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Abstract The seasonal variability of the ionospheric lunar tide is investigated using a combination of
Constellation Observing System for Meteorology, Ionosphere, and Climate (COSMIC) observations and
thermosphere-ionosphere-mesosphere electrodynamics general circulation model (TIME-GCM) simulations.
The present study focuses on the seasonal variability of the lunar tide in the ionosphere and its potential
connection to the occurrence of stratosphere sudden warmings (SSWs). COSMIC maximum F region electron
density (NmF2) and total electron content observations reveal a primarily annual variation of the ionospheric
lunar tide, with maximum amplitudes occurring at low latitudes during December–February. Simulations
of the lunar tide climatology in TIME-GCM display a similar annual variability as the COSMIC observations.
This leads to the conclusion that the annual variability of the lunar tide in the ionosphere is not solely due
to the occurrence of SSWs. Rather, the annual variability of the lunar tide in the ionosphere is generated
by the seasonal variability of the lunar tide at E region altitudes. However, compared to the observations,
the ionospheric lunar tide annual variability is weaker in the climatological simulations which is attributed
to the occurrence of SSWs during the majority of the years included in the observations. Introducing a
SSW into the TIME-GCM simulation leads to an additional enhancement of the lunar tide during Northern
Hemisphere winter, increasing the lunar tide annual variability and resulting in an annual variability that
is more consistent with the observations. The occurrence of SSWs can therefore potentially bias lunar tide
climatologies, and it is important to consider these effects in studies of the lunar tide in the atmosphere
and ionosphere.

1. Introduction

The periodic gravitational forcing of the Moon gives rise to an atmospheric lunar tide that achieves measur-
able amplitudes at mesosphere and lower thermosphere (MLT) altitudes [e.g., Chapman and Lindzen, 1970].
The lunar tidal winds in-turn modulate the dynamo generation of electric fields leading to a periodic varia-
tion in ionospheric currents, electric fields, and electron densities [Chapman and Bartels, 1940; Matsushita,
1967; Stening and Fejer, 2001; Pedatella and Forbes, 2010; Lühr et al., 2012]. These periodic oscillations are
typically referred to as the ionospheric (or geomagnetic) lunar tide and are dominated by the migrating
semidiurnal lunar tide (M2) which has a period of 12 lunar hours (≈12.42 solar hours). Observational studies
have revealed several characteristic features of the lunar tide in the ionosphere. Among the main climato-
logical features of the ionospheric lunar tide are the following: maximum amplitudes in electron density
(NmF2 and total electron content, TEC) at low latitudes, a significant annual variation with largest ampli-
tudes occurring around December solstice, and an increase in absolute amplitude with increasing solar flux
[Stening et al., 1999; Pedatella and Forbes, 2010; Lühr et al., 2012]. The amplitude of the lunar tide relative
to the background ionospheric state (e.g., daily zonal mean electron density) does, however, remain nearly
constant throughout the solar cycle. That is, as the background mean electron density increases with solar
activity level the ionospheric lunar tide amplitude increases proportionally.

A number of numerical modeling studies have also been performed in order to gain insight into the
ionospheric lunar tide. These studies have primarily focused on understanding the spatial and temporal
variations and their connection to the lunar tidal winds in the mesosphere and lower thermosphere (MLT).
Tarpley [1970] and Stening [1977] investigated the role of different tidal wind systems on the ionospheric
lunar tide and concluded that its seasonal variability is driven by changes in the tidal wind system, and not
the result of other factors such as seasonal changes in the ionosphere conductivity. Simulations of Handa
and Maeda [1977] confirmed the importance of the tidal winds by demonstrating that the lunar tide at
F region altitudes is driven by tidal modulation of E region electric fields, and not the direct influence of
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changes in thermospheric neutral winds or composition (i.e., [O]/[N2]). More recently, Stening et al. [2002]
simulated the geomagnetic lunar tide using the equivalent circuit method and obtained generally good
agreement with geomagnetic observations at both low latitude and midlatitude. The aforementioned stud-
ies were based on relatively simple models, and the only global, fully coupled, simulation of the lunar tide
in the ionosphere and thermosphere was performed by Stening et al. [1999] using the National Center for
Atmospheric Research (NCAR) thermosphere-ionosphere electrodynamics general circulation model. It is
worth noting that despite recent advances in modeling the ionosphere-thermosphere system, there have
been few investigations of the lunar tide in the ionosphere making use of current modeling capabilities, and
this has left some unanswered questions regarding the ionospheric lunar tide.

One aspect of the ionospheric lunar tide that has remained an area of investigation is the source of the
seasonal variability. Previous observational and modeling studies demonstrated that the lunar tide in the
ionosphere has a clear seasonal variation, with a maximum near December solstice and minimum near June
solstice. However, the mechanism behind the annual variation remains poorly understood, especially in
terms of how the annual variation is related to sudden stratosphere warmings (SSWs). Recent studies have
shown a notable enhancement in the ionospheric lunar tide during SSW events [Fejer et al., 2011; Park et al.,
2012; Yamazaki et al., 2012], and this complicates understanding of the lunar tide seasonal variability since
SSWs are a Northern Hemisphere winter phenomena. Lühr et al. [2012] and Yamazaki [2013] hypothesized
that the occurrence of large-amplitude ionospheric lunar tides during Northern Hemisphere winter is due,
at least in part, to the occurrence of SSWs during this season. The annual variation could thus arise due to
neglecting the influence of SSWs when determining the ionospheric lunar tide climatology. However, as
suggested by Stening [2011], it is also possible that the occurrence of large lunar tides during SSWs is coin-
cidental due to the fact that the lunar tide is enhanced during this time period due to processes unrelated
to the SSW, such as seasonal differences in the background atmosphere and lunar tides in the MLT. There
thus remains some uncertainty regarding the lunar tide amplification during Northern Hemisphere winter,
as well as how it may be related to the occurrence of SSWs.

The objective of the present study is to provide further insight into the seasonal variability of the lunar tide
in the ionosphere and to explore what role, if any, SSWs play in influencing the annual variability of the
lunar tide. This is addressed by first presenting observations of the seasonal variability of the ionospheric
lunar tide based on global electron density profile observations from the Constellation Observing System
for Meteorology, Ionosphere, and Climate (COSMIC). The observations are compared with simulations of the
ionospheric lunar tide in the NCAR thermosphere-ionosphere-mesosphere electrodynamics general circula-
tion model (TIME-GCM). The simulations are performed under conditions with and without the occurrence
of a SSW, providing important insight into the ionospheric lunar tide seasonal variability and its connection
to the occurrence of SSWs during Northern Hemisphere winter.

2. COSMIC Observations

Launched in April 2006, COSMIC is a six satellite constellation in 800 km, 72◦ inclination orbit. In the iono-
sphere, the primary observation from COSMIC are vertical electron density profiles obtained using the Abel
inversion of Global Positioning System (GPS) observations [Anthes et al., 2008; Schreiner et al., 1999]. The
COSMIC electron density profiles are distributed globally, and approximately 1500–2000 electron density
profiles are obtained daily, making the COSMIC observations well suited for the study of large-scale, clima-
tological, features in the ionosphere. COSMIC observations of the maximum F region electron density (NmF2)
and the total electron content (TEC) up to the satellite altitude of ∼800 km are analyzed in the present study.
Note that the Abel inversion assumes spherical symmetry, and large errors in the electron density observa-
tion are known to occur when this assumption is violated [Yue et al., 2010]. However, the error introduced by
the Abel inversion is generally small near the F region peak, and the observations of NmF2 and TEC used in
the present study are only minimally impacted by the inversion error.

The M2 lunar tide is obtained from the COSMIC NmF2 and TEC observations following the method outlined
in Pedatella and Forbes [2010]. Briefly, within a 27 day moving window, the observations are binned in 2.5◦

magnetic latitude and 1 h solar local time. At each latitude, a least squares fit is used to obtain the mean and
first four harmonics of the solar daily variation. The 27 day window is moved forward 1 day at a time from 1
January 2007 to 31 December 2012, yielding a mean value and the harmonic coefficients for each latitude
and day during this time interval. The harmonic coefficients are subsequently used to calculate residuals
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from the solar daily variation. The residuals at each magnetic latitude are next binned in 1 h lunar local time
bins within a 29 day moving window, and the M2 lunar tide is finally obtained using a least squares fit. Note
that in the above procedure, 27 day and 29 day moving windows are used as these correspond to roughly
one solar rotation and one lunar month, respectively. All observations during times when Kp is greater than
three are discarded to eliminate the impact of geomagnetic disturbances.

3. Model Simulations

The COSMIC observations are compared with simulations of the M2 lunar tide in the NCAR TIME-GCM.
The TIME-GCM is a three-dimensional global model of the stratosphere, mesosphere, thermosphere, and
ionosphere, including self-consistent electrodynamics. The TIME-GCM simulation domain extends from
approximately 30 km (10 hPa) to 400–700 km (4.6 × 10−10 hPa), with the upper boundary varying depend-
ing on solar flux conditions due to the use of a pressure coordinate system in the vertical dimension. The
interested reader is referred to Roble and Ridley [1994] and Roble [1995] for a detailed description of the
TIME-GCM. The simulations in the present study are performed using a horizontal resolution of 2.5◦ in geo-
graphic latitude and longitude, and a vertical resolution of 0.25 scale height. Solar minimum (F10.7 =
75 × 10−22 W m−2Hz−1) and geomagnetic quiet conditions are used for all simulations.

In order to simulate the lunar tide in the TIME-GCM, the M2 lunar tide climatology from the Whole Atmo-
sphere Community Climate Model (WACCM) simulations of Pedatella et al. [2012] is applied at the lower
boundary. The lunar tide forcing introduces perturbations to the meridional and zonal winds, temperature,
and geopotential height at the TIME-GCM lower boundary. Note that the lunar tide forcing is applied in
addition to migrating diurnal and semidiurnal tides from the global scale wave model [Hagan and Forbes,
2002, 2003]. The M2 lunar tide climatology is based on the average of 10 years of WACCM simulations and
thus should generally be free of the effects of interannual variability. As discussed in section 1, the role of
SSWs on the ionospheric lunar tide, and its seasonal variability, remains poorly understood. To gain insight
into how the occurrence of SSWs will influence the seasonal variability of the ionospheric lunar tide, an addi-
tional simulation was performed. In the second simulation, hereafter referred to as the SSW simulation, a
SSW was introduced in the TIME-GCM by applying an additional forcing to the model lower boundary. The
additional forcing is based on the superposed epoch analysis of WACCM simulations of several major SSWs
previously performed by Pedatella and Liu [2013]. In the present study, the SSW is introduced by adding
zonal mean and planetary wave perturbations to the climatological TIME-GCM lower boundary to reflect the
occurrence of a SSW on 15 January. Note that only zonal mean and planetary wave perturbations are added
in the present study so that the SSW simulation can be more directly compared with the climatological sim-
ulation. Variability in the M2 and solar migrating tides at the TIME-GCM lower boundary during the SSW are
neglected due to the fact that the tidal variability at 10 hPa does not significantly influence the tides in the
MLT during SSWs [e.g., Pedatella and Liu, 2013].

4. Results and Discussion

The seasonal variability of the lunar tide in NmF2 and TEC based on COSMIC observations from 2007 to 2012
are presented in Figure 1. Note that the results in Figure 1 are averaged over all solar local times and longi-
tudes and are expressed as a percentage of the running 27 day zonal mean at each latitude. The lunar tide
in NmF2 and TEC are nearly identical in terms of both their seasonal variability and amplitude, though the
amplitudes are slightly larger in NmF2. The similarity between the ionospheric lunar tide in NmF2 and TEC
is not surprising since the NmF2 and TEC are generally proportional. The seasonal variability is clearly dom-
inated by an annual variation. Maximum amplitudes occur during Northern Hemisphere winter months,
with the greatest amplitudes (∼5%) occurring during January–February. During Northern Hemisphere sum-
mer months, the ionospheric lunar tide is generally absent in the Northern Hemisphere and only obtains
small amplitudes (< 2%) in the Southern Hemisphere. During all seasons, the ionospheric lunar tide primar-
ily occurs at low latitudes and is considerably smaller along the magnetic equator. This latitudinal structure
suggests that the ionospheric lunar tide at F region altitudes is due to a modulation of the equatorial ioniza-
tion anomaly (EIA). The EIA is generated by equatorial electric fields, and it can thus be concluded that the
ionospheric lunar tide in NmF2 and TEC are produced primarily by electrodynamic processes. The latitude
and seasonal variability of the ionospheric lunar tide from COSMIC observations, as well as the overall ampli-
tude, are in good agreement with prior investigations of the lunar tide in ground-based GPS total electron
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a.

b.

Figure 1. COSMIC observations of the M2 lunar tide in (a) NmF2 and
(b) TEC. The results are based on the average from 2007 to 2012 and
are expressed as a percentage of the 27 day mean.

content (TEC) [e.g., Pedatella and Forbes,
2010]. The seasonal variability is also consis-
tent with observations of equatorial vertical
E × B drift [Stening and Fejer, 2001], pro-
viding further confirmation that the lunar
tide in NmF2 and TEC is primarily driven by
the modulation of the E region dynamo by
tidal winds.

It is important to consider that the results
in Figure 1 are potentially influenced by
the occurrence of SSWs. SSWs occurred
during the majority of the years covered
by the COSMIC observations, with SSWs
occurring during the 2006/2007, 2007/2008,
2008/2009, and 2009/2010 Northern
Hemisphere winter months. As discussed
later, the occurrence of SSWs leads to
enhanced lunar tides, and the seasonal vari-
ability of the lunar tide in NmF2 and TEC
presented in Figure 1 may be biased due
to the occurrence of SSWs. The magnitude
of the annual variability in the absence
of SSWs is therefore likely to be less than
that shown in Figure 1. In particular, the

enhancement that occurs during January–February is thought to be primarily related to SSWs. The variabil-
ity from Northern Hemisphere summer months to November–December may be more reflective of the true
annual variability. It can therefore be estimated that, in the absence of SSWs, the annual variability of the
ionospheric lunar tide ranges from ∼2% during Northern Hemisphere summer to ∼3% during Northern
Hemisphere winter, which is a ratio of roughly 1.5.

We now turn our attention to simulations of the ionospheric lunar tide in TIME-GCM. Results for the iono-
spheric lunar tide in NmF2 and TEC for the climatological TIME-GCM simulation are shown in Figures 2a
and 2c, respectively. Maximum amplitudes of ∼7% occur during Northern Hemisphere winter months and
are concentrated at low latitudes. The simulated amplitudes during Northern Hemisphere summer are small
(< 2%) in the Northern Hemisphere, though amplitudes of roughly 4–5% occur in the Southern Hemisphere.
The annual variability of the TIME-GCM simulation is thus a factor of ∼1.4–1.7, which is similar to what was
estimated based on COSMIC observations in the absence of SSWs. A similar annual variability is simulated
for the equatorial vertical E × B drift velocity, which has a ratio between the Northern Hemisphere winter
and summer lunar tide of ∼1.4 in the TIME-GCM (not shown). In general, the seasonal and latitudinal vari-
ability of the ionospheric lunar tide in the TIME-GCM climatological simulation is in good agreement with
the COSMIC observations. However, there are some notable differences. First, the COSMIC observations
exhibit a more significant enhancement during January–February. As previously mentioned, this is thought
to be due to the occurrence of SSWs during the majority of the years covered by the COSMIC observations.
The simulated amplitude of the ionospheric lunar tide also tends to be larger than the observed amplitude
throughout the year. The amplitude discrepancy may be related to the fact that the simulations are ide-
alized (i.e., they contain no geomagnetic activity, data noise, etc. that may impact the observations), and
possible amplitude reductions due to effects of phase variability in the multiyear average. Despite these dif-
ferences, the agreement between the observations and simulations of the ionospheric lunar tide is generally
good, demonstrating that the TIME-GCM simulations are suitable for investigating the role of SSWs on the
seasonal variability.

The ionospheric lunar tide in NmF2 and TEC for the TIME-GCM SSW simulation are shown in Figures 2b
and 2d, respectively. Note that results are only shown up to day of year 75, and the color scale differs
between the climatological and SSW simulations. The occurrence of the SSW on day 15 leads to a near dou-
bling of the ionospheric lunar tide, which increases from 5–6% to ∼10%. It can therefore be concluded that
SSWs lead to an enhancement of the ionospheric lunar tide, at least for the generic SSW considered in the
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a. c.

b. d.

Figure 2. Seasonal variability of the M2 lunar tide in NmF2 from TIME-GCM simulations (a) without SSW and (b) with SSW.
(c, d) The same as Figures 2a and 2b except the results are for TEC. The vertical dashed lines in Figures 2b and 2d indicate
the timing of the zonal mean zonal wind reversal at 60◦N and 10 hPa in the SSW simulation.

present study. This confirms the enhancement seen in observational studies [Fejer et al., 2011; Park et al.,
2012; Yamazaki et al., 2012] and demonstrates that the ionospheric lunar tide enhancement during SSWs is
not coincidental due to the seasonal variation as was suggested by Stening [2011]. Furthermore, the iono-
spheric lunar tide enhancement due to SSWs will tend to amplify the annual variation. The ratio between
the ionospheric lunar tide amplitude during Northern Hemisphere winter and summer is greater than 2 for
the TIME-GCM SSW simulation. This is similar to the COSMIC observations in Figure 1, which are influenced
by the occurrence of SSWs. Climatological studies of the lunar tide seasonal variability are therefore poten-
tially biased due to the occurrence of SSWs, and the results indicate that the occurrence of SSWs needs to be
considered when determining the lunar tide seasonal variability.

The results presented in Figures 1 and 2 have focused on the migrating (i.e., longitudinally invariant)
semidiurnal ionospheric lunar tide. It should be noted that there is also evidence for nonmigrating lunar
semidiurnal tides in the ionosphere [Stening and Winch, 1979; Pedatella and Forbes, 2010]. Prior modeling
and observational studies have also revealed the presence of nonmigrating lunar semidiurnal tides in neu-
tral temperature and winds at E region altitudes [Vial and Forbes, 1994; Paulino et al., 2013], and these tides
may generate ionospheric nonmigrating lunar semidiurnal tides. Longitudinal variability in the ionospheric
lunar semidiurnal tide may also arise due to the interaction between the M2 and the geomagnetic main
field, which has a predominately wave number-1 longitude variability. Different longitudinal variability in
the ionosphere has been attributed to this interaction [e.g., Kil et al., 2012; Yue et al., 2013], and it may thus
give rise to longitudinal variability of the ionospheric lunar tide. There is therefore significant evidence for
longitudinal variability of the ionospheric lunar tide. Nonetheless, the present study is focused on the lunar
tide seasonal variability, and longitudinal variability of the ionospheric lunar tide is reserved as a topic of
future studies.

To gain insight into the seasonal variability of the ionospheric lunar tide, the M2 lunar tide in neutral tem-
perature at 110 km from the TIME-GCM simulations is shown in Figure 3. The climatological amplitudes
and phases are presented in Figures 3a and 3b, and results for the SSW simulation are shown in Figures 3c
and 3d. Focusing first on the climatological simulations, the M2 obtains the largest amplitudes (∼8–10 K)
near ±30◦ latitude during Northern Hemisphere winter. A secondary maximum of 6–7 K occurs at midlati-
tudes in the Northern Hemisphere between days 200 and 275. Note that the seasonal variability of the M2
at 110 km in the TIME-GCM climatological simulation is consistent with Sounding of the Atmosphere using
Broadband Emission Radiometry (SABER) observations [Forbes et al., 2013]. The simulated amplitudes are,
however, 3–4 K larger, which may be attributed to interannual variability and phase cancellation effects in
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a. b.

c. d.

Figure 3. (a) Amplitude and (b) phase of the M2 lunar tide in neutral temperature at 110 km from the climatological
TIME-GCM simulation. (c, d) The same as Figures 3a and 3b except the results are for simulations with SSW. The vertical
dashed lines in Figures 3b and 3d indicate the timing of the zonal mean zonal wind reversal at 60◦N and 10 hPa in the
SSW simulation.

the SABER multiyear average. The seasonal variability of the M2 in the MLT provides insight into why the
ionospheric lunar tide is largest during Northern Hemisphere winter. First, the M2 amplitudes are larger dur-
ing Northern Hemisphere winter, even in the absence of SSW conditions. It can therefore be anticipated that
the ionospheric lunar tide would also be larger during this season. Additionally, the M2 in the MLT exhibits a
more symmetric tidal structure during Northern Hemisphere winter, which is more efficient at the dynamo
generation of electric fields [Stening, 1989; Takeda, 1982; Stening et al., 2003]. The asymmetric tidal structure
during Northern Hemisphere summer months can be attributed to the dominance of the asymmetric (2,3)
mode [Forbes et al., 2013]. The (2,3) mode arises due to the influence of the background mean winds on the
tidal propagation. The seasonal variability of the ionospheric lunar tide is therefore driven by the seasonal
variability of the mean winds in the stratosphere and mesosphere, which are responsible for the changes
in the M2 at MLT altitudes. Last, it is noted that the M2 amplitude at MLT altitudes is enhanced in the SSW
simulation (Figure 3c). This enhancement is anticipated based on prior studies of M2 variability during SSWs
[Stening et al., 1997; Forbes and Zhang, 2012; Pedatella and Liu, 2013]. The increase in the ionospheric lunar
tide during SSWs can therefore be attributed to the M2 enhancement at MLT altitudes.

5. Conclusions

In the present study, COSMIC NmF2 and TEC observations and TIME-GCM simulations are used to investigate
the ionospheric lunar tide seasonal variability, with an emphasis on understanding the relationship between
the seasonal variability and enhanced lunar tides during SSWs. Consistent with prior studies, the largest
ionospheric lunar tide amplitudes are found to occur during Northern Hemisphere winter months at low
latitudes. A similar annual variation occurs in climatological TIME-GCM simulations, leading to the conclu-
sion that the annual variability of the ionospheric lunar tide is not solely due to the occurrence of SSWs. The
annual variability of the lunar tide in the ionosphere is instead attributed to the seasonal variability of the
lunar tide at MLT altitudes. In particular, a larger amplitude and more symmetric tidal structure of the lunar
tide in the MLT during Northern Hemisphere winter compared to summer is thought to generate the iono-
spheric lunar tide annual variation. Additional TIME-GCM simulations incorporating a SSW reveal that the
lunar tide is enhanced in the MLT and ionosphere during SSWs. This supports the conclusion of prior studies
that the lunar tide is enhanced by SSWs, contributing to the ionosphere variability during SSWs. The occur-
rence of SSWs during Northern Hemisphere winter also tends to amplify the lunar tide seasonal variability,
and the results of the present study demonstrate the importance of accounting for SSWs when determining
the climatology of the lunar tide in both the ionosphere and MLT.
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