
Journal of Geophysical Research: Space Physics

RESEARCH ARTICLE
10.1002/2015JA020998

Key Points:
• Enhancement of MLT lunar tides

occurs around the time of polar
vortex weakening

• Amplitude of MLT lunar tides
correlates with stratospheric
westward zonal wind

• During PVE and equinoxes, lunar
tides present comparable amplitudes
to SW2

Correspondence to:
J. L. Chau,
chau@iap-kborn.de

Citation:
Chau, J. L., P. Hoffmann, N. M. Pedatella,
V. Matthias, and G. Stober (2015),
Upper mesospheric lunar tides over
middle and high latitudes during
sudden stratospheric warm-
ing events, J. Geophys. Res.
Space Physics, 120, 3084–3096,
doi:10.1002/2015JA020998.

Received 9 JAN 2015

Accepted 7 MAR 2015

Accepted article online 12 MAR 2015

Published online 15 APR 2015

Upper mesospheric lunar tides over middle and high latitudes
during sudden stratospheric warming events
J. L. Chau1, P. Hoffmann1, N. M. Pedatella2, V. Matthias1, and G. Stober1

1Leibniz Institute of Atmospheric Physics at the Rostock University, Kühlungsborn, Germany, 2COSMIC Program Office,
University Corporation for Atmospheric Research, Boulder, Colorado, USA

Abstract In recent years there have been a series of reported ground- and satellite-based observations
of lunar tide signatures in the equatorial and low latitude ionosphere/thermosphere around sudden
stratospheric warming (SSW) events. This lower atmosphere/ionosphere coupling has been suggested
to be via the E region dynamo. In this work we present the results of analyzing 6 years of hourly upper
mesospheric winds from specular meteor radars over a midlatitude (54◦N) station and a high latitude (69◦N)
station. Instead of correlating our results with typical definitions of SSWs, we use the definition of polar
vortex weaking (PVW) used by Zhang and Forbes (2014). This definition provides a better representation
of the strength in middle atmospheric dynamics that should be responsible for the waves propagating to
the E region. We have performed a wave decomposition on hourly wind data in 21 day segments, shifted
by 1 day. In addition to the radar wind data, the analysis has been applied to simulations from Whole
Atmosphere Community Climate Model Extended version and the thermosphere-ionosphere-mesosphere
electrodynamics general circulation model. Our results indicate that the semidiurnal lunar tide (M2)
enhances in northern hemispheric winter months, over both middle and high latitudes. The time and
magnitude of M2 are highly correlated with the time and associated zonal wind of PVW. At middle/high
latitudes, M2 in the upper mesosphere occurs after/before the PVW. At both latitudes, the maximum
amplitude of M2 is directly proportional to the strength of PVW westward wind. We have found that
M2 amplitudes could be comparable to semidiurnal solar tide amplitudes, particularly around PVW and
equinoxes. Besides these general results, we have also found peculiarities in some events, particularly at
high latitudes. These peculiarities point to the need of considering the longitudinal features of the polar
stratosphere and the upper mesosphere and lower thermosphere regions. For example, during SSW 2009,
we found that M2 enhances many days before PVW which is not in agreement with most of our results.

1. Introduction

A connection between ionospheric/thermospheric variability with lower atmospheric forcing has been
long postulated [e.g., Rishbeth, 2006]. However, it is in recent years that such connections have been clearly
identified in observations and are reproduced by numerical models [e.g., England, 2012; Chau et al.,
2012]. One connection occurs during Sudden Stratospheric Warming events (SSWs), which are large
meteorological phenomena that happen in the winter polar region, mainly at northern latitudes.

Briefly, the changes in the stratospheric polar vortex due to planetary wave (PW) activity that are the cause
of the SSWs modify the vertical and horizontal propagation of tides (solar and lunar) arriving to the E region
and, via the E region dynamo, modify the E and therefore the F region electrodynamics. These ionospheric
perturbations have been observed in terms of plasma drifts, total electron density, electron density, and
neutral density from ground-based as well as satellite observations [e.g., Chau et al., 2009; Goncharenko
and Zhang, 2008; Vineeth et al., 2009; Chau et al., 2010; Rodrigues et al., 2011; Chau et al., 2012; Goncharenko
et al., 2010, 2013]. A review on such observational connection can be found in Chau et al. [2012] and
references therein.

One of the clear signatures that is observed at equatorial and low latitudes during SSWs is a clear
semidiurnal pattern shifting in time as function of day of the year. This pattern has been attributed mainly to
the semidiurnal lunar (M2) tide from analysis of ground-based ionospheric plasma drift measurements [e.g.,
Fejer et al., 2010, 2011; Fejer and Tracy, 2013]. According to numerical simulations, that pattern could be also
due to a phase shift in the solar semidiurnal tide [e.g., Pedatella and Liu, 2013]. The presence of M2 during
SSWs has been also reported from other ground-based observations as well as in situ observations on-board
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satellites [e.g., Stening, 2011; Gasperini and Forbes, 2014; Lühr et al., 2012; Park et al., 2012; Yamazaki et al.,
2012; Yamazaki, 2013, 2014; Yamazaki and Kosch, 2014; Zhang et al., 2014]. Lunar tides in the ionosphere
have been observed at other times, but their amplitudes are much smaller than at times of SSWs, i.e.,
northern hemispheric winter [e.g., Bartels, 1950; Chapman and Lindzen, 1970; Matsushita, 1967; Stening and
Fejer, 2001; Stening and Rastogi, 2002; Pedatella and Forbes, 2010; Aveiro and Hysell, 2010; Eccles et al., 2011].

Given that this coupling mechanism is supposed to be via the E region dynamo, the mesosphere and
lower thermosphere (MLT) dynamics responsible for the E region dynamics should present indications of
the aforementioned coupling. The dynamics of the MLT, particularly at middle and high latitudes during
SSWs, have been studied by many authors. Most of these studies have been focused on the mean wind
structure [e.g., Hoffmann et al., 2007; Matthias et al., 2012] and the PW activity [e.g., Pancheva et al., 2009;
Matthias et al., 2013]. The lunar tides in the MLT region have also been studied extensively [e.g., Stening,
1989; Sandford et al., 2006]. The connection of MLT M2 and SSWs was first proposed by Stening et al. [1997].
Recently, MLT M2 enhancements during SSWs have been reported from low latitudes stations [e.g., Paulino
et al., 2012; Xiong et al., 2013].

Until recently the amplification of M2 during SSWs was not understood. Forbes and Zhang [2012] showed
that the underlying mechanism for M2 enhancement during the 2009 SSW was due to changes in the
zonal-mean temperature and wind structure of the middle atmosphere that occurred during the SSW. They
showed that the so-called Pekeris peak, i.e., the location of a quasi-resonance of the atmosphere, shifted to
the M2 lunar period during the course of the SSW. This work motivated the most recent work by Zhang and
Forbes [2014], which extended the analysis to more years using temperature data at 110 km from satellite
observations. Moreover, Zhang and Forbes [2014] quantify the polar vortex strength from reanalysis data
and defined what they called “Polar Vortex Weakening” (PVW). They found that such definition was a better
representation of the underlying middle atmosphere dynamics associated with the MLT M2 signatures than
typical definitions for SSWs. A comprehensive treatment of the lunar tides can be found in Forbes et al. [2013]
and references therein.

Motivated by the ionospheric observations at low latitudes, Pedatella et al. [2014] added a lunar tide forcing
to a coupled atmospheric/ionospheric model. This M2 forcing came from the global scale wave model
(GSWM) simulations of Forbes and Zhang [2012]. Briefly the model data were obtained from a combination
of the National Center for Atmospheric Research (NCAR) Whole Atmosphere Community Climate Model
Extended version (WACCM-X) and the thermosphere-ionosphere-mesosphere electrodynamics general
circulation model (TIMEGCM) to simulate the 2009 SSW. In addition, the M2 forcing was applied to the lower
boundary of TIMEGCM. They found that the agreement with observations was much better when the lunar
tide forcing was included than when it was not. Pedatella [2014] extended this analysis to other seasons
and SSWs and concluded that indeed lunar tide climatology is affected by the perturbations in the polar
vortex dynamics that accompany SSWs.

To have a better understanding on the MLT tides, with special emphasis on the lunar tide, in this work we
make use of continuous upper mesospheric wind measurements, obtained between 2008 and 2013. The
measurements have been performed with specular meteor radars (SMRs) over northern Germany (54◦N)
and northern Norway (69◦N). We first start with the definition of SSWs and the polar vortex characteristics.
Then we introduce the data and the analysis used. The analysis is applied to radar as well as the model data
from Pedatella et al. [2014]. The semidiurnal solar and lunar tide results of 6 years and their composite values
are presented in section 4, over both middle and high latitude stations. The correlation of our M2 results
with the PVW is discussed in section 5. Finally, we present the main conclusions of our work.

2. Sudden Stratospheric Warming and Polar Vortex Characteristics

A SSW is a large meteorological event where westerly winds in the Northern winter stratosphere and
mesosphere abruptly slow down or even reverse direction in a few days time, accompanied by a breakdown
of the polar vortex and a rise of stratospheric temperature by several tens of degrees. This large-scale
meteorological process in the winter polar region strongly affects vertical coupling in a large range of
altitudes, from the stratosphere to the thermosphere [Liu and Roble, 2002]. SSWs have been under extensive
observational and theoretical investigation for many years [e.g., Andrews et al., 1987]. The key mechanism
for SSWs is the growth of PWs propagating upward from the troposphere and their nonlinear interaction
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Table 1. Sudden Stratospheric Warming and Polar Vortex
Weaking Parameters

Warming Polar Vortex PVW PVW Westward
Year Type Type Day Wind (m/s)

2008 Minor Displacement 24 24.0
2009 Major Splitting 23 50.0
2010 Major Displacement 29 38.0
2011 None 31 6.0
2012 Minor Displacement 17 56.0
2013 Major Splitting 11 64.0

with the zonal mean flow [Matsuno, 1971].
The current knowledge of SSWs allow its
prediction a few days in advance [e.g.,Kim
and Flatau, 2010; Coy et al., 2011]. The
possibility of prediction could be useful
for forecasting ionospheric weather, when
the coupling of lower atmosphere and
ionosphere is understood.

SSW can be classified into minor, major,
and Canadian warmings [Labitzke and
Naujokat, 2000]. Major SSWs, which occur

when the zonal mean zonal wind reverses from westerly to easterly at the 10 hPa level, can be associated to
a displacement or splitting of the polar vortex at stratospheric heights [e.g., Krüger et al., 2005].

Although SSWs have been studied for more than 50 years, their temperature behaviors are continuously
changing and there is currently no consensus on how to define the dates of the different manifestations of
SSWs. For example, following Labitzke and Naujokat [2000], Matthias et al. [2012] have used a SSW central
day during major warmings when the zonal wind reverses and when the temperature gradient maximizes.
In the case of minor warmings, the central day is defined as the day where the zonal wind at 60◦N and at
10 hPa has its minimum.

As discussed in Chau et al. [2009] and later in Chau et al. [2012], the lower-atmosphere and ionosphere
coupling around SSWs is not related to the warming itself but to the PW activity associated with it. In
this context, we prefer to use parameters that characterize, somehow, the changes in the middle atmo-
sphere wind structure that should be responsible for modifying the lower atmosphere tidal components
propagating vertically. Here we follow the definition of Polar Vortex Weaking (PVW) used by Zhang and
Forbes [2014].

Analyzing the MERRA (Modern-Era Retrospective Analysis for Research and Application) reanalyses data for
SSWs 2006, 2009, and 2013, Zhang and Forbes [2014] found that the North Pole temperature at 40 km peaks
during these events at about the same time the zonal wind at 70◦ latitude and 48 km altitude reaches its
minimum value. Later they found that a similar behavior occurs almost all years between 2002 and 2013,
independent of the type of warming. Since the zonal wind and temperature are a way to measure the
strength of the polar vortex, the conditions above were used to define the PVW. A discussion on previous
use of PVW concepts and definitions is given by Zhang and Forbes [2014].

This definition of PVW was used by Zhang and Forbes [2014] to study the relationship of semidiurnal lunar
tide (M2) amplitudes in global temperatures at 110 km altitude. These measurements were determined
from SABER (Sounding of the Atmosphere using Broadband Emission Radiometry) on board the TIMED
(Thermosphere Ionosphere Mesosphere Energetics Dynamics) satellite. Given the orbit characteristics of
TIMED, the study was limited to the ±50◦ latitude band. They found that (a) an excellent correlation between
the timing of the PVW and the time when the M2 amplitude is the highest and (b) the maximum amplitude
of M2 was proportional to the westward wind that characterize the PVW. We return to these results in the
discussion section.

In Table 1, we summarize the main characteristics of the SSWs between 2008 and 2013 that are part of this
study, including when appropriate if the polar vortex was displaced or split. The timing of the PVW (day of
the year) and its corresponding westward zonal wind are obtained from Zhang and Forbes’s [2014] Figure 2.
The timing values are in good agreement with the values used by Matthias et al. [2013] for 2009, 2010, and
2012 SSWs.

3. Radar System Description and Data Analysis Description

In our studies we use MLT winds from the SMRs located at a middle latitude site and at a high-latitude site,
i.e., Juliusruh, northern Germany (54◦N, 13◦E), and Andenes, northern Norway (69◦N, 16◦E), respectively.
Both systems operate at 32.55 MHz and use cross-polarized antenna elements to ensure a nearly isotropic
sensitivity to meteor echoes. A three-element Yagi antenna is used for transmission. On reception a five
antenna interferometer is the so-called Jones configuration [Jones et al., 1998]. Meteors are identified with
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Figure 1. Mean wind decomposition over Juliusruh from a WACCM-X-TIMEGCM simulation: mean wind, diurnal solar, semidiurnal solar (SW2), and semidiurnal
lunar (M2) tidal components, for (left) zonal, (center) meridional, and (right) total wind components. (bottom) Mean zonal stratospheric temperature gradient
between 90◦N and 60◦N at 10 hPa (in red). The maximum/minimum values of the dashed black lines represent the times of Full/New Moon phases.

2 km range resolution and 2◦ angular resolution. From each specular meteor echo, the radial velocity due
to the projected back ground wind is estimated. An all-sky least-squares-fit is used in each predetermined
vertical and temporal bin to estimate the mean zonal and meridional wind from the measured radial
velocities [e.g., Hocking et al., 2001]. Horizontal winds between 80 and 98 km are obtained every hour in
height intervals of 3 km.

Our analysis follows the technique used by Stening et al. [1997] and Sandford et al. [2006]. Each of the wind
components, zonal (u) and meridional (v), is considered to be a superposition of a mean wind and the
following three tidal oscillations: (a) solar diurnal, (b) solar semidiurnal, and (3) lunar semidiurnal (M2), with
periods of 24, 12, and 12.42 h, respectively. Then both u and v components are fitted independently to

a(t) = A0 + A1 cos
(2𝜋t

24
+ 𝜙1

)
+ A2 cos

(2𝜋t
12

+ 𝜙2

)
(1)

A3 cos
( 2𝜋t

12.42
+ 𝜙3

)
(2)

where Ai and 𝜙i are amplitudes and phases of each of the sinusoidal components and t is the time in hours.
Note that A0 represent the mean component. The fitting of amplitudes and phases is done on segments
of 21 days shifted by 1 day. This procedure has been applied also to synthetic data. Briefly, synthetic
wind data were generated with known solar and lunar tidal parameters in the same format as the radar
data. Segments of 11 and 15 days have been also tested, providing higher resolution estimation of M2,
accompanied on occasions of larger amplitudes. However, when these relative short windows (11 and 15)
are used on synthetic data, sometimes artifacts were obtained. This result is not surprising given the small
separation between solar semidiurnal and M2 periods and the frequency resolution obtained with these
windows. We found that 21 days was a good compromise between being able to separate the tides and the
possibility of determining the amplitude of the synthetic tides.
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Figure 2. Same as Figure 1, but for data obtained with the Juliusruh SMR.

As point it out later, from our ground-based observations we are not in position to discriminate between
nonmigrating and migrating tidal components. However, from the analysis of the TIMEGCM simulations and
from previous numerical simulations and observations [e.g., Fuller-Rowell et al., 2010; Pedatella et al., 2012a],
the migrating component is dominant in the solar semidiurnal tide during SSWs. Therefore, from here on we
denote our solar semidiurnal tide as SW2. Though we refer to the solar semidiurnal tide as SW2, it should be
recognized that this represents a combination of the migrating and nonmigrating semidiurnal tides. Again,
the migrating component is generally larger than nonmigrating components during SSW time periods.

Our fitting procedure allows us also to deal with data gaps without interpolating them. The meteor systems
used have run practically continously. However, when data gaps were longer than 3 days, 21 days segments
involving those gaps are not used in our results.

It is important to mention that we are neglecting the terdiurnal solar tide in our analysis (i.e., with a period
of 8 h). Our previous tidal decomposition of MLT winds at middle and high latitudes, including the terdiurnal
tide, showed that such component is much smaller than the diurnal and solar semidiurnal tides. In addition,
by neglecting this component, we allow more degrees of freedom to fit for the unknowns.

Besides the radar data, our approach has been applied to the model data from Pedatella et al. [2014]
mentioned above. The analysis of hourly time-series from these simulations over Juliusruh are shown in
Figure 1. The first row shows 4 day average mean winds shifted by 1 day, while the second, third, and fourth
rows show the solar diurnal, SW2, and M2 amplitudes obtained from 21 day segments shifted by 1 day,
respectively. As a reference, the fifth row shows the temperature gradient of zonally averaged stratospheric
polar temperatures (in red), while the dashed lines show the phases of the Moon (maximum/minimum
values correspond to Full/New Moon phases). The first, second, and third columns show the results for the
zonal (u), meridional (v), and total wind magnitude (

√
u2 + v2), respectively. Figure 2 shows the results of

applying the same fitting procedure to the Juliusruh SMR wind data.

By comparing the results of Figures 1 and 2, we find that both data sets show the characteristic mean zonal
wind for the 2009 SSW event, i.e., a sudden reversal from westward to eastward wind after the central day
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Figure 3. Semidiurnal (left) solar and (right) lunar tidal amplitudes of wind speed for years between 2008 and 2013 over Juliusruh. The vertical dashed lines shows
the times of the polar vortex weaking (PVW) (see text for details). The vertical red line represent the time of maximum M2 amplitude at 94 km altitude.

of the SSW [e.g., Hoffmann et al., 2007; Matthias et al., 2012]. In addition, it is clear that SW2 is the dominant
component at these altitudes and this time period, in both data sets, being stronger on the radar data.
The solar diurnal component is much smaller at these altitudes and times than the SW2 component
[e.g., Pancheva and Mitchell, 2004]. The amplitudes of SW2 and M2 increase with increasing altitude in both
simulation and observations.

In the case of M2 component, larger amplitudes are observed in the simulations than in the radar data.
However, the radar data show more temporal structure than the simulated data, in both the M2 and SW2
components, that might be due to the modulation of other waves and the actual background wind. In this
particular 2009 SSW event, SW2 decreases when M2 starts to increase in the radar observations.

The SW2 and M2 zonal and meridional components present similar temporal and altitude characteristics
among them and when compared to the total wind magnitude. In order to simplify the presentation of our
results, in the next section we present only the results of the total wind magnitude.

4. Radar Observations at Middle and High Latitudes

Having identified M2 signature in the Juliusruh data around the 2009 SSW, in this section we present the
results for years between 2008 and 2013, over both middle and high latitude sites. First, we present the
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Figure 4. Same as Figure 3, but over Andoya.

results for each year around SSW events, i.e., in northern hemispheric winter months, and then we present
the composite results of all 6 years.

4.1. Multiyear Results
In Figure 3, we present the results of 6 years over Juliusruh of the total amplitude of the wind components.
The first column shows SW2 amplitudes as function of day of the year and altitude, for each year (different
rows). The vertical black dashed line represents the timing of the PVW. The second column shows the
corresponding M2 amplitudes. In this case the red vertical line represents the timing of the M2 peak at 94 km
altitude. In both columns, data gaps are shown in black.

The salient features of the Juliusruh results are (a) M2 amplitude peaks occur around the PVW day, (b) the
M2 and SW2 amplitudes increase with increasing altitude, and (c) SW2 amplitude are larger than M2. In the
case of 2009 and 2013 events, the M2 enhancement is accompanied by a decrease of SW2. Moreover, M2 is
enhanced over a wider time span, compared to other years.

The results over the high-latitude station, i.e., Andøya, are shown in Figure 4. In this case, the amplitudes of
both SW2 and M2 are smaller than over the midlatitude station. As in the case of Juliusruh, (a) M2 amplitude
peaks occur around the PVW day, (b) the M2 and SW2 amplitudes increase with increasing altitude, and
(c) SW2 amplitude are larger than M2.
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Figure 5. Composite values from observations between 2008 to 2013 over Juliusruh, obtained with respect to the PVW day of each year for (top) SW2, (middle)
M2, and (bottom) the ratio of M2/SW2. Note that color distribution is not the same for SW2 and M2 results.

However, there are peculiar differences in the high latitude observations. In 2009, M2 enhancements are
accompanied by a severe decrease of SW2 and occur much earlier than the PVW. Given the data gap in
2013, it is difficult to say if similar features are obtained during this year. In general, SW2 shows much more
temporal variability (days to weeks) than over Juliusruh. The 2011 observations are characterized by the
absence of SSW, nonetheless M2 is enhanced. The M2 enhancement occur much earlier than the PVW, and
its amplitude is smaller than other years.

Over both sites, the highest M2 amplitude and sharper temporal feature are observed in 2010. Note that
2009, 2010, and 2013 are all three considered as major SSWs. However, 2009 and 2013 are characterized by
a splitting of the polar vortex, while in 2010 the polar vortex was displaced.

4.2. Composite Results
Given the good correlation between the occurrence of M2 peak and the timing of PVW, in Figure 5 we show
the composite averaging of all 6 years, with respect to the PVW day. The first/second row shows the M2/SW2
results for the whole year. The third row shows the ratio of the averaged M2 over the averaged SW2 in
percentage. Note that again we are using the total amplitude of the wind components, but in this case, of
temporally averaged zonal (⟨u⟩) and meridional (⟨v⟩) amplitude components, i.e.,

√⟨u⟩2 + ⟨v⟩2.

As expected, the averaging with respect to PVW day results in the enhancement of the averaged M2 near
day 0. The averaged M2 amplitude is around 35 m/s which is much larger than previously reported M2

amplitudes at midlatitudes [e.g., Sandford et al., 2006]. To our surprise, we have noted that when a composite
averaging with respect to PVW is done, M2 features at other times of the year and SW2 around Fall transition
(days ∼260–270) are sharper than when a composite average is done with respect to calendar day.

Figure 6 shows the composite results using the Andøya data, again averaging with respect to PVW day.
In this case the M2 signature around day 0 is not as sharp as in the Juliusruh case and shows a wider time
duration. Around this time, there is clear decrease of SW2. In addition, M2 signature is much weaker and not
as clear at other times of the year. Again, SW2 shows a sharp behavior around the Fall transition time, i.e., a
sudden decrease of amplitude.

Over both sites, M2 amplitudes are in general much weaker than SW2, which is in agreement with Sandford
et al. [2006]’s Figure 1a when a spectral analysis is done over a year. However, the ratio M2/SW2 clearly shows
that over both sites, M2 is comparable (at least 50% or more) to SW2, around PVW and around equinoxes.
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Figure 6. Same as Figure 5, but over Andoya.

5. Discussion

Our multiyear results clearly show that the PVW characteristics, as defined by Zhang and Forbes [2014],
provide a good empirical correlation with the M2 signatures in the upper mesosphere at both middle
and high latitudes. To quantify this finding, in Figure 7 we present the following: (a) the time when M2 is
maximum as function of the timing of the PVW and (b) the total amplitude of M2 wind component as
function of the PVW westward wind. The results are shown for both Juliusruh (red) and Andøya (blue). The
linear fitting has been performed using a least absolute deviation (LAD) technique. The LAD technique,
also known as Least Absolute Errors or the L1 norm problem, has been used due to its robustness when
compared to the traditional least squares method. The LAD is robust in that it is resistant to outliers in
the data [e.g., Branham, 1982]. Note that in the case of 2009 and 2011 over of Andøya, both timing values
occur much earlier than the other years. Using LAD, these values contribute with a less weight to the linear
fitting. Using all the points, the corresponding correlation values for Juliusruh and Andøya are 0.86 and
−0.01, respectively. When values from 2009 and 2011 are not considered, the correlations are 0.95 and
0.94, respectively.

Over both sites, the slopes of the linear fit to the time values is close to 1, where M2 tends to peak
later/before than PVW at middle/high latitudes. From the linear fit to the magnitude, again using the LAD
technique, amplitudes of M2 tend to increase as the PVW westward wind is stronger over both sites. The
slope at high latitudes is larger than that at midlatitudes. In four out of the six years, the M2 amplitudes over
midlatitudes are larger than over high latitudes. In the case of amplitude/wind comparison, using all six
values, the correlations are 0.4 and 0.6 over Juliusruh and Andøya, respectively.

As mentioned before, similar results where reported by Zhang and Forbes [2014], using temperatures at
110 km altitude between 50◦S and 50◦N. They found that M2 peak occur 2.8 days later than PVW day and
M2 T amplitude increase linearly with the PVW westward wind. Our results are in excellent qualitative
agreement with these results, even though they are obtained from local continuous wind measurements
at 94 km at 54◦N.

In the case of our high latitude results, there are slight differences that point to the actual longitudinal and
latitudinal structure of the polar vortex. It is well-known that during northern winter months, there are
significant longitudinal differences in the stratosphere and MLT dynamics [e.g., Hoffmann et al., 2007].
Similarly, Paulino et al. [2013] has reported longitudinal variations of M2 amplitudes within ±50◦ latitudes
using MLT temperatures from SABER. These observations point to the importance of the nonmigrating
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Figure 7. Relationship between PVW parameters and semidiurnal lunar tide parameters over Juliusruh (red) and Andoya
(blue): (left) occurrence of M2 peak versus PVW day and (right) speed at M2 peak versus westward wind during the PVW.
The solid lines indicate the fitted line for both stations using a linear fit with a least absolute deviation (LAD) technique
(see text for details). The fitted parameters are indicated in the figure, where x represents the PVW day of the year and
westward wind for the left and right plots, respectively.

components of the lunar tides. Therefore, the definition of PVW used above might not be always applicable,
particularly at high latitudes. From Figure 4, is the decrease of SW2 in 2009 over Andøya a general feature of
major SSWs when the polar vortex is split, or such effect is longitude dependent?

From our composite results, we corroborate that M2 amplitudes are comparable to SW2 amplitudes during
PVW times (more than 50%), which are accompanied by SSWs when the PVW westward wind is relatively
strong. The signature is stronger at middle latitudes than at high latitudes, which is in agreement with
simulation results from Pedatella et al. [2014]. In turn, the identified M2 in both upper mesospheric winds
(this work) and lower thermospheric temperatures, via the E region dynamo, should be responsible for the
M2 signatures in the EEJ, ionospheric electrodynamics, and thermospheric densities [e.g. Stening, 2011; Fejer
et al., 2011; Lühr et al., 2012; Zhang et al., 2012; Yamazaki, 2013, 2014].

The enhancement of M2 around PVW is in good agreement with previously reported enhanced M2 in
northern winter months at similar latitudes [e.g., Sandford et al., 2006, and references therein]. However,
our reported magnitudes are much larger (20–42 m/s compared to 7–12 m/s reported before). Part of the
difference is due to the total wind magnitude we are using (i.e., ∼40% larger). The remaining difference
might be due to the size of the segment time we have used (21 days instead of 30 days) and also to the
events studied. As shown in Figure 7, M2 amplitudes vary between 20 and 42 m/s during PVW depending
on the year (event).

Although M2 signatures in the MLT region have been reported before, very little attention have been given
to these observations, particularly by modelers, in part, because it is considered to be very small compared
to other components, and in part, because it might not be easy to implement. Here we want to stress that
small is a relative justification. From our composite results, we show that when compared to SW2, M2 is
comparable particularly around PVW times and equinoxes, over both middle and high latitudes in the
Northern Hemisphere. In the case of equinoxes, M2 is not enhanced; however, SW2 gets smaller.

As in the case of typical gravity waves, M2 is expected to increase with altitude as the neutral density
decreases, depending on the wind structure in the middle atmosphere. Recently Kohyama and Wallace
[2014] using ECMWF (European Center for Medium Range Weather Forecasting) reanalysis, referred to as the
ERA interim, was able to identify M2 signatures below 50 km. Kohyama and Wallace [2014] found that above
100 hPa (∼ 17 km), M2 amplifies with increasing altitude and such signature was not part of the forecast
model, but the source should be in the observations. When compared to SW2, they found that at the source
the ratio is 1/20, while it is 1/3 around 50 km. In our case, we found ratios of 1/2 (or less) at 94 km around
PVW and less around equinoxes. The existence of M2 in reanalysis data might have propagated to the
thermosphere/ionosphere in coupled models, allowing the reproduction of lunar tide-like features, even
though the lunar forcing was not explicitly included [e.g., Jin et al., 2012].

CHAU ET AL. ©2015. American Geophysical Union. All Rights Reserved. 3093



Journal of Geophysical Research: Space Physics 10.1002/2015JA020998

The atmospheric lunar tide is generated by vertical motion of the oceans at the lower boundary, the tidally
induced movement of the solid Earth, and the Moon’s gravitational attraction on the lower and denser
regions of the atmosphere [e.g., Vial and Forbes, 1994; Stening and Jacobi, 2001; Stening and Vincent, 1989;
Pedatella et al., 2012b]. The results of Kohyama and Wallace [2014] suggest that observed M2 amplitudes on
ERA-interim could be due to the lifting of the atmosphere by the M2 oceanic tide. Unlike solar tides, tides
excited by the Moon’s gravitational field can be precisely specified. Such specification might be useful for
improving the effect of middle atmosphere dynamics on the MLT/lower atmosphere coupling. In the case
of solar tides, the time-varying distributions of ozone and water vapor result in a corresponding variation in
the tidal forcing and contribute the high degree of tidal variability observed in the MLT region.

It has been suggested that the observed M2 feature could be due to phase changes of the solar tides [e.g.,
Pedatella and Liu, 2013]. Even though we are not able to separate such effect from our analysis, it would be
too coincident that such phase changes are persistenly locked with lunar time. In addition, the interaction
of the 16 day PW and the solar 12 h tide could produce lunar-like tidal feature [e.g., Sandford et al., 2006].
However, Sandford et al. [2006] using similar radar data to ours at equivalent locations showed clearly that
the identified lunar tide was genuine. Firstly, their observed lunar tidal phases were consistent from year to
year. This would not be so if the apparent lunar tide was actually produced by such interaction. Secondly,
16 day PW is actually composed of a range of periods near 16 days; any generation of an apparent lunar
tide would result in broad spectra near the lunar tidal frequencies. This is not the case as shown in Sandford
et al.’s [2006] Figure 1a.

The results here presented are based on observations made over single stations; therefore, the separation
of migrating and nonmigrating tides is not possible. Then, we provide altitude and temporal features of a
“total” tide for each of the components. We plan to complement our studies, for example, to determine the
spatial features of lunar tides, analyzing radar data from other longitudes and latitudes, and using data from
satellites (e.g., Aura and TIMED).

6. Conclusions

We have corroborated that the definition of polar vortex weakening (PVW) used by Zhang and Forbes
[2014] provides a better connection with the M2 signatures observed at upper mesospheric altitudes than
parameters typically used to identify the timing of SSWs.

Our results indicate that the semidiurnal lunar tide (M2) enhances in northern hemispheric winter months,
over both middle and high latitudes in the Northern Hemisphere. The time and magnitude of M2 are
highly correlated with the time and associated zonal wind of PVW. At middle/high latitudes, M2 in the
upper mesosphere occurs after/before the PVW. In both latitudes, the maximum amplitude of M2 is directly
proportional to the strength of PVW westward wind. Furthermore, we have found that M2 amplitudes could
be comparable to SW2 amplitudes, particularly around PVW and equinoxes.

The definition of PVW, which is obtained from zonal averaged values, works in most cases. However, we
have found peculiarities in some events, particularly at high latitudes, that point to the need of considering
the longitudinal and latitudinal features of the planetary wave activity in the polar stratosphere and its
connection to the upper MLT region. For example, during 2009 SSW, we found that M2 enhances at high
latitudes many days before PVW which is not in agreement with most of our results.
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