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Abstract Among the broad spectrum of vertically propagating tides, migrating diurnal (DW1) and
semidiurnal (SW2) are prominent modes of energetic and dynamical coupling between the mesosphere
and lower thermosphere and the upper thermosphere and ionosphere. DW1 and SW2 tides are modulated
on time scales ranging from days to years. NASA Thermosphere-lonosphere-Mesosphere Energetic and
Dynamics (TIMED) is the first observational platform to perform global synoptic observations of these
fundamental tides (for nearly two decades) overcoming previous observational limitations. Here we utilize
the extensive archive of TIMED Doppler Interferometer wind measurements and exploit the capabilities

of tidal theory to estimate short-term (<1 month), seasonal (intra-annual), long-term (>1 year), and
climatological variability in DW1 (1,1), SW2 (2,2), and SW2 (2,3) modes and then compare with tidal
estimates derived from the Navy Global Environmental Model-High Altitude version data assimilation
system. Overall, the tidal estimates from TIMED Doppler Interferometer and Navy Global Environmental
Model-High Altitude version are similar and exhibit significant short-term and intra-annual variability. The
short-term variability can induce ~64% change in the DW1 amplitude. Statistically, the short-term variability
in DW1 (1,1), SW2 (2,2), and SW2 (2,3) modes is of the order of ~9, 33, and 20 m/s, respectively. The biennial
oscillations in DW1 and SW2 modes suggest a systematic correlation with the equatorial quasi-biennial
oscillation in the stratosphere and are more apparent in DW1 amplitudes. Although there is significant
interannual variability in addition to the apparent biennial signal, there is no clear evidence of any solar
cycle dependence or long-term trend in either DW1 or SW2 modes.

1. Introduction

Atmospheric solar tides are oscillations of temperature, winds, and composition with periods that are har-
monics of 1 day. The migrating tides (sun synchronous) are excited by absorption of solar infrared radiation
by water vapor in the troposphere, ultraviolet (UV) radiations by ozone in the stratosphere, and UV and
extreme-UV radiation in the thermosphere (e.g., Forbes, 1982a, 1982b). As the tidal oscillations propagate ver-
tically, away from their source regions in troposphere and stratosphere, other processes such as latent heat
release due to deep convection in the tropics, nonlinear interaction between global-scale waves, interaction
between tides and gravity waves, and nonlinear interactions associated with the background zonal mean
winds modulate the radiatively excited atmospheric tides on various temporal and spatial scales (e.g., Forbes
& Garrett, 1979; Hagan & Forbes, 2003; Oberheide et al., 2002; Yigit & Medvedev, 2015). This variability of the
lower atmosphere is imprinted on upwardly propagating tidal components and modulates properties of the
thermosphere and the ionosphere (e.g., Forbes, 2009; Hagan et al., 2009; Hausler & Luhr, 2009; Lieberman
etal, 1994; Oberheide & Forbes, 2008; Oberheide et al., 2015). Tides are also perceived as important coupling
agents between the mesosphere and lower thermosphere (MLT) region and ionosphere (e.g., England et al.,
2006; Immel et al., 2006; Jin et al., 2012; Pedatella et al., 2012). They can modulate gravity wave momentum
and energy deposition by filtering small-scale gravity waves, interact with planetary waves, induce variability
in polar mesospheric clouds, modulate equatorial vertical plasma drifts and bubble seeding, and contribute
to neutral density variability (e.g., Beard et al., 1999; Beldon & Mitchell, 2010; Chang et al., 2011; Fang et al.,
2013; Fiedler et al., 2005; Fritts et al., 1987; Oberheide et al.,, 2009, 2011).
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The past three decades of research has corroborated the importance of atmospheric tides in dynamical cou-
pling between the lower and upper atmosphere. Studies have shown that there is a considerable amount
of unexplained day-to-day variability in the thermosphere and ionosphere (TI; e.g., Mendillo et al., 2002)
that often competes with the variability caused by other factors such as geomagnetic activity and solar flux
changes. Meteorological variations in the lower atmosphere propagate into the Tl system, accounting for an
estimated 10-50% of day-to-day Tl variability (Fang et al., 2013; Forbes et al., 2000; Liu et al., 2016; Mendillo
etal., 2002), and interrupt communication and navigation systems.

Among the spectrum of upward propagating waves, the vertically propagating migrating diurnal and semid-
iurnal tides are particularly influential. They are considered the primary source of quiet-time low-latitude
electric fields in the ionosphere (Millward et al., 2001; Yamazaki et al., 2016), and they modulate thermo-
spheric composition (Yamazaki & Richmond, 2013; Yamazaki et al., 2016). Model simulations by Fang et al.
(2013) indicate that day-to-day variations of semidiurnal tides in the MLT are associated with ~30% variations
in peak equatorial vertical plasma drifts. Changes in diurnal and semidiurnal tides in the MLT have also been
implicated in the Tl response to stratospheric sudden warmings (SSWs; Pedatella et al., 2016), but their ampli-
tudes and phases exhibit large variability even in the absence of SSWs. Currently, there is little observational
knowledge of the coupling on short time scales (<1 month) because spectral analysis of the existing satellite
data typically requires a month or longer to sample the full range of local times (e.g., Oberheide et al., 2011).
Ground-based measurements cannot resolve nonmigrating tidal variations from the migrating tidal variations
without measurements from multiple longitudinally distributed stations at similar latitudes (e.g., Oberheide
etal,, 2006; Ward et al., 2010).

Atmospheric tides show both long-term and short-term variability. Observational studies combined with
advances and increasing reliability of GCMs have exposed their fundamental sources; their interannual, lat-
itudinal, and altitudinal characteristics; and their association with variability in the Earth’s ionosphere and
thermosphere. Despite their perceived impact on the Tl dynamics, their short-term variability (on the time
scales smaller than a month) and role in coupling the lower atmosphere with ionosphere and thermosphere
is still largely unknown. The migrating diurnal and semidiurnal tides propagating vertically can be impacted
by a number of sources which can modify their amplitude and phase. In particular, the major focus of this
study is to investigate short-term (<1 month) variability in the migrating diurnal (DW1) and semidiurnal (SW2)
tides that have received little attention in the literature. In addition, we discuss their seasonal or intra-annual
(<1 year), long-term (>1 year), and climatological variability, using space-based wind measurements and a
physics-based data assimilation (DA) model.

A number of space-based observational MLT tidal studies have used  NASA
Thermosphere-lonosphere-Mesosphere Energetic and Dynamics/Sounding of the Atmosphere using Broad-
band Emission Radiometry (TIMED/SABER) temperatures (e.g., Huang et al., 2006; Mukhtarov et al., 2009;
Nguyen & Palo, 2013; Riggin & Lieberman, 2013; Truskowski et al., 2014; Wu et al., 2008). Others have used
Microwave Limb Sounder on the EOS Aura spacecraft and High Resolution Doppler Imager on the Upper
Atmosphere Research Satellite (UARS; e.g., Burrage et al., 1995; Forbes et al., 2006; Hays et al., 1994; Nguyen &
Palo, 2013). Many ground-based short-term and long-term variability studies of MLT diurnal and semidiurnal
tides have used radar winds (e.g., Buriti et al., 2008; Chang & Avery, 1997; Davis et al., 2013; Gurubaran et al.,
2009; Jacobi et al., 1999; Kumar et al., 2008; Sridharan et al., 2010; Vincent et al., 1998). Friedman et al. (2009)
and Yuan et al. (2008) studied solar semidiurnal tidal perturbation using LIDARs. Hernandez et al. (1993) and
Niciejewski and Killeen (1995) studied semidiurnal tides using ground-based Fabry-Perot interferometers.
Many other studies have estimated long-term and climatological trends in tides from TIMED Doppler Inter-
ferometer (TIDI) winds (e.g., Oberheide et al., 2006, 2009, 2011; Wu et al., 2008). Nevertheless, only few studies
(e.g., Niciejewski et al., 2006) have explored TIDI winds for estimating short-term day-to-day variability in MLT
tides. This is primarily due to the limited local time sampling over short time periods and gaps in the data
associated with solar beta angle selection criteria (discussed later). Due to the precession rate of the TIMED
orbit, TIDI samples all local times in 60 days. Consequently, most of the TIDI wind-based tidal estimation
studies (e.g., Forbes et al., 2008; Mukhtarov et al., 2009; Truskowski et al., 2014; Wu et al., 2008) are focused on
either a 30- or 60-day running average window or seasonal and long-term variations.

Ground-based platforms provide continuous tidal information but no spatial information. The ground-based
observations have described day-to-day variability in tidal oscillations quite extensively, but it is impossible
to de-alias nonmigrating and migrating tides from the observations without measurements from multiple
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longitudinally distributed stations at similar latitudes (Ward et al., 2010). On the other hand, space-based
observations provide limited spatiotemporal coverage that is usually considered insufficient to directly extract
short-term tidal variability. The primary focus of this study is to take advantage of the knowledge gained
from earlier tidal studies and utilize the TIDI MLT wind measurements by exploiting the physical constraint
of Hough functions to estimate the short-term variability in migrating diurnal DW1 (westward, wave number
1—(1,1) mode) and migrating semidiurnal SW2 (westward, wave number 2—(2,2) and (2,3) modes) tides.
Hough modes are eigen solutions of Laplace’s tidal equation and define the horizontal structure of each ver-
tically propagating class of tidal modes. These modes are excited in the lower atmosphere and propagate
upward; the physics and underlying mathematical theory of these mode excitations, propagation, altitudinal
dominance, and dissipation are presented in Forbes, (1982a, 1982b).

Despite the sparse local time coverage of TIDI over time periods less than a month, it is possible to obtain
short-term tidal estimates (e.g., Burrage et al., 1995; Hays et al., 1994; Niciejewski et al., 2006; Ortland, 2017).
This is because the latitudinal profiles of diurnal and semidiurnal MLT tidal modes are well represented using
orthogonal Hough functions. This study includes TIDI winds from 2002 to 2016, allowing us to investigate
DW1 and SW2 variability over a wide range of time scales.

Further, we compare TIDI-derived estimates of tidal variability over interseasonal time scales for 2010 with
similar estimates based on assimilated wind fields from the Navy Global Environmental Model-High Altitude
version (NAVGEM-HA). Our comparison of TIDI tidal estimates during 2010 with NAVGEM-HA serves as an
independent validation of the estimation process as NAVGEM-HA does not directly assimilate any MLT wind
data. We also include tidal estimates from the Horizontal Wind Model (HWM14). HWM14 is a climatological
model and did not include any wind data from TIDI. Thus, all three wind data sets in this comparison are
independent.

Multiple studies (e.g., Burrage et al., 1995; Davis et al., 2013; Gurubaran et al., 2009; Hagan et al., 1999; Huang
et al,, 2006; Laskar et al., 2016; Lieberman, 1997; Mukhtarov et al., 2009; Nguyen & Palo, 2013; Wu et al., 2008;
Xu et al., 2009) have reported interannual oscillations of the diurnal and semidiurnal tides that closely resem-
ble the stratospheric quasi-biennial oscillation (QBO), suggesting modulation of upward propagating tides by
QBO.The QBO is the characteristic mean flow behavior of zonal winds in the tropical stratosphere-mesosphere
system. Studies have shown that QBO interaction with tides could dampen or enhance the tides (e.g., Andrews
et al.,, 1987; Hamilton & Hamilton, 1998; Mayr & Mengel, 2005). The long-time stretch of this study provides
an unprecedented opportunity to explore any systematic long-term teleconnections between stratospheric
QBO and MLT tides (DW1 and SW2 modes).

Solar activity dramatically affects geospace weather and plays an important role in determining the state of
Earth’s atmosphere. Thus, solar activity is expected to have some influence on many atmospheric phenom-
ena such as tides (e.g., Laskar et al., 2016; Singh & Gurubaran, 2017; Sridharan et al., 2010). However, many
existing studies of MLT migrating tides (e.g., Bremer et al., 1997; Fraser et al., 1989, and thereafter) indicate no
statistically significant correlation between tide amplitude and solar activity. In this study, which covers the
more than a solar cycle, we revisit long-term variations in MLT tides associated with the solar cycle.

The paper is organized as follows. Section 2 discusses TIDI and NAVGEM-HA data; section 3 describes the
methodology used for tidal extraction from TIDI, NAVGEM-HA, and HWM14. The extracted short-term, sea-
sonal, long-term, and climatological variabilities and trends in the DW1 and SW2 tidal components are
described in detail in section 4. Finally, section 5 summarizes and discusses the results.

2. Data

The MLT region horizontal neutral winds measured by TIMED/TIDI from 2002 to 2016 are used, in combination
with the NAVGEM-HA and HWM?14 horizontal neutral winds for 2010. The TIDI instrument is a limb-scanning
Fabry-Perot interferometer designed to study the MLT region daytime and nighttime horizontal neutral wind
dynamics on a global basis (pole-to-pole). The TIMED satellite was launched in December 2001 and all four
instruments continue to produce valuable scientific measurements at the time of this publication. TIDI uses
four individual scanning telescopes for four different look directions each covering an altitude range of
~70-120 km. The field of view of each TIDI telescope is 2.5° horizontal by 0.05° vertical providing a resolution
of ~2 km over the altitude range ~70-120 km. Four orthogonal telescopes, two on either side of the TIMED
orbital path, view the limb simultaneously in two narrow swaths separated by ~30° longitude at low latitudes.
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The emissions viewed are individual O, Atmospheric (0,0) lines which emit both dayglow and nightglow in
the MLT. The TIMED orbit precesses such that TIDI measurements return to the same latitude and local time
coordinates after 1 year, which facilitates deseasonalization of the data for long-term studies. An overview
of TIDI instrumental design, orbital geometry, operational and wind data processing algorithms, and output
wind data is presented in Killeen et al., (1999, 2006) and Niciejewski et al. (2006). Due to the precession rate, it
takes TIDI 60 days to fully sample all local times.

The TIDI measurements suffer from twilight contamination, so we exclude TIDI data when the solar beta
angle (the angle between the orbital plane and the Earth-Sun vector) is greater than 55°; that is, when TIMED
orbiting near the terminator. The variation of solar beta angle as a function of day of year 2010 is shown in
supporting information Figure S1. The solar beta angle changes almost at the rate of 3° per day except near
the turnaround dates. The data elimination associated with high solar beta angles create a gap of roughly
3 weeks during four of the six yaw cycles, centered at the middle of February, April, August, and October each
year. Despite the periods of degraded data at high solar beta angles, TIDI winds are the longest continuous
wind data set available from any space-based instrument.

NAVGEM-HA is a numerical weather prediction system designed for middle atmosphere research that
combines a hybrid four-dimensional variational DA system (Kuhl et al., 2013) with a global semi-implicit
semi-Lagrangian forecast model (Hogan et al., 2014). The DA component of NAVGEM-HA assimilates
both standard operational meteorological observations in the troposphere and lower stratosphere plus
satellite-based observations of temperature, ozone, and water vapor in the stratosphere and mesosphere.
NAVGEM-HA does not directly assimilate any middle atmospheric wind measurements; instead, the DA algo-
rithm produces wind increments in balance with the assimilated temperature increments based on a modified
form of the gradient wind approximation (McCormack et al., 2014). The resulting horizontal wind fields are
further constrained by the physical parameterizations in the model (e.g., gravity wave drag and diffusion).

McCormack et al. (2017) recently validated the NAVGEM-HA winds using independent meteor radar wind
observations from nine different sites ranging from 69°N to 67°S latitude during the boreal winters of
2009-2010 and 2012-2013. The results of this study show that NAVGEM-HA accurately captures the key fea-
tures of MLT winds during these periods, particularly the amplitude and phase of the diurnal and semidiurnal
tides in upper mesosphere.

NAVGEM-HA outputs data every 3 hr on a global 1° latitude/longitude grid; this sampling frequency in local
time is well above the Nyquist sampling frequency for the evaluation of DW1 and SW2 tides. For this study,
NAVGEM-HA analyzed wind and geopotential height output on constant pressure levels throughout the MLT
region were used to produce zonal and meridional wind fields at fixed geometric altitude levels. Unfortu-
nately, at present, NAVGEM-HA winds are only available over a continuous 12-month period for the year of
2010. Efforts are underway to extend NAVGEM-HA time coverage to other years. As described in McCormack
et al. (2017) and references therein, a major SSW occurred in early February 2010, which was preceded by a
reversal in mesospheric winds at 60°N latitude 2 weeks earlier beginning on 27 January 2010. The changes
in MLT due to the 2010 SSW have been associated with dramatic changes in the composition and dynam-
ics of the thermosphere/ionosphere system (e.g., Goncharenko et al., 2013) through proposed modulation
of migrating tides (e.g., Pedatella et al., 2016). Examining the tidal variability in NAVGEM-HA wind fields dur-
ing the 2010 period serves as an independent test of the DW1 and SW2 tidal variability estimates over both
short-term (days to weeks) and seasonal time scales derived using TIDI winds.

In order to investigate the teleconnection between the stratospheric QBO and MLT tides, we used monthly
mean stratospheric zonal winds from 2002 to 2016 at 30 hPa obtained from the Singapore radiosonde station
(http://www.geo.fu-berlin.de/en/met/ag/strat/produkte/qbo/index.html).

3. Methodology

As TIDI takes almost 60 days to fully sample a complete diurnal cycle, most previous tidal variability studies
based on TIDI data are either climatological or subject to an assumption that the mean winds during 30-day
period are constant. However, ground-based radar studies (mentioned in section 1) have shown the presence
of significant day-to-day variability in tides. Here we quantitatively assess the short-term variability in tides
by applying the similar Hough mode analysis approach discussed in Hays et al. (1994) and Niciejewski et al.
(2006) to the TIDI winds to derive a 15-year database of tidal variability. The approach for estimating amplitude
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Hough(1,1) for DW1
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Figure 1. Normalized Hough functions for the diurnal (DW1, left panel) and semidiurnal (SW2, right panel)
tidal components.

and phase is based on fitting Hough functions as a representation of tidal latitudinal structure and simple
harmonic functions (sine and cosine) as a presentation of their local time variation.

From classical tidal theory, the solution of Laplace’s tidal equation may be decomposed into classical Hough
modes. Hough functions (eigensolutions of Laplace’s tidal equation) define the horizontal structure of each
vertically propagating tidal mode with an equivalent depth (eigenvalue of each mode) that defines their ver-
tical structure (Chapman & Lindzen, 1970; Lindzen & Chapman, 1979). The vertical wavelength of each mode
is estimated from the equivalent depth (e.g., Forbes, 1995). Theoretical and experimental studies of tides (e.g.,
Forbes et al., 1976; Forbes & Hagan, 1982; Forbes & Groves, 1987; Hays et al., 1994; Lindzen et al., 1977; Ortland,
2005; Truskowski et al., 2014) have shown that the latitudinal structures of diurnal and semidiurnal amplitudes
in the MLT region are well characterized in terms of Hough modes. Hough modes change shape (mostly above
100 km) with the change in tidal dissipation (e.g., associated with ion drag, molecular and eddy viscosity and
conductivity, and radiative damping) or when mean wind flow is present above the region of wave forcing
(Forbes & Hagan, 1982). Thus, the propagation of tides from the lower atmosphere into the thermosphere
is commonly explored using Hough Mode Extensions (Forbes, 1982a, 1982b; Forbes & Hagan, 1982; Lindzen
etal, 1977); Hough Mode Extensions deal with changes in the Hough mode shapes as they encounter dissi-
pation in the thermosphere. Hays et al. (1994) showed that the meridional diurnal (1,1) Hough mode retains
its shape well in the MLT region below 100 km. Strong zonal mean zonal wind flows prevail in the MLT region
and Hough modes are prone to contamination from mean flows; therefore, we have limited our tidal extrac-
tion scheme (as discussed in detail in Hays et al., 1994) to only meridional winds. Previous studies (e.g., Davis
et al.,, 2013) also have shown that migrating tidal signatures estimated from meridional winds are stronger
than zonal winds and match better with ground-based measurements (e.g., Singh & Gurubaran, 2017).

In the MLT region, the DW1 dominates at tropical latitudes, whereas SW2 peaks at middle latitudes (e.g.,
Forbes, 1995). Also, a gradual blending of diurnal and semidiurnal tides occurs at high latitudes. For this study,
tidal extractions were performed twice, once for DW1 (by fitting DW1 and SW2 modes together and limiting
the fitting analysis to latitudes between +35°) and once for SW2 (2,2) and (2,3) modes (by fitting DW1 and SW2
together and limiting the fitting analysis to latitudes between 25 and 60°N). In addition, the selected latitudi-
nal ranges avoid aliasing from stationary planetary waves poleward of +65° (Oberheide et al., 2011). The peak
amplitude of the upward propagating DW1 occurs between 80 and 100 km, whereas SW2 peaks at slightly
higher altitudes (e.g., Shepherd et al., 2012; Wu et al., 2011). Here we have estimated DW1 and SW2 modes
using TIDI and NAVGEM-HA wind data from 80 to 95 km for DW1 and 85 to 100 km for SW2. For a climato-
logical perspective, HWM14 winds were evaluated at 90 km for DW1 and SW2 modes. For tidal extraction, we
apply similar data sorting and analysis schemes (described below) to TIDI, NAVGEM-HA, and HWM14 merid-
ional winds. Here we have not included amplitude growth with altitude (a factor used in Hays et al., 1994 and
Niciejewski et al., 2006) in the tidal analysis; thus, the tidal components extracted in this study represent the
average tidal amplitudes in the selected altitude ranges.

For daily extraction of DW1 and SW2 amplitude and phase information from the TIDI, NAVGEM-HA, and
HWM14 meridional winds, we employed the dominant diurnal (1,1) and semidiurnal (2,2) and (2,3) Hough
mode meridional expansion functions to represent their latitudinal structure (e.g., Forbes, 1982a, 1982b). The
latitudinal structures of DW1 and SW2 Hough meridional expansion functions used here, calculated using
Wang et al. (2016), are shown in Figure 1. Their distinct latitudinal structures allow resolution of the diurnal
and semidiurnal tidal behaviors. DW1 and SW2 modes are fitted simultaneously in order to avoid aliasing.

DHADLY ET AL.

7110



At

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Space Physics 10.1029/2018JA025748

We fitted TIDI, NAVGEM-HA, and HWM14 meridional winds to the following function:

2nt  27mz . 2nt  2nz 2nt  2nz
V=A,+H, 0) (A, cos + — ) +A,sin| — + — +
o+ Han( )[ (24 i ) 2 (24 /121> 12 A, )

[ 2zt  2nz 2rt | 27z 2zt 2zz\]|
A, sin H 0) |Accos | — + — Agsin [ =—
+4|( +/12>]+(2’3)()[5 <12+/1z3)+6|<12+ﬂz3>]

where H 1y, Hp 5, and H 5, are the diurnal (1,1), semidiurnal (2,2), and semidiurnal (2,3) Hough meridional
expansion functions, respectively; 4,;, 4,,, and 4,5 are the vertical wavelengths for diurnal (1,1), semidiurnal
(2,2), and semidiurnal (2,3) modes, respectively; (A,, A;, A,, A3, Ay, As, Ag) are the coefficients; 0 is the latitude,
t is the local solar time, and z is the altitude. The coefficients are estimated by least square fitting and are

+ H3)(0) |A; cos (

used for calculating amplitudes of the diurnal (1,1) and semidiurnal (2,2) and (2,3) modes given by 4 /Af + Ag,

\/A3 +A; and /AL + A2, respectively Similarly, the phases of diurnal (1,1) and semidiurnal (2,2) and (2,3)

modes are calculated usmg tan“(Az) 12 tan“( ) and = tan‘1 (Aé) respectively. The mean vertical wave-
length for the diurnal (1,1) mode is 23 km (as in Hays etal, 1994 and Burrage etal, 1995). For the semidiurnal
(2,2) and (2,3) modes, vertical wavelengths of 311 and 81.4 km, respectively, from the classical tidal theory (as
in Forbes & Groves, 1987; Truskowski et al., 2014; Yuan et al., 2008) were used. It is important to note that the
amplitudes calculated here are the peak amplitude of tidal modes with respect to latitude and the phases are
the local time of maximum amplitudes, as discussed in Hays et al. (1994), Burrage et al. (1995), and Niciejewski
et al. (2006). The extracted tidal fields are included in the supporting information. These tidal fitting analyses
are carried out in time and latitude by fitting data from all the altitudes selected for DW1 and SW2 modes; thus,
we expect our space-time decomposition to be mostly alias-free. However, we do not exclude any possibility
of aliasing in TIDI fits from planetary waves. But fitting data with Hough modes and a good agreement with
fully sampled data from NAVGEM-HA (discussed later) reduces the possibility of aliasing in the TIDI results. As
a verification test of our analysis, we reproduced the DW1 tidal amplitudes using TIDI meridional winds shown
in Figure 12b of Killeen et al. (2006) and Figure 19 of Niciejewski et al. (2006).

To investigate the interannual, long-term, and climatological variation of tides (e.g., QBO and solar cycle
related variations), we averaged the annual tidal amplitudes as a function of day of year from 2002 to 2016
and calculated a composite daily mean amplitude profile. The composite daily mean profile embodies all the
variations repeated on time scales less than a year, including the prominent semiannual oscillation. Further,
we calculated residual (deseasonalized) amplitudes by subtracting the composite daily mean from the daily
estimates and used the residuals to investigate long-term modulations of the tides.

4, Results and Discussion

This study is focused on estimating and investigating short-term, seasonal, or intra-annual, long-term, and cli-
matological variations in migrating diurnal DW1 (1,1) and semidiurnal SW2 (2,2) and (2,3) tidal modes utilizing
TIDI/TIMED MLT wind observations from 2002 to 2016. In addition, we estimate day-to-day tidal variability in
these modes using fully sampled 2010 assimilated winds from NAVGEM-HA and HWM14 and compare them
with the tidal estimates from TIDI. HWM14 is a climatological model, hence short-term variations are not
expected in the HWM14 results.

Figure 2 illustrates the direct comparison between the tidal estimates determined using 2010 TIDI,
NAVGEM-HA, and HWM14 meridional wind data. Both the DW1 and SW2 modes from TIDI and NAVGEM-HA
exhibit significant short-term and seasonal variability. The overall morphologies of the tidal estimates from
TIDI, NAVGEM-HA, and HWM14 are in agreement, except for SW2 (2,2) phase between Days 130 and 210. The
tidal morphology shown in Figure 2 is representative of the known seasonal character of the tides. Overall, the
seasonal variability computed from HWM14 for DW1 and SW2 modes also agree with TIDI and NAVGEM-HA,
except for SW2 (2,2) phase. The estimated diurnal and semidiurnal tidal amplitudes exhibit short-term variabil-
ity ranging from days to weeks. The daily tidal amplitudes can be significantly greater or smaller than the mean
(HWM?14) profile. Although there are some discrepancies in the day-to-day variability of DW1 computed from
TIDI and NAVGEM-HA, the short-term variations are very similar. In the case of SW2, the fitted results for both
TIDlI and NAVGEM-HA are scattered; nevertheless, the estimated SW2 exhibits similar short-term and seasonal
modulation. The agreement between TIDI and NAVGEM-HA is better in the case of DW1 than in the case of
SW2, for both the amplitudes and phases. It is important to note that, because of the way the data are fit, these
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Figure 2. DW1 (1,1)(a), SW2 (2,2) (b), and SW2 (2,3) (c) tidal mode amplitudes and phases estimated from TIDI (green),
NAVGEM-HA (red), and HWM14 (gray) meridional winds during 2010. Amplitude refers to maximum value, while phase
refers to the local solar time of the maximum value. Error bars denote the +1¢ uncertainty estimate. Note that SW2 (2,2)
and (2,3) mode phases are wrapped to avoid unwanted discontinuities. TIDI = TIMED Doppler Interferometer;
NAVGEM-HA = Navy Global Environmental Model-High Altitude version; HWM14 = Horizontal Wind Model.

tidal estimates are representative of the variability over a broad range of latitudes selected here. The local time
coverage of TIDI data over short periods of time is very limited. On the other hand, NAVGEM-HA and HWM14
wind fields are fully resolved in time and space. An overall good agreement between TIDI, NAVGEM-HA,
and HWM14 results shown in Figure 2 on various time scales endorses the Hough mode analysis used. The
underlying causes of disagreement between TIDI and NAVGEM-HA estimates require further study.

The tidal estimates for each year including 2010 are shown in Figures S3 to S8. These figures highlight the
stable mean seasonal modulation of diurnal and semidiurnal tides and the pervasive short-term variations.
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(a)  DW1 (1,1) Daily 2002-2016 (green) and Composite Daily Mean (red)
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Figure 3. Thermosphere-lonosphere-Mesosphere Energetic and Dynamics Doppler Interferometer DW1 (1,1)(a), SW2
(2,2) (b), and SW2 (2,3) (c) daily and composite mean amplitudes and phases from 2002 to 2016. Note that SW2 (2,2) and
(2,3) mode phases are wrapped to avoid unwanted discontinuities.

Figure 3 shows tidal amplitudes and phases from year 2002 to 2016. Overpotted in red are composite daily
means as a function of day of year calculated by averaging amplitude and phases from 2002 to 2016. Figure 3
is produced to obtain a climatological perspective of DW1 and SW2 tides, whereas Figures S3 to S8 illustrate
similar information but from a long-term, time-dependent perspective. The mean morphology of the clima-
tology shown in Figure 3 matches with documented behavior of the tides (e.g., Burrage et al., 1995; Davis et al.,
2013; Xu et al., 2009). The estimated DW1 tidal amplitudes show semiannual seasonal behavior with maxima
occurring in equinox and minima in solstice, whereas semiannual behavior is not apparent in SW2 because of
a maximum occurring in the summer season too. As depicted in Figure 3, the annual structure of both DW1
and SW2 is consistent from year to year; the short-term tidal estimates appear to form an envelope around
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Figure 4. TIDI DW1 (1,1)(a), SW2 (2,2) (b), and SW2 (2,3) (c) residual amplitude (= daily amplitude minus composite daily
mean amplitude) contours as a function of year and day of year. Note that x axis represent interannual variability and y
axis present intra-annual variability.

the mean tidal variability. These Figures (3, S3 to S8) clearly illustrate tidal variations from year to year on the
same composite day.

An interesting feature in the 2010 DW1 amplitude (Figure 2) is the steep dip between day number 60 and
90. TIDI and NAVGEM-HA both show very similar dips in DW1 amplitude around the same time period. This
dip is ~26 m/s (64%) lower than the climatological amplitude estimated by HWM14. Similar dips in ampli-
tude around the same time of year are present in multiple other years (refer to Figure S3). In addition, SW2
(2,2) and (2,3) modes (Figure S2) in the Southern Hemisphere show a similar steep dip between day num-
ber 60 and 90. No such feature is present the Northern Hemisphere SW2 modes (Figure 2). The short-term
variability in diurnal MLT tide in temperature in 2009 at the equator, estimated by Nguyen and Palo, (2013;
by combining temperature measurements from AURA Microwave Limb Sounder and TIMED SABER) also sug-
gests the presence of a dip in amplitude around the same time period. Also, the phase of the diurnal tide
calculated in Nguyen and Palo (2013) matches very well with the phase estimated here. The overall morphol-
ogy of the equatorial diurnal tide in temperature presented in Nguyen and Palo (2013) agrees well with the
diurnal tide presented in Figure S3. Even though a similar dip is present in a few other years, it is much more
prominentin 2010.

In the 2010 DW1 (Figure 2), there are changes in phase of almost ~8 hr in January and July-August. Such
short-term phase variability is washed out in the climatology. As shown in Figure 3, the average DW1 phase
moves to later local times in the solstices, compared to equinox.
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Figure 5. (top) Comparison of TIDI DW1 (1,1), SW2 (2,2), and SW2 (2,3) mode amplitude residuals for spring equinox
(day number 60-100, blue) and fall equinox (day number 230-290, red). (bottom) March (blue) and September (red)
monthly mean stratospheric zonal winds at 30 hPa from Singapore.

Because of the presence of intra-annual variations in the tidal amplitudes, it is difficult to find any long-term
variation directly from the estimated tidal amplitudes (shown in Figures S3, S5, and S7). Therefore, we desea-
sonalized the amplitudes (i.e., calculated residuals) by subtracting the composite daily mean (shown in red in
Figure 3) from the tidal estimates. This removes any annually repeated variations from the tidal amplitudes
and yields a data set of perturbations around the annual mean behavior. The calculated deseasonalized ampli-
tudes for DW1 and SW2 modes as a function of year and day of year are illustrated in Figure 4. In this figure,
the y axis presents the intra-annual variation and the x axis represents the interannual variability.

DW1 amplitude residuals shown in Figure 4 indicate the presence of biennial oscillations. Past modeling and
observational studies (e.g., Hagan et al., 1999, and herein) suggest that such oscillations are most likely the
signature of the QBO modulation of tides. As shown in Figure 4, from years 2002 to 2009, the biennial behavior
of DW1 in equinoxes and solstices is fairly consistent across all seasons, suggesting a square-wave-like varia-
tion. However, after 2009, the seasonal signature of the biennial behavior has changed; spring equinox (day
number 60-100) and fall equinox (day number 230-290) amplitude residual variations are apparently out of
phase. On the other hand, biennial oscillations are not apparent in SW2 modes.

To better illustrate the biennial oscillations in tides and their teleconnection with stratospheric QBO, we
compared the mean spring equinox amplitude residuals with fall equinox residuals each year as shown in
Figure 5. In addition, this figure (bottom panel) shows the stratospheric QBO in equatorial March and Septem-
ber mean stratospheric zonal winds from 2002 to 2016 at 30 hPa from the Singapore radiosonde station.
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Figure 6. (a) TIDI DW1 (1,1) mode residual amplitude and 60-day running mean time series from 2002 to 2016, (b) TIDI
DW1 annual and March mean amplitude. The error bars denote the standard deviation of the estimated tidal
amplitudes, (c) histogram of residual amplitude shown in (a), and (d) residual amplitude after removing 60-day running
mean (shown in a).

The biennial oscillations in DW1 are much more apparent in the equinoctial residual time series shown in
Figure 5, indicating that their underlying cause is prominent when vertical propagation and growth of DW1
is most pronounced. The residual DW1 amplitudes in fall and spring equinoxes track each other until 2009
and are out of phase thereafter. The biennial oscillations in the March/September mean DW1 are similar to
the March/September mean stratospheric zonal winds, which suggests that the biennial oscillations in DW1
are connected to the QBO (i.e.,, QBO modulation of DW1 tide). Even though there is no signature of a biennial
oscillation in SW2 modes as shown in Figure 4, we applied the above discussed procedure also on SW2 resid-
uals. Interestingly, the biennial oscillations are evident at least in the Spring equinox SW2 residual amplitudes
(Figure 5), but they are less apparent than DW1. Variation in the SW2 (both modes) spring equinox correlates
with the March QBO until 2013; after that their variation is opposite. On the other hand, a biennial oscillation
is apparent in SW2 Fall equinox after 2012 and matches the phase of the September QBO.

The DW1 March mean amplitude varies between 26 and 54 m/s with an average of 37 m/s. This variation in
September is between 16 and 50 m/s with an average of 32 m/s. Similarly, March mean amplitude for SW2
(2,2) (and (2,3)) varies between 32 (32 m/s) and 112 m/s (68 m/s) with an average of 60 m/s (55 m/s). This
variation in September is between 28 (30 m/s) and 56 m/s (61 m/s) with an average of 43 m/s (45 m/s). The
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Figure 7. Same as for Figure 6, but here for SW2 (2,2) mode.

spring equinox tides are stronger than the fall equinox tides. The interannual standard deviation of the DW1
residual amplitude in the spring and fall equinoxes before QBO disruption (2003-2014) are ~9 and 6 m/s,
respectively. These numbers for SW2 (2,2) (and (2,3)) mode are ~9 (9 m/s) and ~9 m/s (9 m/s). The large SW2
residual amplitudes in 2002 as shown in Figure 5 may be associated with the larger line of sight wind errors
in the beginning phase of the TIDI observations.

Earlier studies of long-term variations in MLT migrating diurnal tides have found no statistically significant
correlation between tidal amplitude and solar activity (e.g., Bremer et al., 1997; Fraser et al., 1989). Recently,
Singh and Gurubaran (2017) studied solar cycle variation of the diurnal tide using ground-based MF radar
located at Tirunelveli (8.7°N, 77.8°E), TIDI, and SABER measurements; the ground-based tides suggested a
prominent solar cycle variation, but the space-based tides showed no clear solar cycle dependence. The solar
control of semidiurnal tides has also been proposed several times, but there is no consensus on the expected
direction of the dependence. Studies such as Greisiger et al. (1987); Namboothiri et al. (1993, 1994); Sprenger
and Schminder (1969) reported negative solar cycle dependence, while Jacobi et al. (1997) reported positive
solar cycle dependence. Fraser et al. (1989) and Fraser (1990) found no clear evidence of their solar control.
The statistical significance of these correlations discussed in above studies is generally low. Our study covers
the second half of solar cycle 23 and slightly more than the first half of solar cycle 24 and includes the deep
solar minimum of 2008 and 2009. The diurnal and semidiurnal amplitudes calculated in this study thus allow
us to revisit the long-term and solar cycle dependence of tides.
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Figure 8. Same as for Figure 6, but here for SW2 (2,3) mode.

The time series of deseasonalized DW1 and SW2 mode amplitudes are illustrated in Figures 6a, 7a, and 8a.
These Figures (6, 7, and 8) also include annual mean and March mean amplitudes (shown in panel b) to better
assist in investigating the long-term variations in tides. The inspection of DW1 residual amplitudes shows
fluctuations correlated with QBO and no clear evidence of any solar cycle or long-term trend. The biennial
behavior may be so strong that it is masking out any long-term or solar cycle variability. In addition, the DW1
annual and March mean amplitudes (Figure 6b) do not exhibit any apparent long-term trend that can be
associated with solar cycle. However, after 2009, both show a slightincrease in amplitude. DW1 annual average
increased by ~20 m/s between 2009 and 2016. In the case of SW2 (2,2), the residual (Figure 7a) and annual
mean amplitudes (Figure 7b) show slight increases with time after 2003. No such signal is apparent in March
mean amplitudes. The variability in SW2 (2,2) tidal estimates is so large that the overall increase in the SW2
(2,2) annual mean amplitude is insignificant as shown in Figure 7b. Similarly, in the case of SW2 (2,3) mode
(Figure 8), there is no apparent variability associated with the solar cycle. Therefore, from these results, we
find no evidence of solar cycle or long-term variability in either DW1 or SW2 tides, over the period studied in
this report. Further study would benefit from including the UARS High Resolution Doppler Imager and WINDII
data sets and to continue monitoring TIDI dataflow into Solar Cycle 25.

To statistically analyze and quantify the short-term variability in DW1 and SW2 modes, we make use of the
residuals shown in Figures 6a, 7a, and 8a and create histograms of the residuals as shown in Figures 6c, 7c,
and 8c. The standard deviations around the mean for DW1, SW2 (2,2), and SW2 (2,3) are ~9, 33, and 20 m/s,
respectively. However, as shown in Figure 5, there is significant interannual variability. Therefore, to isolate only
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the short-term variability (less than 60 days) from deseasonalized amplitudes, we calculated a 60-day running
mean and subtracted it from the residuals calculated earlier. The histograms of the resulting quantities for
DW1 and SW2 modes are shown in Figures 6d, 7d, and 8d. The calculated standard deviation of the resulting
quantities for DW1, SW2 (2,2), and SW2 (2,3) are ~7, 30, and 18 m/s, respectively.

5. Conclusions

This study is focused on estimating short-term, seasonal, long-term, and climatological variations of the
MLT region migrating diurnal DW1 ((1,1) mode) and semidiurnal tides SW2 ((2,2) and (2,3) modes) utiliz-
ing the extensive archive of TIMED/TIDI meridional wind measurements together with fully resolved fields
from NAVGEM-HA and HWM14. Here we utilize the TIDI MLT meridional wind measurements and exploit the
physical constraint of Hough functions to estimate the variability in migrating diurnal DW1 (westward, wave
number 1—(1,1) mode) and migrating semidiurnal SW2 (westward, wave number 2—(2,2) and (2,3) modes)
tides on various time scales. All three data sets included in this study are self-contained; therefore, the tidal
parameters estimated from them are independent of each other.

Both DW1 and SW2 estimated from TIDI and NAVGEM-HA exhibit short-term, seasonal, and long-term variabil-
ity. The mean tidal features in 2010 are representative of the seasonal features of the tides documented in the
literature. Although there are minor discrepancies in the tides computed from TIDI and NAVGEM-HA, the tidal
morphologies are similar on short-term and seasonal time scales. HWM14 tidal estimates also show very simi-
lar seasonal variations, except in the SW2 (2,2) phase. The agreement between TIDI, NAVGEM-HA, and HWM14
is better for DW1 than SW2. Also, there are pronounced variations in DW1 and SW2 on seasonal and interan-
nual time scales. The remaining differences between the amplitudes of the migrating tides observed in the
synoptic wind observations by the TIDI instrument and inferred by the NAVGEM-HA model from tropospheric
meteorology and satellite temperature measurements require further investigation.

An interesting feature in the 2010 DW1 tide calculated from TIDI and NAVGEM-HA is the dip of ~26 m/s in the
winter maximum between day number 60 and 90. This is a ~64% decrease in amplitude as compared to the
climatological average from HWM?14. Similar features around the same time period are present in multiple
other years. The DW1 phase moves to later local times in the solstices, compared to equinox. There are some
strong changes in the phase of almost ~8 hr in January and July—August months. Both TIDI and NAVGEM-HA
data sets reflect similar significant short-term tidal variability in tides that is not apparent in HWM14 clima-
tology. The short-term tidal amplitudes can be greater or smaller than the mean profile, forming an envelope
around the mean tidal variability. Statistical analyses of the deseasonalized amplitudes using 15 years of TIDI
data suggest that the short-term, 1-¢ variability in DW1, SW2 (2,2), and SW2 (2,3) is of the order of ~9, 33, and
20 m/s, respectively.

The deseasonalized amplitudes of DW1 and SW2 modes also show biennial oscillations. The oscillations in
DW1 and SW2 modes appear similar to the equatorial QBO in stratospheric zonal winds suggesting QBO mod-
ulation of tides. The QBO associated variations are more apparent in DW1 than SW2 modes. Variation in SW2
(both modes) spring equinox match well with the March QBO until 2013; after that their variation is opposite.
The biennial oscillation is apparent in SW2 Fall equinox after 2012 and matches well with September QBO. The
interannual standard deviation of DW1 residual amplitudes in spring and fall equinoxes (2003-2014) before
QBO disruption are ~9 and 6 m/s respectively. These numbers for SW2 (2,2) (and (2,3)) are ~9 (9 m/s) and
~9m/s (9 m/s).

Although long-term analysis of DW1 deseasonalized amplitudes shows fluctuations correlated with strato-
spheric QBO, there is no clear evidence of solar cycle dependence. The biennial behavior in DW1 amplitudes
may be so strong that it is masking out any solar cycle associated variability. However, after 2009, average
annual DW1 amplitude shows an increase of ~20 m/s from 2009 to 2016. The deseasonalized amplitudes of
SW2 (2,2) mode show a slight increase in time after 2003. SW2 (2,3) mode deseasonalized amplitudes show no
variations associated with solar cycle. Therefore, from this analysis, we find no evidence of long-term variability
in DW1 and SW2 modes.

As the migrating diurnal and semidiurnal tides propagate vertically, away from the source regions in the tro-
posphere and stratosphere, they can be impacted by a number of factors which can modify their amplitude
and phase. In the future, we plan to study the mechanisms that contribute to the short-term variability in
tides. Migrating diurnal and semidiurnal tides are a prominent mode of energetic and dynamical coupling
between the MLT and the upper Tl. Further studies, both theoretical and observational, are therefore desirable
to understand the contribution of tidal variability to many ionospheric and thermospheric properties.
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