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Abstract The intraseasonal variability of the eastward propagating nonmigrating diurnal tide with
zonal wave number 3 (DE3) during 2007 in the mesosphere, ionosphere, and thermosphere is investigated
using a whole atmosphere model reanalysis and satellite observations. The atmospheric reanalysis is
based on implementation of data assimilation in the Whole Atmosphere Community Climate Model
(WACCM) using the Data Assimilation Research Testbed (DART) ensemble Kalman filter. The tidal variability
in the WACCM+DART reanalysis is compared to the observed variability in the mesosphere and lower
thermosphere (MLT) based on the Thermosphere Ionosphere Mesosphere Energetics Dynamics satellite
Sounding of the Atmosphere using Broadband Emission Radiometry (TIMED/SABER) observations, in the
ionosphere based on Constellation Observing System for Meteorology, Ionosphere, and Climate (COSMIC)
observations, and in the upper thermosphere (∼475 km) based on Gravity Recovery and Climate Experiment
(GRACE) neutral density observations. To obtain the short-term DE3 variability in the MLT and upper
thermosphere, we apply the method of tidal deconvolution to the TIMED/SABER observations and
consider the difference in the ascending and descending longitudinal wave number 4 structure in the
GRACE observations. The results reveal that tidal amplitude changes of 5–10 K regularly occur on short
timescales (∼10–20 days) in the MLT. Similar variability occurs in the WACCM+DART reanalysis and
TIMED/SABER observations, demonstrating that the short-term variability can be captured in whole
atmosphere models that employ data assimilation and in observations by the technique of tidal
deconvolution. The impact of the short-term DE3 variability in the MLT on the ionosphere and
thermosphere is also clearly evident in the COSMIC and GRACE observations. Analysis of the troposphere
forcing in WACCM+DART and simulations of the Global Scale Wave Model (GSWM) show that the short-term
DE3 variability in the MLT is not related to a single source; rather, it is due to a combination of changes in
troposphere forcing, zonal mean atmosphere, and wave-wave interactions.

1. Introduction

Atmospheric tides are an important driver of the large-scale dynamics and variability in Earth’s middle and
upper atmosphere. Solar driven atmospheric tides are forced in the troposphere by near-infrared heating of
water vapor and latent heat release due to tropical convection, in the stratosphere by ultraviolet heating of
ozone, and in the thermosphere by solar extreme ultraviolet heating. Solar atmospheric tides are classified as
migrating if they propagate westward at the same speed as the apparent motion of the Sun and nonmigrating
if they propagate faster or slower than the Sun. Migrating tides are longitudinally invariant when viewed from
a fixed local time frame. In contrast, nonmigrating tides exhibit longitudinal variability and are generated by
sources that are longitudinally varying, such as land-sea differences in troposphere convection. Nonmigrating
tides can also be generated by nonlinear wave-wave interactions.

A subset of the tides forced in the troposphere and stratosphere propagate vertically to higher altitudes. As
they propagate vertically, the tidal amplitude increases due to decreasing atmospheric density up to meso-
sphere and lower thermosphere (MLT) altitudes (∼80–120 km) where dissipation occurs due to eddy and
molecular diffusion [Chapman and Lindzen, 1970]. This leads to tidal amplitudes in the MLT that can be on the
order of the background mean flow, and the overall dynamics of the MLT are thus considerably impacted by
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solar driven atmospheric tides. Though tides originating in the lower atmosphere are damped, and achieve
maximum amplitudes in the MLT, they can still have considerable impact on the ionosphere and upper
thermosphere. In particular, the eastward propagating nonmigrating diurnal tide with zonal wave number 3
(DE3) is recognized as having a significant influence on generating a wave number 4 longitudinal structure in
the ionosphere and thermosphere, when viewed from a fixed local time perspective [e.g., England, 2012, and
references therein]. Owing to its large amplitudes in the ionosphere E region (∼90–150 km), and long vertical
wavelength, the DE3 modulates the dynamo-driven equatorial ionosphere electric fields and vertical E × B
plasma drifts [England et al., 2006; Hagan et al., 2007; Kil et al., 2007; Lühr et al., 2008; Fang et al., 2009], which, in
turn, leads to a modulation of equatorial and low latitude electron densities [Immel et al., 2006; Lin et al., 2007;
Pedatella et al., 2008; Scherliess et al., 2008]. Furthermore, during solar minimum conditions when tidal dissi-
pation is weak, the DE3 can propagate into the upper thermosphere, introducing longitudinal variability into
thermospheric density and neutral winds [Forbes et al., 2009; Häusler and Lühr, 2009; Liu et al., 2009; Oberheide
et al., 2009; Lieberman et al., 2013].

The seasonal variability of the DE3, and its impact on the ionosphere and thermosphere, has been extensively
studied in both numerical models [Akmaev et al., 2008; Liu et al., 2010; Häusler et al., 2010; Wan et al., 2012]
and observations [Forbes et al., 2008, 2009; Lühr et al., 2008; Pedatella et al., 2008]. In contrast, relatively little is
known about the variability on shorter timescales. This is despite the fact that numerical simulations [Miyoshi,
2006; Jin et al., 2011; Liu, 2014], and ground-based observations, which cannot separate the migrating and
nonmigrating components, exhibit significant variability on shorter timescales (i.e.,∼10–20 days) [Eckermann
et al., 1997; Kamalabadi et al., 1997]. The short-term variability can arise due to changes in the tidal forcing,
nonlinear wave-wave interactions, and the influence of changes in the zonal mean atmosphere on tidal
propagation. The lack of direct knowledge of the DE3 short-term variability is due to limitations in current
observations, which restrict tidal analysis using conventional space-time Fourier analysis techniques to obser-
vations of the seasonal variability. Though alternative methods exist [Oberheide et al., 2002; Lieberman et al.,
2004; Immel et al., 2009; Li et al., 2015], they have yet to be employed to study the short-term DE3 variability
along with its impact on the ionosphere and thermosphere.

In the present study, we investigate the short-term variability of the DE3 during 2007 in the MLT, ionosphere,
and thermosphere using a combination of a whole atmosphere reanalysis and observations. The atmospheric
reanalysis is generated using the data assimilation version of the Whole Atmosphere Community Climate
Model (WACCM+DART). The WACCM+DART reanalysis along with simulations of the Global Scale Wave Model
(GSWM) are used to provide insight into the influence of variable tropospheric forcing and zonal mean
winds on generating the short-term DE3 variability in the MLT. We additionally compare the WACCM+DART
reanalysis directly to observations of short-term DE3 variability in the MLT based on the application of tidal
deconvolution to measurements taken from the Sounding of the Atmosphere using Broadband Emission
Radiometry (SABER) instrument onboard the Thermosphere Ionosphere Mesosphere Energetics Dynamics
(TIMED) satellite. The impact of the short-term DE3 variability on ionosphere electron density and thermo-
sphere neutral mass density are also investigated based on Constellation Observing System for Meteorology,
Ionosphere, and Climate (COSMIC) and Gravity Recovery and Climate Experiment (GRACE) observations,
respectively.

2. Numerical Models
2.1. WACCM+DART
To study the short-term tidal variability up to the lower thermosphere during 2007, we utilize the Data
Assimilation Research Testbed (DART) ensemble Kalman filter system [Anderson et al., 2009] to perform data
assimilation in the Whole Atmosphere Community Climate Model (WACCM) [Pedatella et al., 2013, 2014].
WACCM extends from the surface to the lower thermosphere (5×10−6 hPa, ∼145 km) and includes the neces-
sary processes to simulate the chemical and dynamical variability throughout this domain [Garcia et al., 2007;
Marsh et al., 2007; Richter et al., 2010]. For the present study WACCM is run with a horizontal resolution of 1.9∘ in
latitude and 2.5∘ in longitude. The vertical resolution is 1.1–1.7 km in the troposphere and lower stratosphere
and half of a scale height from the upper stratosphere to the model top.

The data assimilation in WACCM+DART is based on a nearly identical setup to what was used by Pedatella
et al. [2013, 2014]. Specifically, we also use a 40-member ensemble and assimilate observations of aircraft and
radiosonde temperatures and winds, satellite drift winds, and COSMIC refractivity in the lower atmosphere
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(troposphere and stratosphere), and Aura Microwave Limb Sounder (MLS) and TIMED/SABER temperature
observations in the middle and upper atmosphere. The observations are localized using a Gaspari-Cohn
function [Gaspari and Cohn, 1999] with a half width of 0.5 in ln(po∕p) coordinates in the vertical direction
(p is pressure and po is surface pressure) and 0.2 radians horizontally. The ensemble is inflated prior to each
assimilation cycle using spatially and temporally varying adaptive inflation [Anderson, 2009]. Note that the
inflation damping is set to a value of 0.7, as opposed to the value of 0.9 used by Pedatella et al. [2013, 2014].
The reduced inflation was found to improve WACCM+DART tidal amplitudes in the MLT. Additional changes
to the WACCM+DART configuration made for the present study are adjusting the TIMED/SABER tempera-
tures to account for the bias between TIMED/SABER and Aura MLS observations [e.g., Hoppel et al., 2008],
an updated gravity wave drag parameterization scheme, and the use of a fourth-order divergence damping
term instead of second-order divergence damping [Lauritzen et al., 2012]. Accounting for the relative bias
between TIMED/SABER and Aura MLS was implemented to improve the assimilation at times when the obser-
vations are coplanar (i.e., observing similar local times). The changes in the gravity wave drag parameterization
and divergence damping were implemented primarily to improve the model representation of the migrating
diurnal tide.

WACCM+DART simulations were performed beginning on 1 January 2007 and extending to 31 December
2007. The initial ensemble is based on the model state at 0000 UT on 1–10 January from four different
free-running WACCM simulations. The first ∼10–15 days of the simulation are therefore less reliable due to
the initial time required for the ensemble to converge toward the true state of the atmosphere. The large
dynamical variability during early 2007 due to the occurrence of a stratosphere sudden warming may slightly
extend the time required for the WACCM+DART ensemble to achieve a state that is representative of the
current atmospheric conditions. Data assimilation is performed every 6h, and the tidal analysis is performed
using hourly ensemble mean WACCM+DART output which contains a mixture of the analysis state every 6 h
and intermediate model forecasts.

2.2. GSWM
The global scale wave model (GSWM) is used to investigate how changes in the zonal mean atmosphere influ-
ence the propagation of the DE3 from its tropospheric source to the MLT. The GSWM extends from the surface
to the thermosphere and is a steady state tidal model that solves the linearized Navier-Stokes equations based
on a specified zonal mean background atmosphere and tidal forcing [Hagan et al., 1995, 1999; Hagan and
Forbes, 2002, 2003]. GSWM simulations are performed for each day of 2007 with an evolving background zonal
mean atmosphere (zonal mean temperature and zonal winds) from WACCM+DART and constant troposphere
forcing based on April climatology [Hagan and Forbes, 2002]. Note that constant tidal forcing is used through-
out the year in order to isolate the role of changes in the zonal mean atmosphere on the DE3 variability in
the MLT.

3. Observations
3.1. COSMIC
COSMIC uses the technique of Global Positioning System (GPS) radio occultation (RO) to profile the neutral
atmosphere (troposphere and stratosphere) and ionosphere [Anthes et al., 2008; Yue et al., 2014]. COSMIC con-
sists of six microsatellites that are in ∼800 km and 72∘ inclination orbits. The orbital planes are evenly spaced
in longitude, and during 2007 COSMIC provided ∼2000 profile observations per day that are well distributed
in longitude and local time. In the present study, we use observations of the F region maximum density (NmF2)
which are obtained from Abel inverted electron density profiles [Lei et al., 2007]. Though the Abel inversion
introduces error due to the assumption of spherical symmetry, the COSMIC NmF2 observations exhibit only
small errors (∼0.5 MHz, or 3.09×103 cm−3, root mean square) when compared with independent observations
[e.g., McNamara and Thompson, 2014].

Estimates of the DE3 in the ionosphere are determined using standard tidal analysis techniques based on
Fourier decomposition [e.g., Oberheide et al., 2006; Forbes et al., 2008]. The tidal decomposition is performed
daily using a 20 day running window and in 2.5∘ magnetic latitude bands. Note that we use a 20 day window
since this provides sufficient local time and longitude coverage to perform tidal decomposition based on the
COSMIC observational sampling [Lin et al., 2012]. Note that by using a 20 day window in the analysis of the
COSMIC observations, the COSMIC results will be less sensitive to variability occurring at periods of 10–20 days,
which are of interest in the present investigation. Despite this limitation, the COSMIC observations can still
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provide useful insight into the intraseasonal DE3 variability, especially for variability occurring at periods of
∼15–20 days or longer.

3.2. GRACE
Total neutral mass density observations from the GRACE-A (hereafter GRACE) satellite are used to investigate
the short-term DE3 variability in the upper thermosphere. The orbital altitude of GRACE is ∼475 km, and the
orbit slowly precesses in local time at the rate of ∼9 min per day. GRACE neutral mass densities are derived
from accelerometer measurements following the methods outlined in Sutton et al. [2007] and Sutton [2009].

Owing to the slow precession rate, 161 days of GRACE observations are necessary to perform tidal analysis
using standard Fourier decomposition techniques, which require complete coverage in longitude and local
time. An alternative approach is to leverage the fact that the ascending and descending portions of the orbit
are separated by 12 h in local time. For a given longitudinal wave number, k, the average difference

(
𝜌k,asc−𝜌k,des

2

)

between neutral density observations (𝜌) taken at local times separated by 12 h can be used to approximate
diurnal and terdiurnal tides, while the sum

(
𝜌k,asc+𝜌k,des

2

)
represents stationary waves and semidiurnal tides

[e.g., Sutton et al., 2010]. In the present study we thus use the difference between the longitudinal wave
number 4 during the ascending and descending portions of the orbit to obtain an estimate of the DE3. Note
that longitudinal wave number 4 is used since the DE3 appears as a wave number 4 longitude structure at
a fixed local time [Oberheide et al., 2003]. It is important to recognize that the GRACE DE3 observations are
an approximation and are potentially contaminated by the westward propagating nonmigrating tide with
zonal wave number 5 (DW5) as well as eastward and westward terdiurnal nonmigrating tides with zonal wave
numbers 1 (TE1) and 7 (TW7), respectively. However, any contribution from these tidal components should
be minor since their amplitudes are generally small in the MLT, and they do not readily propagate into
the thermosphere due to their short vertical wavelength [Oberheide et al., 2011]. The GRACE observations are
normalized by the daily zonal mean density, and this has the potential to result in aliasing due to the phase
of the migrating semidiurnal tide (SW2) relative to the local time of the observations. However, assuming
that the SW2 phase is relatively constant on the 10–20 day timescales that we are interested in for the
present study, we do not anticipate significant aliasing due to the SW2, though it may impact the results on
longer timescales.

3.3. TIMED/SABER
The SABER instrument onboard the TIMED satellite uses infrared CO2 emissions at 15 and 4.3 μm to derive
temperature profiles from ∼20 to 120 km [Remsberg et al., 2008]. The TIMED satellite is quasi Sun synchronous
and precesses at a rate of ∼12 min/d. To perform tidal decomposition using standard space-time Fourier
decomposition therefore necessitates a 60day analysis window [e.g., Forbes et al., 2008] . Though performing
tidal decomposition over a 60day analysis window is useful for studies of seasonal and interannual variability,
it is insufficient for capturing tidal variability on shorter timescales. Alternatively, Oberheide et al. [2002] devel-
oped a technique that does not require complete 24 h local time sampling and can be used to obtain daily
diurnal tide amplitudes and phases. Referred to as tidal deconvolution, the method relies on the fact that
observations taken during the ascending and descending portions of the satellite orbit are separated by
∼12 h in local time. For a given zonal wave number, k, the difference between the ascending and descending
nodes (Tk) is expressed as a linear combination of the eastward and westward propagating tides with zonal
wave numbers k − 1 and k + 1, respectively. Exact solutions of the amplitudes and phases of the propagating
tides can be obtained at the extrema of the T 2

k vertical profile, and linear interpolation is used at the intermedi-
ate altitudes (see Oberheide et al. [2002] for complete mathematical details of the solution method). The tidal
deconvolution is performed daily based on a single day of SABER observations; however, we present results
based on a running 10day vector average of the daily values to remove the occasionally large day-to-day
variability and reduce the impact of potentially spurious observations.

The uncertainty in the tidal amplitudes estimated by deconvolution is ∼0.5 K. The uncertainty is partly due
to the fact that the SABER ascending and descending nodes are separated by ∼9 h in local time. Though
the local time difference is accounted for in the tidal deconvolution, it is assumed that there is no remaining
contribution from semidiurnal tides. Small residual contributions from the semidiurnal tides (SW6 and SE2)
contribute to the uncertainty in the estimated DE3. Lieberman et al. [2013] showed that multimonth mean
DE3 amplitudes obtained by tidal deconvolution are in good agreement with results of an empirical tidal
model. Though not specifically for the DE3, Lieberman et al. [2015] recently demonstrated that the short-term
variability in nonmigrating tides obtained using tidal deconvolution are consistent with NOGAPS-ALPHA
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Figure 1. The DE3 amplitude at 100km (a) observed by TIMED/SABER and (b) simulated by WACCM+DART. (c) Standard
deviation of the DE3 in the 40-member WACCM+DART ensemble. Results are based on a 10 day running mean.

(Navy Operational Global Atmospheric Prediction System Advanced Level Physics-High Altitude) reanalysis.
We thus have confidence that the tidal deconvolution method can reliably extract the short-term DE3
variability. Note that by considering the complete altitude profile of the ascending-descending node differ-
ences to be the linear combination of two tides, the tidal deconvolution method is thought to be more reliable
than alternative methods, such as what we use in analysis of the GRACE observations, that estimate short-term
tidal amplitudes based only on ascending-descending node differences at a single height and assume all
variability is related to a single tide [e.g., Li et al., 2015].

4. Results and Discussion

The 10 day average DE3 amplitudes at 100 km from TIMED/SABER and WACCM+DART are shown in Figures 1a
and 1b, respectively. Note that in Figure 1, and throughout the following, we use 10 day average results to
filter out the day-to-day variability. A 10 day average was chosen to allow for occasional data gaps and also
improve confidence in the tidal estimates, which are derived based on several assumptions. We thus restrict
our focus to variability that occurs on timescales of roughly 10–20 days and longer. The seasonal variation,
with maximum amplitudes occurring during August to October, is readily apparent in Figure 1. Superimposed
upon the longer term seasonal variability is considerable short-term variability occurring on timescales of
10–20 days, which is absent from 60 day average results obtained using standard tidal analysis techniques
[e.g., Akmaev et al., 2008; Forbes et al., 2008]. The short-term variability is significant, and it is evident that
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tidal amplitudes can vary by ∼5–10 K within 10–20 days. Such variability is consistent with free-running
(i.e., unconstrained) whole atmosphere model simulations [Miyoshi, 2006; Liu, 2014] and provides confirma-
tion that the short-term variability seen in prior unconstrained simulations is consistent with what occurs in
the real atmosphere.

In general, the results in Figure 1 reveal similar occurrence of the short-term tidal variability in the TIMED/
SABER observations and the WACCM+DART reanalysis. The most notable discrepancies occur between days
∼20 and 50 and around day 230. The standard deviation of the DE3 in the 40-member WACCM+DART ensem-
ble (Figure 1c) indicates that these periods are characterized by relatively larger uncertainty of the DE3 in the
WACCM+DART. The TIMED/SABER observations also exhibit greater variability in the latitude structure of the
DE3 compared to the WACCM+DART simulations. This may be due to the fact that the WACCM+DART tides in
the MLT are only minimally constrained due to the sparse nature of the Aura MLS and TIMED/SABER observa-
tions that are assimilated. The DE3 in WACCM+DART may thus be influenced by the underlying model, leading
to less latitudinal variability. Alternatively, the larger latitudinal variability in the TIMED/SABER observations
may be due to assumptions used in the tidal deconvolution and/or measurement uncertainties. Despite these
discrepancies, we consider the results in Figure 1 to demonstrate good agreement between the TIMED/SABER
observations and the WACCM+DART reanalysis, especially given the uncertainties in the TIMED/SABER tides
based on tidal deconvolution, as well as uncertainties in the WACCM+DART due to the lack of comprehensive
observations above the upper stratosphere.

To further illustrate the overall agreement between the observations and simulations, height-time profiles of
the equatorial average (±30∘ latitude) DE3 amplitude are shown in Figure 2, and time series of the normal-
ized equatorial average DE3 amplitude at 100km are shown in Figure 3 (the COSMIC and GRACE results shown
in Figure 3 will be discussed later). The results in Figure 3 are normalized based on the maximum amplitude.
Note that we take the equatorial average over ±30∘ latitude to account for slight differences in the latitu-
dinal structure between TIMED/SABER and WACCM+DART. The results in Figures 2 and 3 further illustrate
the good agreement between the TIMED/SABER observations and WACCM+DART reanalysis. In particular,
though there are differences in the relative magnitudes of the enhancements, both reveal similar enhance-
ments around days 70, 90, 120, 170, 200, 240, and 350. We consider the overall agreement to demonstrate that
tidal deconvolution and data assimilation can both capture the short-term DE3 variability that occurs in the
MLT. The correlation coefficient between the TIMED/SABER and WACCM+DART DE3 amplitude in the equa-
torial region is 0.55. The moderately low correlation coefficient may be due to periods when the two are in
clear disagreement, as well as differences in the relative magnitudes of the variabilities. We note that there are
clear instances when the equatorial DE3 amplitude in TIMED/SABER observations are in disagreement with
WACCM+DART. These periods tend to be characterized by large variability in the individual WACCM+DART
ensemble members (thin red lines in Figure 3). Disagreement is most apparent during early 2007, which is a
period characterized by relatively large uncertainty in the DE3 simulated by WACCM+DART, and may partly
be attributed to the time required for WACCM+DART to achieve a steady state. Other discrepancies occur
around days 225–235 and 310–320. It is difficult to determine whether these discrepancies result from short-
comings in the observations or the simulations, though it is worth noting that these periods also correspond
to times when the uncertainty in the WACCM+DART tidal estimate is large. We do, however, consider these
discrepancies relatively minor considering the generally good agreement between the observations and
simulations.

We now turn our discussion to the impact of the short-term DE3 variability on the ionosphere and thermo-
sphere during 2007. The DE3 based on COSMIC NmF2 and GRACE neutral density observations are shown in
Figure 4. Note that the results are expressed as a percentage of the zonal mean and are based on a 20 and
10day analysis window for COSMIC and GRACE, respectively. As anticipated, the DE3 in COSMIC maximizes
near ±20∘ magnetic latitude due to the DE3 variability in the ionosphere being primarily driven by modula-
tion of equatorial E×B vertical drift velocity [e.g., Fang et al., 2009]. Also as expected, the DE3 in thermosphere
neutral density maximizes in the equatorial region, which occurs due to the efficient propagation of the first
symmetric DE3 Hough mode into the thermosphere [Oberheide et al., 2009].

Similar to the MLT, notable short-term DE3 variability is superimposed upon the seasonal variability in the
ionosphere and thermosphere. A direct comparison between the short-term variability in the MLT, iono-
sphere, and thermosphere is shown in Figure 3. The consistency between the short-term variability in the MLT
and ionosphere is good, with a correlation coefficient of 0.72 (0.33) between TIMED/SABER (WACCM+DART)
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Figure 2. The DE3 amplitude at the equator (a) observed by TIMED/SABER and (b) simulated by WACCM+DART.
Results are based on the 10 day running mean and are averaged within ±30∘ latitude.

and COSMIC. This clearly demonstrates that the DE3 in the ionosphere is primarily driven by variations in the
MLT. Though this result is to be expected given the consistent seasonal and interannual variability of the DE3 in
the MLT and ionosphere [Wan et al., 2010], it does illustrate that short-term variations in tides of tropospheric
origin can lead to significant short-term variations in the ionosphere. The agreement between the short-term
DE3 variability in the MLT and thermosphere neutral density is slightly worse (correlation coefficients of 0.66
and 0.18 between GRACE and TIMED/SABER and WACCM+DART, respectively). During solar minimum con-
ditions, the DE3 in the thermosphere is primarily driven by tidal propagation from ∼100 to 500 km altitude,
with a smaller contribution from ion-neutral coupling [Wan et al., 2012]. Dissipation and/or interaction with
other waves is likely to occur as the tide propagates from the MLT to the thermosphere, and this is likely why

Figure 3. Normalized amplitude of the equatorial average DE3 at 100 km for SABER (black) and WACCM+DART (red),
DE3 amplitude averaged between 20–30∘S and 20–30∘N magnetic latitude in COSMIC NmF2 (blue), and ±20∘
geographic latitude for GRACE-A neutral density (green). The thin light red lines are the individual WACCM+DART
ensemble members, and the red dashed lines indicate one standard deviation. Note that the results are normalized
with respect to the maximum amplitude. Offsets of 0.6 and 0.4 have been applied to the SABER and WACCM+DART
data, respectively. To highlight variability in the COSMIC data, a factor of 2.0 and offset of −0.3 have been applied.
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Figure 4. DE3 amplitude in (a) COSMIC NmF2 and (b) GRACE-A neutral density. Results are expressed as a percentage of
the zonal mean and are based on 20 and 10 day running means for COSMIC and GRACE-A, respectively.

the DE3 in the thermosphere is not always correlated with the DE3 in the MLT. Though geomagnetic activity
was generally low throughout 2007, geomagnetically active time periods may additionally influence the DE3
in the ionosphere and thermosphere. However, much of the short-term variability that is seen in the thermo-
sphere closely coincides with variability in the MLT. This is especially apparent between days 150 and 350,
when nearly all of the enhancements in the thermosphere are coincident with enhancements in the MLT. The
simultaneous occurrence of these variations demonstrates that much of the tidal variability in the MLT prop-
agates directly into the upper thermosphere where it can modulate neutral mass densities, at least for tides
with long vertical wavelengths such as the DE3. Furthermore, this demonstrates that the upward propagating
tides represent an important source of short-term variability in the thermosphere.

We conclude our discussion with an examination of the mechanisms driving the short-term variability in the
DE3. The variability in the DE3 can be driven by variability in the tropospheric source [Miyoshi, 2006], the
influence of zonal mean winds on tidal propagation [Zhang et al., 2012], and nonlinear interaction with other
tides and/or planetary waves [Hagan et al., 2009; Pedatella et al., 2012]. In the following, we consider the first
two mechanisms (troposphere forcing and zonal mean winds), which are primarily responsible for the DE3
variability, at least on seasonal timescales [e.g., Achatz et al., 2008]. We do note, however, that the nonlinear
interaction with planetary waves can also influence the DE3 variability in the MLT [Pancheva, 2000; Liu et al.,
2010; Pedatella et al., 2012], and this should be considered as an additional source of variability that is not
considered herein. Considering first the impact of the zonal mean zonal winds, Figure 5a shows the DE3
amplitude at 100 km from the GSWM simulations with the WACCM zonal mean background atmosphere. We
remind the reader that the GSWM simulations were performed using constant tropospheric forcing, and all
of the variability in Figure 5a is thus due to changes in the background atmosphere. Consistent with Zhang
et al. [2012], it is apparent that the zonal mean zonal winds drive the DE3 seasonal variation. Variability on
timescales of 10–30 days is also evident and demonstrates that short-term variability in the zonal mean atmo-
sphere can generate short-term DE3 variability. Investigation of the source of the zonal mean variability is
beyond the scope of the present study, though it is thought to be related to changes in wave forcing due to
variability in various tides, planetary waves, and gravity waves [e.g., Matsuno, 1971; Eckermann et al., 1997; Liu
and Roble, 2002].
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Figure 5. (a) DE3 amplitude at 100 km from GSWM simulation with background temperatures and winds from
WACCM+DART. (b) DE3 amplitude in troposphere latent heating averaged between 2 and 20 km in the WACCM+DART
simulations.

The amplitude of the DE3 in tropospheric latent heating, averaged between 2 and 20 km, is shown in Figure 5b.
The seasonal variability of the DE3 in the troposphere forcing is clearly different than the MLT seasonal
variability and does not exhibit a single clear maximum near the September equinox. Rather, the DE3
seasonal variability in the troposphere is dominated by the occurrence of maximum amplitudes in the
summer hemisphere. Maximum amplitudes 5–10∘ off of the equator during local summer can be expected
due to the seasonal shift of the Intertropical Convergence Zone. Notable short-term variability also occurs
in the troposphere latent heating, and this is persistent throughout the entire year. Similar to the MLT, the
variability in the troposphere forcing on timescales of 10–20 days is significant and can be 50–100% of the
seasonal mean.

To further illustrate the role of the zonal mean atmosphere and troposphere forcing variabilities on the
DE3 at MLT altitudes, Figure 6 presents the normalized equatorial amplitude of the DE3 at 100 km from
the WACCM+DART reanalysis and GSWM simulation, along with the troposphere latent heating averaged
between 2 and 20 km. The results in Figure 6 illustrate that the short-term variability that is driven by the
zonal mean atmosphere is significantly smaller than the impact on the seasonal variability. The influence of
the mean winds on the DE3 is complex [Zhang et al., 2012]; however, in general, the DE3 propagation into the
MLT occurs preferentially under westward zonal mean zonal winds. The short-term variability due to the zonal
mean winds in the GSWM simulations therefore likely results from a shift toward more westward zonal winds
in the middle atmosphere. The occurrence of the short-term variability in the GSWM does, at least at certain
times, coincide with the short-term variability in WACCM+DART. For example, similar enhancements occur
around days 80, 170, 250, and 340–350, though these enhancements are significantly weaker in the GSWM
compared to WACCM+DART. We take this to indicate that a certain portion of the DE3 short-term variability
is driven by changes in the zonal mean atmosphere.

Considerably larger short-term variability occurs in the troposphere latent heating, and enhancements in the
tropospheric forcing are often, though not always, coincident with enhancements in the MLT. For example,
the MLT enhancements around days 90, 120, 205, 270, 300, and 340–350 all occur during times of increased
troposphere forcing. We note that some of the enhancements in troposphere forcing occur during periods
when the zonal mean atmosphere is favorable for tidal propagation (i.e., there is a relative maximum in the
GSWM simulation), and the combination of the two may thus support large tidal amplitudes in the MLT.
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Figure 6. Normalized amplitude of the equatorial average DE3 at 100 km for WACCM+DART (black) and GSWM (blue),
and the equatorial average DE3 in troposphere latent heating averaged between 2 and 20 km. Offsets of 0.8 and 0.4
have been applied to the WACCM+DART and GSWM data, respectively.

The notable local minimum in the MLT around day 220, which occurs within the seasonal maximum, is an
example of when very weak troposphere forcing and slightly less favorable propagation conditions may com-
bine to result in a large response in the MLT. Interestingly, this local minimum is also seen in the ionosphere
and thermosphere (Figure 3) demonstrating that large short-term changes in tidal forcing may influence the
entire atmosphere. Though there are clearly periods when the troposphere forcing appears to be connected
with the MLT variability, other enhancements in troposphere forcing do not generate a response in the MLT.
The lack of enhancement in the MLT may be due to either inefficient tidal propagation or damping due to inter-
action with other waves. Likewise, the variability in the MLT at certain time periods, such as between days 40
and 80, does not appear to be related to either troposphere forcing or changes in the zonal mean atmosphere.
The lack of a direct, one-to-one connection between troposphere forcing, mean winds, and variability in the
MLT is consistent with prior studies [e.g., Miyoshi, 2006; Miyoshi and Fujiwara, 2006] and demonstrates that
several different processes contribute to the final DE3 variability in the MLT, ionosphere, and thermosphere.

5. Summary and Conclusions

The present study has investigated the short-term variability in the DE3 during 2007 based on a whole atmo-
sphere reanalysis and satellite observations. At MLT altitudes, WACCM+DART reanalysis and TIMED/SABER
observations demonstrate that considerable DE3 variability occurs on timescales of 10–20 days. The variability
in the DE3 amplitude on these timescales is on the order of 100% of the seasonal mean amplitude and
occurs throughout the year. The short-term variability is generally consistent between the WACCM+DART
reanalysis and TIMED/SABER observations. This consistency demonstrates that short-term tidal variability
is well captured by whole atmosphere model reanalyses and also by application of tidal deconvolution to
satellite observations. The source of the short-term tidal variability in the MLT is complex, and analysis of
WACCM+DART and GSWM simulations reveals that the majority of the variability can be attributed to changes
in either the troposphere forcing or zonal mean atmosphere. However, variations in the forcing and/or zonal
mean atmosphere do not always lead to a response in the MLT, indicating that other mechanisms such as
nonlinear wave-wave interactions contribute to the short-term tidal variability. The results illustrate that the
DE3 variability in the MLT cannot be considered to be driven by a single source. Rather, a variety of factors
need to be considered when interpreting the short-term tidal variability.

Analysis of COSMIC and GRACE observations demonstrates that the short-term DE3 variability in the MLT is
also connected to the occurrence of short-term variability in the ionosphere and upper thermosphere. This
demonstrates the direct connection between short-term tidal variability in the MLT, ionosphere, and thermo-
sphere and illustrates that atmospheric tides have influence throughout the middle and upper atmosphere.
The notable short-term variability in the ionosphere and thermosphere additionally shows that tides propa-
gating from the lower atmosphere represent an important source of short-term variability in the ionosphere
and thermosphere.
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The present study is limited in that we have only considered the short-term variability during 1year for a single
tide. Nonetheless, we can generalize the results with certain caveats. First, we would anticipate similar
short-term tidal variability in the MLT to occur in other years and for other tidal components, both migrating
and nonmigrating. The fact that the short-term DE3 tidal variability cannot be attributed to a single source
mechanism is also considered to be a general feature and not limited by our consideration of a single year.
However, short-term variability in other tides may exhibit greater dependency upon a single source, espe-
cially since the DE3 originates in the troposphere and can be modulated by both the zonal mean atmosphere
and wave-wave interactions. The results in the ionosphere and thermosphere should be considered as fairly
specific to the DE3 since its long vertical wavelength enables modulation of the E region dynamo and efficient
propagation into the upper thermosphere. Short-term variability in other tides in the MLT are thus considered
less likely to have direct impacts on the ionosphere and thermosphere. A notable exception is variability in the
migrating semidiurnal solar and lunar tides, which can dramatically impact the ionosphere and thermosphere
during sudden stratosphere warmings [Forbes and Zhang, 2012; Pedatella and Liu, 2013]. We also note that the
solar activity level was low in 2007, providing favorable conditions for the DE3 to impact the ionosphere and
thermosphere. We would therefore expect a weaker response in the ionosphere and thermosphere during
solar maximum.
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