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A new generation all-sky SKiYMET meteor radar, optimized to measure high-frequency gravity wave
momentum flux, was installed in Trondheim, Norway (63.4°N, 10.5°E), and has been providing near-
continuous measurements since September 2012. Using the system's first full calendar year of
observations the seasonal cycle of gravity wave momentum flux and forcing in the mesopause region
is studied. The vertical flux of zonal momentum is observed to change from westward to eastward with
increasing altitude in winter, and from eastward to westward in summer. This vertical divergence results
in westward gravity wave forcing in winter, and eastward forcing in summer. It is shown that the
seasonal cycle in gravity wave momentum flux and forcing can be interpreted in terms of selective
filtering of a uniform spectrum of vertically propagating GWs between the surface and the mesopause
region.
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1. Introduction

It is widely acknowledged that gravity waves (GWs) are not
solely an interesting atmospheric phenomenon, but play an
important role in atmospheric dynamics due to their ability to
redistribute energy and couple different atmospheric layers (e.g.
Nappo, 2002; Fritts and Alexander, 2003). Indeed, GWs are under-
stood to be the main driver of the general circulation in the
quiescent mesosphere/lower thermosphere (MLT) (e.g. Holton,
1983; Fritts and Alexander, 2003 and references therein). GWs
propagating upward from the lower atmosphere encounter selec-
tive filtering in the stratospheric winds (Lindzen, 1981), which in
turn determines the GW spectrum and its corresponding momen-
tum flux reaching the MLT. This process plays an important role in
establishing the summer to winter pole circulation in the MLT,
thus driving the MLT away from radiative equilibrium (e.g. Holton,
1983; Vincent, 2009).

Due to their relatively small scales, GWs are generally not
resolved in global circulation and climate models, but rather their
effects are parameterized in order to produce realistic wind and
temperature fields (Geller et al., 2013), although it must be noted
that high resolution models capable of explicitly resolving an
increasing portion of GW scales are now becoming available (e.g.
Becker, 2009). A key parameter to guide and constrain these
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parameterizations is the GW momentum flux, and in particular
knowledge of its seasonal and latitudinal variation is important
(Espy et al., 2006; Geller et al., 2013). Different methods have been
used to study GWs in the MLT. One such method is the use of
satellite instruments like Sounding of the Atmosphere using
Broadband Emission Radiometry (SABER) to measure GW momen-
tum flux (e.g. Ern et al., 2011), where GW amplitudes are derived
from measured temperature profiles. The major advantage of this
technique is that it provides global scale coverage and provides
information regarding latitudinal variations, albeit for a limited
range of GW temporal and spatial scales. However, no directional
information about the GW momentum flux can be obtained using
this method. Directional GW momentum flux in the MLT region
can be derived using various other techniques, including combined
radar and airglow observations (e.g. Gardner et al., 1999; Espy
et al, 2004, 2006), and studies using dual-beam radars (e.g.
Vincent and Reid, 1983; Fritts and Vincent, 1987; Janches et al.,
2006; Fritts et al., 2006).

A generalization of the dual-beam method (Vincent and Reid,
1983) was proposed by Hocking (2005), enabling GW momentum
flux observations in the MLT using meteor radar measurements,
and is based on the notion that fluctuations in the wind field, after
removal of a background wind, represent the true wind variability
due to GWs (Hocking, 2005). The technique has been used to study
momentum fluxes using standard meteor radars (Hocking et al.,
2001) at high latitude (Hocking, 2005; Placke et al., 2011a), mid-
latitude (Hocking, 2005; Placke et al., 2011a, 2011b), and tropical
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sites (Antonita et al., 2008). Due to the relatively large network of
meteor radars (Hocking, 2005) as well as their capability to obtain
continuous measurements, meteor radars appear to be well suited
to study latitudinal variation as well as the seasonal cycle of the
GW momentum flux.

A limiting factor in the determination of GW momentum fluxes
using meteor radars is the meteor count rate and zenith angle
distribution (Hocking, 2005, 2011; Andrioli et al., 2013). When
meteor counts are low, the use of long averaging time intervals on
the order of one month is necessary, compromising the temporal
resolution with which the GW momentum flux variability can be
derived. In order to optimize meteor radars to determine GW
momentum fluxes, a new generation SKiYMET system was devel-
oped and first deployed on Tierra del Fuego (53.8°S, 67.8°W) (Fritts
et al., 2010a,b). Here, 8 transmitter antennas are combined in order
to achieve high peak powers and to direct most of this power in
the area between 15° and 50° zenith angle, resulting in high
meteor count rates in the region of interest for the determination
of GW momentum fluxes (Fritts et al., 2010a,b). Indeed, using the
meteor distribution detected with the optimized system, Fritts
et al. (2010a) showed that GW momentum flux estimates remain
reliable when averaging time scales were reduced to as low as 10
days.

The first northern hemisphere SKiYMET meteor radar opti-
mized to measure GW momentum fluxes is located in Trondheim,
Norway (63.4°N, 10.5°E), and has been operational since Septem-
ber 2012. This study presents the first observations of the seasonal
cycle of GW momentum flux and forcing during 2013 obtained
with this new generation radar. The system design and data
analysis techniques are described in Section 2. As meteor statistics
are an important factor when determining GW momentum fluxes,
meteor statistics over 2013 are presented in Section 3. Afterwards,
the seasonal cycle in the horizontal winds and the high-frequency
GW momentum flux and forcing are presented. In Section 4, the
GW momentum flux and forcing are discussed in light of previous
observations as well as the background wind field.

2. System specifications and data analysis
2.1. System specifications

The Trondheim Meteor Radar is an all-sky SKiYMET meteor
radar (Hocking et al., 2001) located in Trondheim, Norway (63.4°N,
10.5°E) and has been operating near-continuously since September
2012. The system is similar in design to the SAAMER and
DrAAMER radars (Fritts et al., 2010a,b, 2012), and is optimized to
measure GW momentum fluxes in addition to traditional meteor
radar parameters such as horizontal winds and temperatures. To
this end, the transmitter array consists of 8 three-element Yagi
antennas in a circular orientation, supplying a peak power of
30 kW. During normal operation most of the power is directed into
eight beams at 45° azimuth increments, with peak powers around
35¢° off-zenith and a majority of meteors detected between 15° and
50° zenith angle (see e.g. Fritts et al., 2010b, their Fig. 1). Other
transmitter phasings are also possible, allowing for different
beam-modes. One of the set-ups available is a vertical beam-
mode, in which the radar ran for 2 consecutive days in July 2013
(9.58 UT 10/7-11.42 UT 12/7) without any detrimental effect on
routine observations.

The return signal is detected on 5 three-element Yagi antennas,
spaced at 24 and 2.54, increasing detection precision. Details on
receiver antenna layout, and routine meteor positioning and radial
velocity determination can be found in Hocking et al. (2001).

The radar frequency of 34.21 MHz is optimized for meteor
detection at peak meteor ablation altitudes. Peak count rates are

observed around 90 km, and generally enough meteors are de-
tected in the range of 70-100 km for the derivation of horizontal
winds throughout this region (see also Section 3.1). A pulse
repetition frequency of 925 Hz and a pulse width of 2 km were
used throughout 2013.

Data coverage for 2013 was 96%, with brief periods of down-
time due to maintenance and system failure. Data gaps of more
than 24 h are present from 05/03 (12 UT) to 05/04 (18 UT), 07/24
(0UT) to 07/26 (14 UT), 08/04 (13 UT) to 08/05 (12 UT), 08/10
(18 UT) to 08/13 (12 UT), and 08/23 (20 UT) to 08/27 (12 UT).
Between 05/26 and 06/07 a power amplifier problem caused a
slightly distorted beam pattern and a 25% reduction in transmitter
power.

2.2. Data analysis

Horizontal winds between 70 and 100 km are determined for
60-min time intervals and several altitude intervals by performing
a least-squares best fit to the measured radial velocities when at
least 7 meteors are present in the altitude interval (Hocking et al.,
2001). The altitude intervals used are 8 km (70-78 km), 4 km (78—
82 km), 2 km (82-96 km), and again 4 km (96-100 km) to correct
for the change of meteor count rates with altitude. In the
horizontal wind determination, as well as all other analysis
described in this study, only unambiguously detected meteors
between 15° and 50° zenith angle have been used. In addition to
the horizontal wind, the mean meteor time and height (defined as
the average meteor detection time and altitude) are determined
for each individual time-height interval. These parameters reflect
the non-uniform distribution of meteors in time and altitude, and
using these parameters ensures that the derived horizontal winds
are assigned to the altitude and point in time best representing
their occurrence.

From the hourly zonal and meridional winds in each altitude
interval, moving averages were created by performing a least-
squares fit over a time period of 4 days (time-stepped by 1 day)
using an offset representing the 4-day moving-average horizontal
wind, together with oscillations with periods of 48- (representing
a 2-day planetary wave), 24-, 12-, and 8-h (tides) when at least
half of the data were present in the time interval.

High-frequency GW momentum fluxes were derived for four
4 km altitude intervals between 80 and 96 km in a manner similar
to that described in de Wit et al. (2014). A proper removal of the
background wind is crucial in order to obtain reliable momentum
flux estimates (Andrioli et al., 2013), especially in regions where
large amplitude high frequency tides are present, as is the case in
the Scandinavian MLT (e.g. Mitchell et al., 2002). The hourly mean
horizontal winds were linearly interpolated in height and time to
the altitude and time of each individual meteor detection. The
component of this meteor-specific background wind along the
meteor's line-of-sight was subtracted off the individual meteor's
observed radial velocity to derive the residual velocity perturba-
tion due to high-frequency GWs. Then, using the matrix-inversion
method proposed by Hocking (2005) 90-min momentum fluxes
(45 min periods centered around the nominal time, shifted in 1-h
time steps) are calculated from the velocity perturbations when at
least 30 meteors are available. These hourly values are then
combined in monthly (cf Fig. 4) or 10-day moving averages (cf
Fig. 5). When calculating these averages and corresponding 1—¢
standard errors of the mean, momentum fluxes obtained from the
inversion of a near-singular matrix or with an absolute value
exceeding 300 m? s~2 are discarded as, although mathematically
correct, these results are considered to be non-physical (Hocking,
personal communication). Using this method, momentum fluxes
from high-frequency GWs with periods up to the order of 2-3 h
can be derived (Hocking, 2005). Although the GW spectrum
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reaching the MLT is much broader, the high-frequency end of the
GW spectrum is believed to dominate the transport of momentum
into the middle atmosphere (e.g. Fritts and Vincent, 1987; Reid and
Vincent, 1987), suggesting that the meteor radar technique is
sensitive to that part of the spectrum important for energy
transport.

The vertical divergence of the momentum flux, corrected for
the decrease of density with height, was used to provide an
estimate of the GW forcing (GWF). 10-day moving average density
weighted zonal momentum fluxes, pu"w’, were derived for 2 alti-
tude intervals between 80-90 and 90-100 km, using CIRA-86
monthly mean densities (Fleming et al., 1990). Using

_1 a(puw)
p(z) oz (1)

(e.g. Reid and Vincent, 1987), the mean forcing due to high-
frequency GWs at around 90 km was estimated (de Wit et al,,
2014). The uncertainty in the GWF is derived by summing in
quadrature the 1—o¢ standard errors of the mean of pu'w’ in each
of the altitude intervals. The final uncertainty is determined
following regular error propagation of Eq. (1), considering all
other parameters in the determination of the GWF to be without
uncertainty.

GWF(z) = —

3. Results

3.1. Meteor statistics

Daily meteor count rates of unambiguous meteor detections
between 70 and 100 km and 15° and 50° zenith angle (from now
on referred to as ‘useful meteors’) from January until December

O]

14

2013 are shown in Fig. 1(a). Days with one or more hours of radar
down time are marked with a green cross. Daily meteor counts are
generally high, with notable exceptions occurring at times with
significant radar downtime. Count rates are observed to peak in
NH summer and to fall off in winter, in line with theoretical
considerations as well as observations (Singer et al., 2004; Younger
et al., 2009). From January to March, and again from November to
December between about 5000 and 7000 meteors are observed
per day. Count rates of about 8000 useful meteors a day and
upward are found between April and October, with maximum
daily useful meteor counts of up to about 12 000 in the first half of
June.

Meteor count rates maximize around 90 km and fall off above
and below this level, as can be seen in Fig. 1(b), which shows the
altitude distribution of monthly mean meteor counts per hour per
kilometer throughout the year. A seasonal cycle, with meteor
count rates maximizing at higher altitudes around the equinoxes,
is apparent, similar to meteor radar observations over Andenes
(69°N, 16°E) (Stober et al., 2012). Stober et al. (2012) noted that it is
currently unclear whether this behavior is caused by density
variations or if it stems from extraterrestrial origin. Although
meteor count rates are considerably lower between about 70
and 80 km as compared to the altitude of maximum meteor count
rates, generally enough meteors are collected for the determina-
tion of horizontal winds. However, as can be seen in Fig. 1(b),
during NH summer meteor count rates between about 70 and
75 km show a minimum, rendering the determination of horizon-
tal winds at the lowest altitudes difficult.

Due to the large, rapidly changing tides at the altitudes and
latitude under consideration, it is important that meteor count
rates remain sufficiently high throughout the day to guarantee
reliable wind measurements. Fig. 2(a) shows the diurnal variability
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Fig. 1. (a) Daily counts of unambiguous meteor detections between 70 and 100 km and 15° and 50° zenith angle from January to December 2013 over Trondheim, Norway.
Green crosses denote days for which the radar down time was one hour or more. (b) Altitude distribution of monthly mean ‘useful’ meteor counts per hour per km.

Maximum meteor count altitudes are indicated with a black dot for each month.
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Fig. 2. (a) Diurnal variation in normalized hourly meteor count rate as a function of month (normalized to maximum count rate each month). The time of maximum
(minimum) count rate is indicated with a black (white) diamond for each month. (b) Azimuthal variability of hourly meteor count rate as a function of time (normalized to
maximum count rate for every hour). Azimuthal bins are taken as 180° centered symmetrically on the indicated azimuth angle. Directions range from east (top) counter-

clockwise to the south-east (bottom).

of hourly meteor count rates of useful meteors throughout the
year. Maximum count rates (indicated by black diamonds) are
observed during the morning hours, generally occurring earlier
during NH winter than during summer. From January until March
2013 the maximum count rates occur increasingly early, from 4 LT
to 1 LT, after which it jumps to 10 LT in April. Maximum count
rates from April to September occur on average around 7 LT,
shifting to 5 LT from October to December. Minimum count rates
(indicated by white diamonds in Fig. 2(a)) follow a similar cycle
throughout the year as maximum count rates, with minimum
count rates occurring at 10 LT in January, and occurring increas-
ingly later in the day towards summer. Minimum count rates from
May to July occur around 20 LT, and occur progressively earlier
towards the end of the year, with minimum count rates occurring
in December around 13 LT. The daily cycle of minimum and
maximum count rates is discussed in Singer et al. (2004) and
Younger et al. (2009).

Momentum flux estimates are based on the comparison of
motions in two opposite halves of the sky (Vincent and Reid,
1983), hence a challenge for momentum flux determination is the
diurnal variability in the azimuthal distribution of meteors (Fritts
et al, 2010b). Fig. 2(b) shows a composite day (based on data

QL

recorded throughout 2013) of the azimuthal distribution of hourly
meteor count rates as a function of local time, where the
azimuthal bin has been taken to span 180°. Indeed, a diurnal cycle
is present in the preferred direction of observed meteors, with
minimum count rates occurring in the south-east in the early
morning, changing clockwise over the course of 24 h. This is a
concern, since the limiting factor for the determination of the
momentum flux is that half of the sky with the lowest count rates,
regardless of the count rates in the opposite half of the sky (e.g.
Fritts et al., 2010a). However, the azimuthal modulation is small.
Since the minimum count rates never fall below 30% of the
maximum count rate, we anticipate the effect of the azimuthal
modulation on the momentum flux determination to be small.

3.2. Horizontal winds

To study the seasonal cycle in the horizontal wind, the 4-day
moving-average mean zonal and meridional winds are computed
and shown in Fig. 3. Here, horizontal winds are only shown if
hourly horizontal winds were available during at least 48 h out of
the 4-day interval. The upper and lower altitude limits for the
wind determination vary in time due to the use of the mean

Altitude (km)

(on

Altitude (km)

Date (2013)

Fig. 3. 4-day moving average zonal wind (a) and meridional wind (b) (in m s~ ') as a function of altitude for 2013. Gray indicates lacking data.
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meteor height, in which for each time-height interval the repre-
sentative height in terms of meteor detections is determined.
Furthermore, the 3 periods of radar down time can be observed in
July and August. Another feature that stands out is the lack of data
in the lowest altitude bin from 70 to 78 km in summer. This
reflects the reduced meteor count rates at these altitudes during
summer, as seen in Fig. 1 and discussed earlier.

The 4-day moving-average mean zonal wind (Fig. 3(a)) is
generally eastward throughout January and February, with some
periods of westward winds mainly occurring above 90 km. The
westward winds extending from 75 to 100 km in early January are
associated with a major Sudden Stratospheric Warming (SSW). A
full discussion of the observed effect of the major SSW on the MLT
zonal wind, GW momentum flux and GW forcing over Trondheim
can be found in de Wit et al. (2014). In March winds are alternating
eastward and westward throughout the observed column, and
turn westward in April. Towards the end of April, a zero-wind line
with eastward winds above and westward winds below starts to
descend from ~98 km. By mid-May the zero-wind line can be seen
to have reached an altitude between 85 and 90 km, where it
remains until the beginning of August. During this time eastward
winds in excess of 45 ms~! can be observed at the upper levels,
and westward winds in excess of —30 ms~! at the lower levels.
From the beginning of August until mid-September the zero-wind
line descends further to about 75 km. From this time onwards, the
zonal wind is generally eastward throughout the observed height
range.

Comparing the 4-day moving-average mean meridional wind
(Fig. 3(b)) to the zonal wind, it is clear that meridional winds are

weaker than zonal winds and are generally more variable. Feb-
ruary is characterized by northward winds at all altitudes under
consideration, whereas from May to August southward winds
prevail. During all other months northward and southward winds
alternate, indicating the presence of planetary waves (PWs)
throughout most of autumn and winter (e.g. Pancheva and
Mitchell, 2004; Kleinknecht et al, 2014). A particularly clear
example of PW activity can be seen throughout January, in relation
to the major SSW (de Wit et al., 2014).

The zonal winds observed over Trondheim agree well with
climatological conditions in the Scandinavian mesopause region. A
10-year climatology of monthly mean winds over Esrange derived
using meteor radar observations (Sandford et al., 2010) reveals
zonal winds between +50 ms~!, the same range as found over
Trondheim. Also the seasonal cycle in mesopause zonal winds over
Trondheim is in agreement with climatological conditions, which
show generally weak eastward winds throughout winter, and
stronger eastward winds in April. After this, the zero-wind line
descends, creating a region of eastward winds overlying westward
winds during summer. Similarly, the monthly mean meridional
winds reported in Sandford et al. (2010) reach maxima of
+20m s~ !, again weaker than the zonal winds, and in the same
range as the meridional winds observed over Trondheim.
Although the general behavior of the meridional winds over
Esrange is similar to that over Trondheim, the Trondheim 4-day
moving-average meridional winds have higher variability than the
zonal winds due to PWs, making it more difficult to compare them
with the monthly mean values presented for Esrange.
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3.3. High-frequency GW momentum flux

In Fig. 4, the monthly mean zonal and meridional momentum
fluxes are presented for March, June, September and December, as
approximations for solstice and equinox conditions. Monthly
mean values of vw’ for these months typically lie between
+ 10 m? s~2. In March, VW’ can be seen to be weakly equatorward
with values below 5m?s~2. In June, below 92 km, VW’ is pole-
ward, with a maximum value of 11.3+2.0m?s 2 While at
93.4 km v'w’ turns equatorward, it should be noted that this value
is not statistically significantly different from zero. Similarly, in
September VW’ is not significantly different from zero, except at
82.3 km where vw’ is poleward (5.9 + 2.0 m? s~2). For December a
mixed picture arises, with statistically significant equatorward GW
momentum fluxes derived for the 86.1 km and 93.7 km levels.

In contrast, somewhat larger values are found for u'w’, which
range between —18.8+44m?s 2 and +10.0+43m?s 2 In
March, u'w’ slopes from weak westward to eastward with increas-
ing height, whereas in June u'w’ changes from eastward below
88 km to —18.8 + 4.4 m? s~ 2 at the top level. During September
u'w’ is generally around zero. Throughout December u'w’ again
slopes from westward (—8.8 + 2.1 m? s~ 2 at 82.2 km) to eastward
(10.0 + 4.3 m? s—2 at 93.7 km). These results are discussed in more
detail in the next section.

4. Discussion

The range of zonal and meridional GW momentum fluxes
observed over Trondheim from ~ — 20 m2s2 to ~ + 10m2s2 is
within the range previously derived from meteor radar measure-
ments. In the European sector, 28-day average zonal and mer-
idional GW momentum fluxes in the range of + 12 m?s~? were
reported for the Scandinavian high-latitude site Andenes (69.3°N,
16.0°) and the mid-latitude site Juliusruh (54.6°N, 13.4°E) (Placke
et al,, 2011a), while for Collm (51.3°N, 13.0°E) reported values are
slightly higher with maxima of up to + 15 m?s~2 (Placke et al.,
2011b). Hocking (2005) reported 2-monthly mean values of u'w’
never exceeding + 20 m? s~ 2 over Resolute Bay (75°N, 95°W), and
within + 10 m? s~2 over Socorro (34°N, 107°W). At low latitudes
(Trivandrum, 8.5°N, 76.9°E), Antonita et al. (2008) reported daily
mean values for a typical day in April 2007 between ~ — 30 m? s—2
and ~ + 10m?s2 for uw’, as well as monthly means within
+ 10 m? s~ 2 for both w'w’ and V'w'. Finally, using a system similar
in design to the meteor radar used in the present study, Fritts et al.
(2010a) found monthly mean w'w’ in the range of +20m?s~?
over Tierra del Fuego (53.8°S, 67.8°W). Higher values were found
to coincide with times when a stratospheric GW hotspot was
present (Fritts et al., 2010a).

Combined radar and Na airglow imager observations of GW
momentum fluxes over Halley (76°S, 27°W) show mean winter-
time values of —7.5 m?s~2 for ww’, and 1.6 m? s~ 2 for VW’ in an
8 km layer centered at around 90 km, while values over the
mountainous sites of Rothera (67°S, 68°W) were about 4 times
larger (Espy et al., 2004, 2006). Tang et al. (2002) reported winter
(summer) time values ww’ and vw of —19.79 (—2.37) m?s~ 2,
and —11.95 (13.70) m? s~ 2, respectively, in the OH airglow layer at
a mountainous site at 35°N, 107°W. The larger GW momentum
flux values over the two mountainous sites as compared to Halley
were attributed to differences in GW source functions (Espy et al.,
2006).

While the order of magnitude of GW momentum flux observed
over Trondheim is in agreement with these airglow observations,
the GW propagation directions are different for the different sites.
Although this can indicate a genuine geophysical effect, it can be
seen from Fig. 4 that vertical gradients in the GW momentum

fluxes are present, leading in some months to a sign change within
the 80-96 km observation interval. Hence, small changes in
observation altitude as well as coarse vertical resolution can lead
to differences in observed GW propagation direction, making a
comparison difficult.

Comparing the vertical gradients in GW momentum flux
displayed in Fig. 4 to the two-monthly mean values of zonal GW
momentum flux from three-year climatologies at Resolute Bay and
Socorro (Hocking, 2005), it can be seen that not only the range of
u'w’, but also the observed seasonal cycle agree well. During June
(Fig. 4(b)), eastward u'w’ turns westward with increasing altitude,
whereas during December (Fig. 4(d)) the opposite is true, in
agreement with the slope in u'w’ presented in Hocking (2005).
During March (Fig. 4(a)) an eastward tilt with increasing altitude is
observed, as in December, although the vertical divergence is
smaller during March than during December. It should be noted
that Hocking (2005) reported a negative (Socorro) or no clear
(Resolute Bay) slope during the March-April interval. However,
this could be due to the inclusion of April, during which more
summer-like (and hence a negative slope) conditions could be
expected. In September (Fig. 4(c)) no clear slope is seen, which is
again in agreement with Hocking (2005).

From the comparison with previous meteor radar and airglow
studies, it appears that results from the Trondheim meteor radar
are consistent with other GW momentum flux observations from
mid-to-high latitudes on monthly time scales. However, it was
shown that for the meteor distributions obtained with the
SAAMER system, the time resolution for which meaningful GW
momentum fluxes could be derived could successfully be reduced
to 10 day averages (Fritts et al.,, 2010b). As the current radar is
similar in design to this system, the zonal GW momentum flux
analysis was repeated using a 10-day moving average to study the
temporal variability of w"w’ in more detail (Fig. 5(a)). It is clear that
the zonal GW momentum flux observed here exhibits a high
temporal variability, as has previously been reported by e.g. Fritts
and Vincent (1987), Hocking (2005) and Espy et al. (2006),
although a seasonal pattern can be discerned here as well.
Generally, u"w’ tilts positive with increasing height during winter,
when u"w’ is seen to be westward at the lower levels and to turn
eastward at the upper levels. The opposite is true in summer,
when u'w’ is eastward below and turns westward with height,
reaching minimum values of —30 m? s~2 at 96 km.

This is an interesting notion, as the vertical divergence of the
density weighted momentum flux is a measure of the GWF. The
10-day moving average zonal GWF at ~90 km, derived for 2013, is
presented in Fig. 5(b) (in blue). It can be seen that the GWF, as
in the case of the zonal GW momentum flux, is highly variable.
Again, however, a seasonal cycle is clearly present. During January
and February, the GWF is generally westward with a minimum of
—240+70ms~'day~! toward the end of January, with the
exception of an eastward peak during early January. This pertur-
bation, coincident with the January 2013 major SSW, is discussed
in a related paper (de Wit et al., 2014). Around April the GWF turns
eastward, and GWF remains predominantly eastward until mid-
September, with peak values of +380+70ms~'day~!. From
October onwards, GWF is again observed to be mainly westward.

Although the reported peak GWFs might appear high, monthly
mean values are not inconsistent with theoretical considerations
(Holton, 1983; Holton and Zhu, 1984) and previous observations.
Hocking (2005) reported monthly average values of
200m s~ 'day ' derived from meteor radar observations in July
and August at a northern hemisphere polar site. Considering the
high variability in GWF observed in the 10-day moving averages
shown in Fig. 5(b), it is not surprising that the monthly mean GWF
for July and August is actually lower than this value (around
+100m s~ !day~!, not shown).
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Fig. 5. (a) 10-day moving average zonal GW momentum flux w'w’. + 10, 20 and 30 m? s~ 2, and zero contour are indicated by black dashed and solid lines, respectively.
(b) 10-day moving average GW forcing (GWF, blue, left axis, uncertainty shaded) at ~90 km. The 10-day moving average net zonal wind between the surface and 80.5 km
(black, right axis) is included as well (see Discussion section for details). (c) 10-day moving average zonal wind over Trondheim, using meteor radar observations (70—
100 km) complemented with UKMO reanalysis results (below ~65km). +25, 50, 75 and 100 ms~', and zero contour are indicated by black dashed and solid lines,
respectively. Areas inside white dashed line indicate regions during which no meteor radar winds could be derived, and results have been linearly interpolated in height.

The observed seasonal cycle in GWF, with generally eastward
forcing in winter and westward forcing in summer, can be
interpreted in terms of selective filtering of a uniform spectrum
of upward propagating GWs in the underlying stratospheric wind
field (e.g. Lindzen, 1981; Holton, 1983). To study the relation
between the background wind profile and the GW momentum
flux and forcing, the 10-day moving average time series of the
zonal wind over Trondheim is shown in Fig. 5(c). In Fig. 5(c), the
meteor radar wind data have been complemented by UK Met
Office (UKMO) reanalysis results (Swinbank et al., 2013) for 63°N
and 10°E below 70 km in order to study the zonal wind behavior
over the full vertical range of the neutral atmosphere, from the
surface to 100 km. Daily UKMO results are available at 12 UT, of
which 10-day moving averages (time-stepped by 1 day) have been
created.

From Fig. 5(c) it can be seen that eastward winds prevail over
Trondheim in wintertime, except during early January when
westward winds were present in response to a major SSW. Hence,
during wintertime, filtering of eastward GWs in the wintertime
polar vortex is expected to lead to a net westward GW momentum
flux above the filtering region (Lindzen, 1981). When looking at
the GW momentum flux at 82 km (Fig. 5(a)), it can be seen that in
general westward GW momentum flux is indeed observed in
winter.

As GWs propagate upward, their amplitudes continue to grow
due to the decrease of density with height. Subsequent instability-
driven GW breaking leads to the net deposition of westward
momentum (or a westward GWF), and thus a removal of the

westward waves from the flow. This behavior is most clearly
illustrated in October and November in Fig. 5(a), when u'w’ is seen
to change from westward at 82 km to eastward above around
86 km. This, in turn, acts as a westward drag force on the eastward
winds, reducing the eastward stratospheric jet. Indeed, it is not
only the observed GWF that is westward at these times (Fig. 5(b)),
but also the zonal wind exhibits a westward shear, leading to
weaker eastward winds in the MLT than at around 60 km.

During summer, when westward winds are present throughout
the middle atmosphere below the mesopause region (see Fig. 5
(c)), the reverse process occurs. Indeed, u’'w’ is seen to be generally
eastward at 82 km in Fig. 5(a), and decreases with height to
generate the eastward GWF observed in summer as seen in
Fig. 5(b). Coincident with the period of eastward GWF, MLT zonal
winds show an eastward shear, leading to eastward winds above
about 85 km.

Upon closer inspection, it appears that the descent of the zero-
wind line from May until about mid-August (Fig. 5(c)) is accom-
panied by a decrease in the altitude at which the GW momentum
flux reverses from eastward to westward (Fig. 5(a)). This behavior
has previously been noted by Placke et al. (2011a). This can again
be interpreted as the interaction between GWs and zonal wind, in
which upward propagation of eastward GWs is blocked by the
eastward zonal winds encountered at the top of the domain,
forcing GW breaking and deposition of eastward momentum
(Placke et al., 2011a). Eastward momentum deposition imposes
an eastward forcing in the region of the zero-wind line, speeding
up the eastward winds above and slowing down the westward
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winds below, resulting in the zero-wind line descending with time
as seen in Fig. 5(c).

To study the relation between GWF and selective filtering of
upward propagating GWs by the zonal wind field below the MLT
in more detail, an estimate of the net zonal wind experienced by a
symmetric distribution of upward propagating GWSs centered
around zero is shown in Fig. 5(b) (in black), together with the
GWEF (in blue). Here, the net zonal wind has been defined as the
average of the most positive and most negative zonal wind in the
vertical wind column between the surface and 80.5 km, giving an
estimate of the asymmetry of the wind field underlying the region
used in the determination of the GWFE. This asymmetry is a
measure for the opacity of the wind profile to upward propagating
GWs (de Wit et al., 2013).

As can be seen from Fig. 5(b), from May until mid-September
the net zonal wind is westward and GWF during these times is
eastward, in agreement with the filtering of westward GWs by the
underlying westward winds. From mid-September until the end of
the year the opposite is true, with eastward net zonal wind
generally coinciding with westward GWF. From mid-January until
mid-April eastward net zonal winds are present, during which the
GWEF is generally westward or not statistically significantly differ-
ent from zero.

From Fig. 5(b), it appears that the net zonal wind and GWF are
negatively correlated, in accordance with the behavior expected
from selective filtering arguments. Calculation of the zero-lag
correlation between the net zonal wind and the GWF supports
this notion. Both variables are significantly correlated above the
99% confidence level, with a correlation coefficient of —0.66. By
considering the GWF as a function of the net zonal wind below the
mesopause, the effect of changes in the zonal wind field on GWF
can be estimated using a linear least-squares fit. It is found that
each 1ms~! increase in net zonal wind leads to a decrease in
mesopause region GWF of 46 +0.3 ms ' day .

From the above discussion it appears that on seasonal time
scales the observed GWF can be interpreted by selective filtering of
a symmetric distribution of upward propagating GWs originating
from the lower atmosphere by the zonal wind field below the
mesopause. This results in the observed westward forcing in
winter and eastward forcing in summer. Furthermore, the strength
of the net zonal wind below the mesopause can be used as a
quantitative proxy for the magnitude and direction of the GWF in
the MLT on seasonal time scales. On shorter time scales, however,
the strong temporal variability as seen in the GWF, which is not
present in the net zonal wind, suggests that in addition to selective
filtering of vertically propagating GWs other processes play a role
in the determination of GWF on shorter time scales. These
processes could include temporal variability in GW generation,
for example over the Scandinavian mountain range; the influence
of the background zonal wind in the mesopause region on wave
breaking (Andrews et al., 1987); or the secondary generation of
GWs in the stratosphere, for example due to their dependence on
the edge of the polar vortex (e.g. Satomura and Sato, 1999; Sato
and Yoshiki, 2008).

5. Outlook and summary

A new generation SKiYMET meteor radar, optimized to derive
high-frequency GW momentum flux, was installed in Trondheim,
Norway (63.4°N, 10.5°E) and has been operational since September
2012. In addition to high-frequency GW momentum fluxes, high
resolution zonal and meridional wind as well as daily temperature
estimates can be derived (Hocking et al., 2001). Its location, at the
edge of the polar vortex, is particularly well suited to study GW
momentum flux variability related to disturbed and undisturbed

vortex conditions. In addition, the presence of the quiet time
auroral oval just north of the station enables future studies related
to ionospheric disturbances. Together with the meteor radars
located in Andenes, Norway (69°N, 16°E) (Singer et al., 2004) and
Esrange, Sweden (68°N, 21°E) (Mitchell et al., 2002) the Trond-
heim radar creates a triangle over the Scandinavian mountain
range, allowing for example studies of the influence of the
mountain range on the MLT wind field. The current study
presented the first observations of the seasonal cycle of high
frequency GW momentum flux and forcing during 2013 obtained
with the Trondheim meteor radar.

The system is optimized to measure high-frequency GW
momentum fluxes with an 8 antenna transmitter array, steering
most of the energy in the 15-50° zenith angle region. The system's
30 kW peak power leads to daily unambiguous meteor detection
rates of between 5000 and 7000 in winter and up to 12 000 in
summer in the altitude region between 70 and 100 km and over
zenith angles between 15 and 50°. Meteor detections were found
to maximize around 90 km, and are generally high enough to
routinely determine winds between 75 and 100 km in winter and
80 and 100 km in summer. A daily cycle in meteor count rate as
well as azimuth angle has been quantified.

Monthly mean values of the vertical flux of zonal and mer-
idional momentum for March, June, September and December
were presented for the Trondheim MLT. The meridional momen-
tum flux, vw’, was found to range between + 10 m?s~2, while
values for the zonal momentum flux, u'w’, were found to be
between —20 and +10 m? s—2. Both components were found to
be of the same order of magnitude as previous GW momentum
flux observations.

Studying the 10-day moving average of u'w’ shows generally a
change from westward to eastward with height in winter, and
from eastward to westward in summer. This vertical gradient leads
to the observed seasonal cycle in GWF, with westward forcing in
winter, and eastward forcing in summer. The seasonal cycle in
both ww’ and GWF can be interpreted in terms of selective
filtering of a uniform spectrum of vertically propagating GWs
between the surface and the mesopause. In addition it was shown
that the asymmetry in the wind field underlying the mesopause
region can be used as a simple yet quantitative proxy for the
seasonal variability of GWF in the mesopause.
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