 U field during the year. The maxima
during May-June and August coincide in time between the SPR and NPR. However, the timing of the other
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maxima does not coincide with maximum in one hemisphere and minima in the other. Overall, the behavior is
more symmetric during NH summer and asymmetric during NH winter. The strongest maximum in the SPR is
located between 80 and 105 km during September—November with mean amplitude of over 15 m/s. Two
secondary maxima are located above 100 km during April-September with mean amplitude of 10 m/s. There is
also a local maximum centered in February and at 100 km with mean amplitudes of 8-10 m/s. The strongest
maximum (mean of > 15 m/s) in the NPR is present during October-December above 90 km with the
amplitude maximizing at 110 km. NPR maxima corresponding to the SPR maxima occur in June and August at
heights of 100 and 95 km and with maximum amplitudes of 10 and 12 m/s, respectively. Maxima also occur in
January centered at~ 110 km with mean amplitudes slightly greater than 10 m/s. April is the month with
minimum amplitude for both polar regions.

For the seasonal variations of the Sw3 U field (Figure 3b, middle row), two strong maxima are seen in each
polar region. In the SPR, they are centered on February and August, and in the NPR, they are centered on
March and August. The maxima (6-8 m/s) in the SPR are stronger than those in the NPR (4-6 m/s). Two
secondary maxima with amplitudes ~5 m/s are also present in each region and occur in June and December
(May and November) in the SPR (NPR). The seasonal variation of this component is symmetric for the most
part with maxima coinciding in time in both hemispheres.

The migrating semidiurnal tide, Sw2, is the strongest tidal component in the polar regions with zonal wind
amplitudes that maximize above 35 m/s. In the SPR, the field varies annually with a minimum during NH
summer months (the minimum broadens with height) and enhanced amplitude during October-April. It
maximizes in February at 110 km with mean amplitude of ~35 m/s. The amplitude in the NPR remains
significant throughout the year. It maximizes at 45 m/s in January at a height of 105 km and is significantly
stronger than its SPR counterpart. A secondary maximum of 26 m/s occurs in August and local minima occur
in July and October. The maxima in one hemisphere in general correspond to a minimum in the other so the
amplitude variation for this component is asymmetric.

Figure 3c shows the seasonal variations of the semidiurnal components Se1, Ss0, and Se2 U fields. All are
complex with several maxima during the year. In general, the response in the two polar regions is asymmettric.
For the Se1 U field, the maximum in each polar region is present during the associated spring equinox: In the
SPR, the maximum is centered on September and the maximum in the NPR is centered on March. The SPR
maximum (8-10 m/s) has a longer duration and has stronger amplitude than the NPR maximum (6 m/s). There
is a secondary maximum of similar amplitude (4 m/s) in both polar regions: The one in the SPR is centered on
March and the one in the NPR is centered on November. The most striking feature in the SsO U field seasonal
variation is the difference between the two polar regions. There are multiple peaks in the SPR and the most
prominent maximum is present during May-September with mean amplitude of > 10 m/s. There are also
maxima centered on April and January with similar amplitude. The maximum amplitude in the NPR is much
weaker (nearly half as large, ~6 m/s) than its SPR counterpart and mainly present during December-May.

The strongest maximum in the Se2 U field (Figure 3¢, bottom row) in the SPR is present during June-August
above 100 km and a secondary maximum occurs during October-December above 80 km. In the NPR, the

strongest maximum is present during February—April above 95 km and the secondary maximum occurs in

November. The maxima in both polar regions have similar mean amplitude of 4-8 m/s.

Figure 3d presents the three terdiurnal components in both polar regions: Tw1, Ts0, and Tw3. For the most
part, amplitude variations in the two polar regions shadow each other (i.e., the temporal variations are
parallel and hence symmetric) albeit with differing amplitudes. For the Tw1 U field, the maximum amplitude
(4-5 m/s) in the NPR is much stronger than its southern counterpart (2-3 m/s). The primary maxima are
present in June and September above 100 km with a secondary enhancement occurring in December/
January. This component in the SPR maximizes at similar times although with smaller amplitudes (and the
September maximum is less broad). The Ts0 field is somewhat similar in form to that of the Tw1 field. There
are several maxima (coinciding in time in both polar regions). Maxima occur during the two equinoxes and
during the NH summer solstice. The strongest maximum in the SPR is in May/June and the strongest
maximum in the NPR is in August/September.

As with the other significant terdiurnal components, the seasonal variation of the migrating Tw3 U field
(Figure 3¢, bottom row) maximizes at similar times in both polar regions. The maximum (mean amplitude of
25 m/s) in the SPR occurs during December-February, and a secondary maximum (14 m/s) occurs in April.
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Amplitudes of 6 m/s are seen during all months in the SPR above 100 km as is also the case for the NPR with
the exception of November. The maximum in the NPR is much weaker than its southern counterpart. One
maximum occurs in October with a mean amplitude of 14-18 m/s, and a secondary maxima (~14 m/s)
occur in June and December/January.

Overall, three patterns of behavior of the amplitude variations are exhibited by these components. One
pattern is that the seasonal variations coincide in time so that the seasonal signatures in both polar regions
coincide (i.e., the temporal variations are the same in each hemisphere at the same time). An example of
this seasonal behavior is Ds0, which maximizes during May-September in both polar regions. Other tidal
components exhibiting the similar pattern include Tw1, Ts0, and Tw3 albeit with differing amplitudes in the
two polar regions.

The second pattern is complementary to the first. The timing of the maxima in each polar region is shifted
relative to each other by 6 months. The maxima in one hemisphere correspond to the minima in the other.
When considered on a seasonal basis (taking into account the 6 month shift in seasons between hemispheres),
the maxima coincide. An example of this seasonal variation pattern is the migrating diurnal tide Dw1: It
maximizes in April-October in the NPR and in October-April in the SPR. The maximum amplitudes in the two
polar regions coincide in season rather than time and are therefore out of phase by 180° between the two
hemispheres for a particular month.

Most often, the seasonal variations in the two polar regions are the combinations of these two types of
patterns albeit on a shorter time scale and depending on the individual month. This is the third pattern of
variability. For certain months, the maxima coincide in time in both regions, and for other months, they are out
of phase. The semidiurnal tide Sw1 has multiple peaks over an annual cycle at both polar regions. During the NH
summer months, the timing and height of the maxima in each polar region coincide (first pattern), whereas
between September and April, the times of the maxima in one hemisphere correspond to minima in the other
(second pattern).

These patterns of variability can be interpreted in terms of Hough modes. Hough modes are orthogonal
functions which arise naturally when solving the Laplace tidal equations for a windless, isothermal
atmosphere [Chapman and Lindzen, 1970] and remain relevant for describing the form of components in
realistic situations [Forbes, 1985]. Although the phase of these modes may be symmetric or antisymmetric
across the equator, this cannot be seen from the amplitudes alone, which appear with the same values on
either side of the equator. As a result, any single mode would appear to have similar amplitudes at both poles
in Figures 1-3, irrespective of whether it is symmetric or antisymmetric. Tidal components that have
amplitudes which differ significantly between the two poles at the same time must be composed of at least
two modes, one symmetric and the other antisymmetric, so that in one polar region, constructive
interference would result and in the other destructive interference would result.

For the first pattern (maxima at the same time in both polar regions), one or more modes of the same
symmetry must be present (opposite symmetries would result in differing amplitudes in the two regions).
These modes are modulated seasonally and the amplitude modulation in both hemispheres is concurrent.

The second pattern (maxima occurring in one polar region at the same time as minima in the other region)
requires the presence of symmetric and antisymmetric modes of similar amplitude. In this case in one polar
region, the modes would be in phase and interfere constructively so that the tidal amplitude would be
large. In the other hemisphere, opposite circumstances would apply, the modes would interfere
destructively, and the tidal amplitude would be small. The relative phasing of the symmetric and anti-
symmetric modes would alternate with season so that polar regions with constructive (destructive)
interference would change seasonally.

The third pattern involves combinations of these two patterns but with seasonal variations in the mode
composition and variability in the phasing and amplitudes of the modes occurring on a shorter than seasonal
time scale. For the Sw1 component mentioned above, during NH hemisphere summer, modes of the same
symmetry would be present and their amplitudes modulated on an approximately monthly time scale.
During the rest of the year, symmetric and antisymmetric components are present so that the amplitude
variation in each polar region is out of phase. The relative phase and amplitudes would be modulated on an
approximately monthly time scale.
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In the literature, variations in the latitudinal form of tidal modes as a result of dissipation and non-ideal
conditions have been analyzed (under the terminology of mode coupling or generalized Hough modes) as an
explanation for deviations in the observed latitudinal structure away from the Hough modes [see Ortland,
2005 and references therein]. However, these deviations are not substantial enough to eliminate amplitudes in
one hemisphere and the modified latitude structure remains close to symmetric about the equator. Hence, the
effects of dissipation and non-ideal conditions are unlikely to explain the strong variability of components
observed in this model run.

An examination of the cause(s) of this behavior requires careful study of the modal structure of these
components and their excitation. Seasonal variations in the forcing of these components would be
expected from the seasonal variation in the latitudinal distribution in solar heating. This variation in heating
will result in the preferential excitation of different components as a function of season. Dissipation
associated with the background wind and temperature fields and other source mechanisms will also need
to be taken into account. Further understanding of the behaviors corresponding to different tidal components
is beyond the scope of this paper and will be pursued in a future study involving a detailed Hough mode
decomposition analysis.

5. Statistical Correlations Between Tides and SPW1 in eCMAM

One often proposed source for nonmigrating tides is nonlinear interactions. In such an interaction, two
interacting parent waves generate child waves that have frequencies and wave numbers equal to the sum
and difference of those of the parent waves [Teitelbaum and Vial, 1991]. In accordance with this theory,
interactions between the migrating Sw2 (Dw1) and the SPW1 have been proposed as a possible source for
the nonmigrating Sw1 (Ds0) and Sw3 (Dw2) tides. Time series of the amplitudes of these waves diagnosed
from this eCMAM run provide a means of examining the viability of these interactions in the model.
Correlations between these components are used to explore the extent to which these interactions occur.

Strong and positive statistical correlations between the child nonmigrating tides and SPW1 in the opposite
winter hemisphere have been interpreted as evidence for nonlinear interaction between the migrating tides
and SPW1 [Baumgaertner et al., 2006; Murphy et al., 2009; Smith et al., 2007; Xu et al., 2009; Chang et al., 2009].
The amplitude of the migrating tides is noted to be anticorrelated with that of SPW1 and the child
nonmigrating tides, indicating energy loss to the child waves [Palo et al., 1998; Norton and Thuburn, 1999;
Chang et al., 2009]. The observation community in the Antarctic has demonstrated positive correlations
between the observed SH Sw1 in the MLT region and the NH SPW1 in the stratosphere (derived from satellite
or model assimilated data) [Baumgaertner et al., 2006; Murphy et al., 2009]. In the Arctic, Smith et al. [2007]
found a correlation between variability of the mesospheric semidiurnal tide at Esrange (68°N, 21°E) and the
amplitude of SPW1 in the SH stratosphere and lower mesosphere during NH summer and fall. However, using
radar observations at Saskatoon (52°N, 253°E), Tromsg (70°N, 19°E), Collm (51°N, 13°E), Eureka (80°N, 86°W),
and Svalbard (78°N, 16°E), Xu et al. [2009] noted that the nonmigrating semidiurnal tides observed at NH
high/Arctic latitudes failed to exhibit any real correlation with the Antarctic SPW1 during NH summer-fall and
raised questions with respect to these proposed inter-hemispheric SPW-tide physical links. In the same paper,
Xu et al. [2009] used cross-spectral analysis to show that the strong correlations found between tides in
the SH Antarctic latitudes and the NH SPW1 were primarily associated with the low-frequency fluctuations
(>15 days) and queried what the time scales of the correlations found in prior work were.

Another approach to study nonlinear interaction is to use realistic models in which the parent waves could
be turned on or off. Using this approach, Angelats i Coll and Forbes [2002] were able to generate the
observed summertime high-latitude enhancement of the Sw1 in a spectral model, as a by-product of
nonlinear interactions between the migrating Sw2 and a prescribed SPW1 profile in the winter hemisphere
stratosphere and lower mesosphere. Modeling studies by Yamashita et al. [2002] and Aso [2007] were also
able to provide evidence for the presence of these nonlinear interactions. A recent modeling study by
Chang et al. [2009] found that the short-term variability of the Sw1 during the 2002 SH stratospheric
sudden warming (SSW) in Thermosphere-lonosphere-Mesosphere-Electrodynamics General Circulation
Model (TIME-GCM) is strongly dependent upon the SPW1 events prior to the major warming. Despite the
above studies, it was also noted that the global distribution of the Sw1 in the lower thermosphere showed
a strong sensitivity to the background zonal mean wind profile [Yamashita et al., 2002] and the planetary
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wave-induced changes in the background atmosphere can drive tidal variability at levels greater than
those attributed to nonlinear interaction [Chang et al., 2011].

Proving the existence of nonlinear interactions is difficult especially with observations. The presence of local
correlations between components is only part of this proof. Correlations without other supporting evidence do
not constitute proof of any particular cause. For example, unless proven otherwise, correlations could be due
to variations associated with a common source or common filtering effects away from the region where
correlations are observed.

In this section, global statistical correlations between appropriate waves in eCMAM are calculated in order to
identify whether amplitude variations in parent/child waves can be attributed to nonlinear interactions.
Following Du and Ward [2010], correlations are examined using two time series involving different time scales
under the assumption that nonlinear interactions should appear on all scales. Significance tests of the
correlations are done with a Gaussian random model (uncorrelated white noise) based on the individual
characteristics of the two filtered time series. Mathematical derivations show that a Gaussian random model
has to be based on the original time series and undergo the same filtering process as the original time series
in order to obtain correct significance test on the filtered time series (for details refer to Text S1 in the

supporting information). The equation ¢, = 1/2/m is a very good approximation of the 95% confidence
limits of filtered data using Fourier transform for m = 10, where m is numbers of unfiltered wavelengths. If
significance tests are undertaken on a subset of the original time series using statistics based on the full time
series, then the threshold for significance will be higher than calculated from the above equation.

Two groups of proposed parent-child tides are examined in this paper:

1. Dw1 + SPW1 (Parent waves) — Dw2 + DsO (Child waves)
2. Sw2 + SPW1 (Parent waves) — Sw1 + Sw3 (Child waves)

Both the tidal and the SPW1 amplitudes relevant to the candidate parent/child waves were diagnosed using a
sliding 4 day window stepped by 2 days to provide suitable time series. While the relatively short averaging
window used for SPW1 will result in aliasing with longer-period planetary waves, it was deemed necessary in
order to examine the variability of the SPW and the tide on shorter time scales. Time series for tides are taken
from the zonal wind field, and the SPW1 time series are from the geopotential height field. The SPW1 time
series tends to maximize at 60°N(S), 50 km and their temporal variations are very similar within the stratosphere
and lower mesosphere during NH (SH) winter (figure not shown). Therefore, we use the SPW1 time series at
60°N(S) and 50 km as the representation of SPW1 in the stratosphere and lower mesosphere. The
correlations are calculated at two time periods: October-March (SPW1 maximizes in NH) and April-September
(SPW1 maximizes in SH) for the original time series, a low-pass-filtered time series (LPFTS) and the high-
pass-filtered time series (HPFTS), respectively. The filter cutoff is chosen as 18 days (in accordance with the
15 days suggested in Xu et al. [2009]) and applied to both the assumed parent and child waves to obtain
the long-term (e.g., LPFTS) and short-term variation time series (e.g., HPFTS). Significant temporal variability
is seen for the original time series, the LPFTS and HPFTS associated with all waves (figure not shown).

The correlations are presented in Figures 4 (diurnal tides) and 5 (semidiurnal tides). White spaces indicate
regions where the correlation is below the 95% significance level. These correlations are interpreted in the
following way. First, we expect nonlinear interactions to be present on short time scales. In addition, in
accordance with the literature, energy is expected to flow from one of the parent waves (in the literature this
is identified as the tidal parent wave not the planetary wave) to the child waves. As a result we would expect
the tidal (planetary) parent wave and child waves to be negatively (positively) correlated with each other and
the two child waves to be positively correlated (i.e., the amplitude of one parent wave would decrease and at
the same time the amplitudes of the child waves would increase). We examine whether these correlations
exist globally and between the original time series, the LPFTS and the HPFTS.

5.1. Correlations Among Ds0, Dw2, Dw1, and SPW1

Figure 4a shows the latitude-height cross section of correlation coefficients during April-September for
Dw2/Ds0 versus SPW1 at 60°S and 50 km. The left panels of Figure 4a are correlations of Dw2 versus

SH SPW1 for the original time series—total variability (top), the LPFTS-variability > 18 days (middle), and
the HPFTS-variability < 18 days (bottom). The right column of Figure 4a are similar to the left column but
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Figure 4. (a) Correlation coefficients of the original time series-total variability, LPFTS-variability > 18 days, and HPFTS-variability
18 days of Dw2 versus SPW1 at 60°S, 50 km and Ds0 versus SPW1 at 60°S, 50 km for April-September. (b) Similar as Figure 4a but
with SPW1 at 60°N, 50 km, and during October-March. White areas indicate confidence level less than 95%.

for the correlations of DsO versus SH SPW1. Figure 4b is similar to Figure 4a but presents the correlations
during October-March for Dw2/Ds0 versus SPW1 at 60°N and 50 km.

For the original time series between Dw2 and the SH SPW1 during April-September (Figure 4a, left column,
top plot), the correlations are strong and positive extending from the SH MLT high latitude across the equator
into the lower thermosphere of the NH. This is consistent with previous hypotheses of the nonlinear

DU ETAL.

©2014. American Geophysical Union. All Rights Reserved. 5942



@AG U Journal of Geophysical Research: Atmospheres

10.1002/2014JD021562

=

Height [km] Height [km] T Height [km] Height [km] Height [km]

Height [km]

120

100

80

120

100

80

120

100

80

120

100

80

120

100

80

120

100

80

Correlations of Sw1 and SH SPWA1
Original — Total Variability

Correlations of Sw3 and SH SPWA1
Original — Total Variability

120
100 - .
| &g = 80 - =l R
-50 0 ?0 -50 0 50
LPFTS - Variability > 18 days LPFTS - Variability > 18 days
I 120
=" 100
- . " =
n L] - 80 - - = -
— - | -
-50 0 50 -50 0 50
HPFTS - Variability < 18 days
HPFTS - Variability < 18 days
* 120
100 =
80 .

-50 0 50
Latitude [deg]

Correlations of Sw1 and NH SPW1
Original — Total Variability

-50 0 50
Latitude [deqg]

Correlations of Sw3 and NH SPW1
Original — Total Variability

e

-50 0 50
LPFTS - Variability > 18 days

S
" A
-50 0 50

HPFTS - Variability < 18 days

120
100 B
80 ‘
-50 0 50
LPFTS - Variability > 18 days
120
100 -"

80_—‘=-.: " m _ ==

-50 0 50

HPFTS - Variability < 18 days

120
100

80

-50 0 50
Latitude [deg]

ofu JE A

-50 50

Latitude [deqg]

Figure 5. (a) Correlation coefficients of the original time series-total variability, LPFTS-variability > 18 days, and
HPFTS-variability < 18 days of Sw1 versus SPW1 at 60°S, 50 km and Sw3 versus SPW1 at 60°S, 50 km for April-September.
(b) Similar as Figure 5a but with SPW1 at 60°N, 50 km, and during October-March. White areas indicate confidence level

less than 95%.

interactions in the opposite hemispheres and transhemispheric propagation which result in positive
correlations between the child wave and the SPWs activity [Chang et al., 2009]. However, the strong positive
correlations seen in the original time series only exist for the LPFTS-variability > 18 days (left panel, middle plot)
but disappear for the HPFTS-variability < 18 days (left panel, bottom plot).
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For the original time series between Ds0 and the SH SPW1 during April-September (Figure 4a, right column,
top plot), the correlations are strong and positive in both hemispheres above 100 km. As with Dw2, the strong
and positive correlations are only present for the LPFTS-variability > 18 days (right panel, middle plot) but
absent for the HPFTS-variability < 18 days (right panel, bottom plot).

Correlations of the two assumed parent waves—the Dw1 and SPW1—are also calculated during April-
September (figures not shown). The original time series of the two waves are mostly anticorrelated over a
broad region between 50°N and 60°S and below 100 km. This anticorrelation between the migrating Dw1 and
the SPW1 is consistent with previous work [Palo et al., 1998; Norton and Thuburn, 1999; Chang et al., 2009].
However, these strong negative correlations again are only present for the LPFTS-variability > 18 days but
absent for the HPFTS-variability < 18 days, which suggests that the strong negative correlations mainly come
from the longer-term variability of the time series.

The correlations between the two assumed child nonmigrating tides Dw2/Ds0 and the migrating tide Dw1
are also calculated during April-September (figures not shown). Previous studies suggested that Dw1
nonlinearly interacts with the SPW1 and, as a result, loses energy to the child waves Dw2 and Ds0. Negative
correlations would be expected between the child wave and the migrating tide [Palo et al., 1998; Norton
and Thuburn, 1999; Chang et al., 2009]. The original time series (total variability) of the Dw2 and Dw1 are
positively correlated at some locations and the HPFTS are negatively correlated at some locations.
However, the locations of positive correlations do not coincide with the locations of negative correlations
and these correlations show little coherence in height and latitude. Local correlations can be significant
for a single location over short periods of time but there does not appear to be global significance to
these correlations.

The total variations between the Dw1 and Ds0 are mainly positively correlated below 100 km and negatively
correlated above 100 km during April-September. However, these correlations are generally not significant
for the HPFTS-variability < 18 days.

While the form of the correlations of this group of waves in October-March (Figure 4b) differs from that
diagnosed in April-September, similar conclusions can be drawn. The original time series of Dw2 in the SH
MLT region are positively correlated with the NH SPW1 in the stratosphere and lower mesosphere (Figure 4b,
left column, top plot). The positive correlations seen in the original time series are mainly due to the LPFTS-
variability > 18 days (left column, middle plot), while their HPFTS-variability < 18 days is mostly negatively
correlated (left column, bottom plot).

There are no significant correlations of a global extent for both the original time series and HPFTS between
Ds0 and NH SPW1 in October-March (Figure 4b, right column, top and bottom plots). As in April-September,
although the Dw1 and NH SPW1 original time series are negatively correlated over a broad region, these
correlations are not significant for the HPFTS (figures not shown). The correlations between Dw2 and Dw1
in October-March are not significant for the original time series at most of the locations. No significant
correlations are seen for both original time series and HPFTS between Ds0 and Dw1 in October—March
(figures not shown).

From the above correlation analysis, hemispheric differences are obvious. Overall, the correlations with the
original times series among this group of waves tend to be stronger for those involving the SH SPW1 during
April-September. This is especially the case for DsO and SPW1. The correlations are strong and positive
between the original time series in both hemispheres of the MLT region during April-September. However,
the correlations are not significant during October-March when the SPW1 is strong in the NH. Also of
importance is the fact that the correlations are very time scale dependent. The strong correlations seen with
the original time series are generally not present for the HPFTS-variability < 18 days. At times, the correlations
are of opposite sign for the two time series (e.g., Dw2 and NH SPW1 original and HPFTS).

5.2. Correlations Among Sw1, Sw3, Sw2, and SPW1

The second set of waves often considered to be related through nonlinear interactions involves the migrating
semidiurnal tide Sw2 interacting with the SPW1 to generate the nonmigrating semidiurnal tides Sw3 and
Sw1. A similar correlation analysis as above is undertaken to examine the nature of the interaction between
these waves. These correlations are presented in Figure 5 in the same manner as Figure 4. Figure 5a is for the
period of April-September and Figure 5b for October-March.
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For April-September, the correlations of the original time series, LPFTS, and HPFTS between Sw1 and SPW1
are not globally significant (Figure 5a, left column). In contrast, for October-March, the original time series
of Sw1 in the MLT region is positively correlated with the SPW1 above 100 km (Figure 5b, left column, top
plot). However, these correlations are mainly due to LPFTS-variability > 18 days (Figure 5b, left column,
middle plot) and disappear when the two HPFTS are considered (Figure 5b, left column, bottom plot).

There are strong correlations between the original time series of Sw3 and SPW1 in the high latitudes above
100 km during April-September (Figure 5a, right column, top plot). However, these strong positive
correlations are absent for the associated HPFTS (Figure 5a, right column, bottom plot). During October-
March, the correlation of Sw3 with the SPW1 is positive in the SH high latitudes and negative in the
equatorial region above 100 km, for both the total time series and HPFTS (Figure 5b, right column, top and
bottom plots). There are no significant correlations for the LPFTS-variability > 18 days (Figure 5b, right
column, middle plot). This is the only component and time period for which strong positive correlations
with SPW1 exist for both total time series and HPFTS. However, no coherent correlations are present
between the other waves during the same period.

The time series of the two assumed parent waves—the Sw2 and the SPW1—are generally anticorrelated in
the SH and positively correlated in the NH above 100 km during both time periods. The SH negative
correlations are stronger during April-September than October-March and the NH positive correlations
are stronger during October—March than April-September. However, similar strong correlations for the
associated HPFTS are absent and not global in extent (figures not shown).

The total time series of the Sw2 and Sw1/Sw3 are generally positively correlated in the NH high latitudes
during April-September; however, these positive correlations are absent for the HPFTS (figures not shown).
The total time series of Sw2 and Sw3 are negatively correlated in the SH above 100 km during April-
September but are not significant at most locations for the HPFTS (figures not shown). For the period of
October-March, the correlations between Sw2 and Sw1/Sw3 for both the total time series and HPFTS are not
significant at most locations. There is little coherence in height and latitude, and hence, the correlations are
not globally significant for both sets of time series (figures not shown).

Again, the correlations are very time scale dependent. The strong correlations in the original time series are
mainly found in the longer-term variations (>18 days) but not in the short-term variations (<18 days).
These strong long-term correlations are most likely associated with the large-scale seasonal variations in
the sources and propagation characteristics of the various waves.

6. Conclusions

The eCMAM is used to study the characteristics of the polar tides (diurnal, semidiurnal, and terdiurnal) in the MLT
region. The latitudinal structures of the annual mean amplitudes of significant polar tidal components are
presented for the temperature (T), zonal wind (U), and meridional wind (V) fields. Their seasonal variations are
discussed using the associated zonal wind field. The model results reveal strong seasonal, latitude, and altitude
variations and interhemispheric symmetry/asymmetry for these components.

The most significant diurnal, semidiurnal, and terdiurnal tides in the polar regions in this model run are Ds0,
Dw1, and De1; Sw3, Sw2, Sw1, Ss0, Se1, and Se2; and Tw3, Ts0, and Tw1, respectively. Of note is the existence of
a strong nonmigrating De3 feature in the SPR between 70 and 90 km, which is not seen in the NPR.
Components which contribute significantly to polar tidal amplitudes include those which maximize in polar
regions (Dw1 above 100 km, Sw1 UV, Sw2 UV, SsO, Se1, Tw3 U V, TsO, and Tw1) and those which maximize at
nonpolar latitudes but still have significant amplitudes in polar regions (De1, Ds0, Sw1 T, Sw2 T, Sw3, Se2,
and Tw3).

All the above tidal components exhibit significant seasonal variations. Some of the tidal components maximize
during the same season in both polar regions. For example, the migrating diurnal tide Dw1 in the NPR
maximizes between April and October and it maximizes in the SPR between October and April. Another group
of components maximizes at the same time (but opposite season) in both polar regions. Ds0, which maximizes
during May-September in both polar regions is an example of this behavior. A number of other components
have amplitude variations on a shorter than seasonal time scale with the amplitude variations exhibiting a
mixture of the above two scenarios. For example, the nonmigrating semidiurnal tide Sw1 has multiple peaks
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over an annual cycle in both polar regions. At times, the amplitudes maximize at the same time, whereas
during other periods, they are complementary in time with maximum amplitude occurring in one
hemisphere or the other. Further study of the sources for these components is needed to provide insight
into the differences in interhemispheric symmetries/asymmetries exhibited by the various components.

One potential generation mechanism for the nonmigrating tides, namely, nonlinear interactions between the
migrating tides and the SPW1, is examined using systematic global correlation analysis. This problem is
approached by first examining correlations between total time series of the relevant components and
comparing them to the correlations between the associated LPFTS and HPFTS. The results indicate that the
correlations are highly time scale dependent. The significant correlations are mainly due to the longer-term
variations (>18 days) and no global significant correlations are found for the short-term variations (<18 days).
Studies of satellite observations which provide similar global correlation analyses are important (although difficult
with currently available mission) to determine whether these model analyses are authentic representations
of the real atmosphere or not (in which case further improvements to the models is needed).
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